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Preface

Plants defend themselves from other organisms by elaborating bioactive chemical
defences. This is the essential basis of the use of herbal medicines that still represents a
major therapeutic resort for much of humanity. However, at the outset, it must be stated that
any plant that is not part of our evolved dietary cultures is potentially dangerous.
Commercial herbal medicinal preparations approved by expert regulatory authorities have a
significant place in mainstream conventional medicine and in complementary medicine.
The first and last message of this book on the biochemical targets of bioactive plant con-
stituents is that use of herbal preparations for medicinal purposes should only occur subject
to expert medical advice. In the language of popular culture, DO NOT TRY THIS AT
HOME!

This book arose from 40 years as a student, researcher and academic teacher in biochem-
istry, a discipline fundamentally informed by both chemistry and physiology. This book
1s aimed at a very wide readership from biomedical researchers and practitioners to a
wide range of scientifically literate lay persons. Lay readers (notably high school and
university students and graduates) would range from everyone following public media
reports and discussions on health, environmental and other scientific matters to potential
readers of popular generalist scientific journals such as Scentific American or New Scientist.
The scientific readership would include researchers, professionals, practitioners, teachers
and industry specialists in a wide range of disciplines including the life sciences,
ecology, nursing, naturopathy, psychology, veterinary science, paramedical disciplines,
medicine, complementary medicine, chemistry, biochemistry, molecular biology, toxicology
and pharmacology:.

This book condenses a huge body of information in a succinct and user-friendly way.
Ready access to a goldmine of key chemical structure/plant source/biochemical
target/physiological effect data from a huge scientific literature is via a Plant Common
names index, a Plant genus index and a Compound index. Such information is obviously
useful for biomedical and other science specialists. The introductory chemical and biochem-
ical summaries will be very useful to students in these and allied disciplines. However, at
a universal, everyday level, one can also use the book to readily find out about the nature and
targets of bioactive substances in what you are eating at a dinner party. Further, plants and
their constituents play an important part in human culture and the bed-time or aeroplane
reader will find a wealth of interesting snippets on the historical, literary, artistic and general
cultural impact of plant bioactive substances.

Many people have variously helped and encouraged me in this project, most notably my
wife, Zareena, my children Daniel, Michael and Susannah, my mother and siblings, recent



xii Preface

research collaborators, colleagues who have given computing and scientific advice and
further colleagues and other professionals who have read specific chapters. I must gratefully
acknowledge the profound influence of my late father, Dr John Polya. Any deficiencies of
this book are simply due to me and have occurred despite such helpful interactions.

Dr Gideon Polya
Department of Biochemistry, La Trobe University
Bundoora, Melbourne, Australia

August 2002



1 Plant defensive compounds and
their molecular targets

1.1 Introduction

Higher plants are sessile and are consumed by motile organisms, namely other eukaryotes
and prokaryotes. Plants defend themselves by physical barriers including cell walls at the cel-
lular level, by the waxy cuticle of leaves and by bark and thorns at the macroscopic level.
Plants also defend themselves from fungal and bacterial pathogens and animal herbivores
by elaborating a variety of bioactive secondary metabolites and defensive proteins. There
may be as many as 100,000 different kinds of plant defensive compounds of which about
30,000 have been isolated and structurally characterized. Biochemical targets have been
determined 2 vitro or in vive for some thousands of the defensive compounds isolated to date.

The word “target” is being used rather broadly and loosely here to encompass the molec-
ular sites of interaction demonstrated for such compounds. However, the demonstrated
binding of a plant compound to a protein i vitro or i vivo does not necessarily mean that this
particular interaction is actually the critical site of action of the defensive compound.
Further, a particular defensive compound may have multiple molecular sites of action and
may well have synergistic effects with other such compounds. This book is concerned with
the biochemical targets of plant defensive compounds.

This treatise has been designed to address a very wide audience ranging from scientifically
literate lay people to researchers in many disciplines and health professionals. Plant products
have had a huge impact on the way in which different human societies have developed, espe-
cially over the last twelve thousand years since the advent of agriculture. Thus, the evolution
of specific day-length and temperature requirements for plant development meant adapta-
tion of specific plants to particular latitudes. Accordingly, exploitation of “useful” plants
{and of domesticatable animals feeding upon them) would have spread rapidly on an
East—West axis. This contributed to the technological and military dominance of cultures of
the Eurasian axis in the colonial era (as opposed to those of the North—South long axis con-
tinents of Africa and the Americas) (Diamond, 1997).

Particular plant products have had a massive impact on human populations and cultures
in recent centuries as evidenced by the slave trade to the Americas (for the purposes of coffee,
sugar and cotton production), colonial conquest in the East (opium, indigo, tea, cotton and
preservative spices), African subjugation (slavery, cocoa, rubber and timber) and temperate
colonization (grain, cotton, timber and herbivore production). Notwithstanding the
European “Enlightenment”, these economic expansions and social reorganizations (both
domestic and colonial) were accompanied by horrendous abuses connected with war and
famine (problems that are continuing today in the “New World Order™).

Plants provide a bulk supply of carbohydrate (typically as seed or tuber starch) to support
the global human population that now totals 6 billion as compared to an estimated 1 million
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hunter-gatherers before the advent of agriculture-based civilization twelve thousand years
ago. However, plants also provide humanity with a variety of bioactive constituents used for
their taste, preservative, psychotropic or medicinal properties. Notwithstanding synthetic
sweeteners, non-plant preservatives and an explosion of psychotropic drugs and other phar-
maceuticals, plants are still major sources of such ameliorative and protective agents. While
the “Western” pharmaceutical global market reached a value of US$354 billion in 2000,
the total global herbal medicine market is currently about US$30 billion. Herbal medicine
remains a major core recourse for the impoverished majority of the world’s population.

Herbal medicinal traditions can be traced back to our primate forebears. Thus, parasite-
infected chimpanzees make recourse to particular plants, which they evidently associate with
symptomatic relief. Human cultures in general have accumulated medicinal protocols based
on use of plants, major traditions including Chinese medicine and Indian Ayurvedic herbal
medicine. As detailed in this book, in some instances, specific bioactive substances from med-
icinal plants (or derivatives of such compounds) have found application in conventional
medicine. Thus, the cardiotonic cardiac glycoside sodium pump (Na*, K*-ATPase)
inhibitors derived from the initial use for cardiac insufficiency of digitalis (dried leaves of the
foxglove, Digitalis purpureum).

Determining the molecular sites of action of bioactive medicinal plant constituents is
clearly important for establishing the chemical and physiological basis for herbal medicinal
efficacy, for quality control of commercial herbal preparations and for the discovery of “lead
compounds” for synthetic {or semi-synthetic) pharmaceutical development. Of course, it
must be recognized that medicinal plant efficacy may derive from complex synergistic effects
or even from quasi-placebo effects connected with the taste, mild effects and appearance of
the preparation. While recognizing these possible “holistic” complications, in order to find
out how such preparations work, it is clearly important to initially isolate, structurally char-
acterize and define the biochemical targets of plant bioactive substances.

1.2 Organization and scope of the book

The book has been devised and organized so that it can be used by a wide range of people
as (a) a textbook, (b) a user-friendly reference and (c) as a comprehensive summary of the
biochemical pharmacology of plant compounds. This book focuses specifically on purified
plant compounds (secondary metabolites and proteins) and the molecular entities {princi-
pally proteins) with which they interact in the target microbial pathogens and animal herbi-
vores. In contrast, there are many essentially ethnobotanical books that variously deal with
medicinal and psychotropic plants, detailing the nature, distribution, physiological effects,
chemical components (where known) and cultural significance of such plants. In addition,
there are many books that deal with purified and characterized plant defensive components
from a chemical structure perspective. The Merck Index (Budavari, 2001} and the
Phytochemical Dictionary (Harborne and Baxter, 1993) are notable examples of such
chemical compendia that were particularly useful in the writing of this book and indeed are
very useful adjuncts to the present work (especially for the chemical structures of plant
compounds).

This first chapter deals with the structural diversity of plant defensive compounds. Chapter 2
provides a succinct but comprehensive summary of the essentials of biochemistry (the
chemistry of living things). This biochemical review provides a detailed background for
understanding the nature and function of the targets of plant defensive metabolites and pro-
teins. The remainder of the book summarizes (mainly in table form) a wealth of information
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about the molecular targets which are mainly proteins (such as receptors and enzymes) but also
include polynucleotides (RNA and DINA), phospholipids and reactive oxygen species (ROS).

It will be apparent from a preliminary scan of this book that most of the biochemical tar-
gets are directly or indirectly concerned with cellular signalling, that is, the machinery
enabling cells to perceive and respond to extracellular signals. Obvious major differences
aside (e.g. the occurrence of chloroplasts in plants), the fundamental biochemical processes
of metabolism and replication in plants and the organisms that consume plants are very
similar. Accordingly, plants must be protected from compounds they produce that poison
metabolism and replication. Such protection is achieved, for example, by defensive com-
pounds being deposited extracellularly, being temporarily inactivated by chemical modification
(e.g. glycosylation) and being highly specific for the non-plant targets. However, a major
“strategy” that has evidently evolved in the defence of sessile plants against their mobile
enemies has been to impair signalling processes, that is, it is energetically more efficient for
plants to discourage rather than kill plant-consuming organisms.

1.3 Description of the tables

Most of the book is comprised of tables dedicated to specific targets or groups of targets of
plant defensive compounds. Target-related tables are grouped into specific chapters that are
prefaced by succinct summaries of the biochemistry of the targets. The tables in general have
three columns that are dedicated respectively to (a) compound name, synonym and general
chemical class, (b) plant sources of the compound together with common plant names of
well-known plants, plant family and the plant part involved and (c) the biochemical target
being considered, a measure of the affinity of the compound for the target, other biochemi-
cal targets and m vwo cellular and physiological effects of the compound. The information
provided for any compound entry has been pared to a minimum and extensive use is neces-
sarily made of abbreviations that are defined within the text and at the end of the book.

It should be noted that the literature covered for this book was enormous and varied.
Accordingly, plant parts, numerous plant sources and compound affinities are not given in all
entries. Measures of the affinity of a compound for its target are given in various ways. ICs,
value (concentration for 50% inhibition of an enzyme, 50% displacement of a known ligand
from the target molecule or 50% inhibition of an i vwo process) is routinely presented in
round brackets in micromolar units (LWM; micromoles per litre; 10~ % moles per litre).
Compound-target dissociation constant (Ay) or inhibitor-target dissociation constant
(inhibitor constant, £;) (another measure of tightness of association) is presented in square
brackets in micromolar units. For simplicity, the IC5g, £y or &; values (when provided) are
given as a simple number with the unit (M) being assumed because most of these values are
indeed in the range of 1-100 wM. However, in cases when these values are much less than
1 wM, the value is given with the appropriate unit explicitly specified, for example, nM
(nanomolar; nanomoles per litre; 10~ moles per litre) and pM (picomolar; picomoles
per litre; 10~ 12 moles per litre). Of course, the quantitation of such affinities depends upon
the conditions of measurement and the source of the biochemical target entity. However, it
was felt that provision of such values in many cases would give a useful “ball park” figure for
comparative purposes and for indicating concentrations required for in vitro or in vivo effects.
Thus (1 pM) would indicate that the compound binds very tightly to the target or causes
in vitro or i vivo effects at extremely low concentrations. Conversely, (100) (.e. 100 wM) would
indicate a low affinity of the compound for the target and a relatively high concentration
being required for i vitro or m vive effects.
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A selection of major plant sources has been provided in the tables but space limitations
precluded an exhaustive listing of plant sources. Thus, the triterpene bioactive betulinic acid
has so far been found in some 460 plant species and the flavonol kaempferol has been isolated
from over 150 plant species. Conversely, some 600 bioactive secondary metabolites have been
isolated from plants of the Piper genus alone. Most of the information on the plant bioactives
and their sources have been derived from Web searching (e.g. using Alta Vista, Google and
the PubMed system of the National Library of Medicine of the National Institutes of Health,
USA), Biological Abstracts, review journals, a huge body of primary research papers and key
compendia such as the Phytochemical Dictionary (Harborne and Baxter, 1993), the Merck
Index (Budavari, 2001) and the Bioactive Natural Products series (Atta-ur-Rahman, 2001).
Of especial use in surveying and checking bioactive compounds, plant sources and com-
pound biological effects were the Merck Index (Budavari, 2001), the Phytochemical
Dictionary (Harborne and Baxter, 1993) and a key Web-accessible compendium, namely
Dr Duke’s Phytochemical and Ethnobotanical Databases (the US Department of Agriculture
(USDA) Agricultural Research Service, Beltsville, Maryland, USA).

Scientific and common names are provided for the compounds described. Obviously in
some cases, the chemical structure can be rigorously defined in words understandable to
readers with a modest chemistry background (e.g. the amino acid neurotransmitter GABA =
y-aminobutyric acid = gamma-aminobutyric acid = 4-aminobutyric acid = HyN—-CHy—
CH,—CH,—~COOH). In other cases, a similar rigorous specification is based on the structure
of a parent nucleus that is substituted (e.g. the flavonol phenolic quercetin = 3,5,7,3",4'-
pentahydroxyflavone) and indeed the structures of a variety of such “parent compounds”
(e.g. flavone) are described later in this chapter and in the Appendix. For the lay reader,
typical covalent chemical bonding can be summarized “Lego”-style by saying that hydrogen
(H), oxygen (O), nitrogen (N), carbon (C) and phosphorus (P), respectively, have 1, 2, 3, 4 and
5 “friends” (i.e. single bond or equivalent single/double/triple bond combination connec-
tions). Reduced sulfur (S) is bivalent in hydrogen sulfide (H-S—H) but is hexavalent in the
highly oxidized sulfate ion [O-S(=0),—0]%".

In many cases the compound structure is very complex but the name(s) and general chem-
ical class description ( provided for all compounds) provide a reasonable structural definition
given the space limitations. However, the information provided will generally enable rapid
sourcing of the chemical structure via the Web, the Merck Index (Budavari, 2001), the
Phytochemical Dictionary (Harborne and Baxter, 1993), Chemical Abstracts and other
chemical compendia and chemical and biochemical textbooks listed in the Bibliography. In
this chapter and Chapter 2, the structures of a large number of bioactive compounds are
given precisely in the text where this is readily possible. However, more complex structures
are efficiently dealt with in a way to be described later that succinctly conveys the essential
“skeletal” structure of a compound without confusing the reader with lengthy descriptions of
additional structural details.

It must be appreciated that compounds with a carbon (C) atom having four different
substituents (A, B, C and D) can exist as stereoisomers (mirror image configurations) that can
only be interconverted by breaking and re-forming bonds (this interconversion being called
racemization). You can readily establish this for yourself using matches tetrahedrally
disposed on a piece of fruit representing the C atom (or by inspecting your “mirror image”
left and right hands). Such isomerism can be of major importance for biological activity.
Thus the a-amino acids that are constituents of proteins ( poly-amino acids, polypeptides)
can, in general, exist as mirror-image stereoisomers referred to as the so-called L- and
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D-configurational isomers — however, only I-amino acids are found in proteins. The reader
must be aware that such stereoisomerism is indicated in some key examples but not in all
cases for reasons of space and didactic effectiveness.

In tables dealing specifically with proteins, a convention has been followed that the
genus name of the protein source is generally given prior to naming the protein because
particular types of defensive proteins (e.g. lectins, lipid transfer proteins and Bowman—
Birk protease inhibitors) have been isolated from a variety of plants. Further, a brief
description of the protein involving selected bits of information is provided in parentheses,
for example, how many amino acids constitute the polypeptide (x aa); the molecular mass
(xkDa = xkilodaltons, where 12 Da = the mass of a carbon-12 atomy); the number of cysteine
residues in the protein (x Cys); the number of disulfide bonds formed between cysteine
residues (x/2 S—S); whether the protein is a glycoprotein and is glycosylated, that is, has
sugar residues attached.

Because some compounds have been found to interact with a variety of targets, it was nec-
essary to make a large number of abbreviations that are comprehensively listed at the end of
the book. Thus, for example, an “Acetylcholine receptor of the nicotinic kind” is abbreviated
as “nACh-R”. The abbreviations for the particular targets that are the subject of specific
tables are also defined within those tables.

For some particular targets (such as particular hormone receptors that have only recently
been detected, purified or expressed), very few interacting plant compounds have as yet been
identified and accordingly the tabulation process has been simple. However, in many cases a
large number of compounds belonging to different chemical classes have been found to
interact with particular targets. These compounds have been grouped into various cate-
gories, namely alkaloids, phenolics, terpenes, other compounds and non-plant reference com-
pounds (the latter category being introduced to link the plant compounds with notable
non-plant compounds of pharmacological and medical interest). Within such groupings
the compounds are listed alphabetically and indeed throughout the tables compounds,
compound synonyms, plant families and physiological properties of compounds are all
consistently listed in alphabetical order for convenience.

Non-plant reference compounds are provided (listed within square brackets) for many targets
(notably in the tables concerned with compounds binding to hormone or neurotransmitter
receptors). Some of these non-plant compounds derive from fungi and indeed in some cases
from pathogenic fungi growing on plants. Others are well-known bioactive compounds
derived from other organisms or synthetic compounds of pharmacological and/or clinical
importance. In some cases the affinities of plant substances for particular targets have been
determined from the ability of the plant compound to displace a radioactively labelled
non-plant ligand from the target protein or the plant compound and the non-plant com-
pound compete or antagonize cach other in bioassays. The i viwvo physiological effects of the
various bioactive compounds are very briefly described in square brackets at the end of
each entry.

Finally, it was recognized that plants and their constituents have an intimate place in
human cultures for a variety of reasons connected with food, hunting, medicine, war, reli-
gious practice, poisoning and psychotropic properties. Accordingly, in entries scattered
throughout the tables, brief mention is made of historical, medicinal and toxicological prop-
erties of well-known plants and their products. In particular, the tables have been leavened
by reference to notable interactions of famous people (including scientists) with particular
plants or plant defensive compounds.



6 1. Plant defensive compounds and their molecular targets

1.4 Using the tables

Because of the comprehensiveness of this book and the need to update entries in the future,
the tables have been organized rationally in relation to groups of biochemical targets. In
short, if you know the name of the compound or the plant genus from which it has been iso-
lated, then you can rapidly turn to table-specific entries (as opposed to page-specific entries).
If you know the common name of the plant, you can find the “genus” part of the binomial
scientific name of the plant by consulting the Common Plant Name Index at the end of the
book. Knowing the genus name of the plant species, you can look up the Plant Genus Index
and find the relevant entries successively specifying genus name, table number, specific target
section (a capital letter) and subsection (a lower case letter — a for alkaloid, p for phenolic,
t for terpene and o for other; n specifies a non-plant compound). In tables dealing specifically
with plant proteins, the name of the protein is preceded by the genus name. One can also
look up the separate Compound Index listing all chemical compounds referred to in the
tables and also obtain table references as described above.

By way of example, you can quickly find from the Plant Genus Index what has been
found in Coffea arabica (family Rubiaceace) (coffee), the entry being:

Coffea 4.3Aa, 4.3Ba, 4.3Ca, 4.4D, 4.4E, 5.1Aa, 7.4a, 9.2p, 10.2a, 10.2t, 10.4a, 10.40, 10.4p,
10.4t, 13.8Z0p, 14.1Ap, 14.2p, 14.5p

It is “common knowledge” that coffee contains caffeine (a methylxanthine compound) and
inspection of the Compound Index yields the following entry:

Caffeine 4.3Aa, 4.3Ba, 4.3Ca, 4.4D, 4.4E, 5.1Aa, 7.4a, 10.2a

These entries succinctly describe coffee constituents that have been isolated, structurally
characterized and shown to interact with particular biochemical targets.

1.5 The structural diversity of plant defensive compounds

As previously indicated, some 30,000 plant defensive compounds (either secondary metabo-
lites or proteins) have so far been purified and characterized. This huge diversity has been
reviewed in major monographs and monograph series listed in the Bibliography at the end
of the book. A huge literature was examined in preparing this book, this amounting to tens
of thousands of individual primary scientific papers and reviews describing the isolation,
structural characterization, pharmacological effects and biochemical targets of thousands of
plant-derived and other chemical compounds. Because of limitations of space it was simply
not possible to reference each entry (such documentation would have required thousands of
pages in itself). For the primary literature, for each entry the reader is referred to Web search
vehicles (notably Google and PubMed) and the abstracting compendia, monographs and
monograph series listed in the Bibliography.

Because of the need for user-friendly tables, the chemical complexity of plant-derived
natural products has been simplified in this book into four categories, namely the alkaloids
(a), phenolics (p), terpenes (t) and “other compounds” (o). These categories have been used
flexibly so that the “alkaloids” category includes nitrogen-containing, heterocyclic pseudo
alkaloids and the “phenolics” category includes some compounds that are phenolic deriva-
tives. The chemical complexity of these various groups of compounds is briefly reviewed
below. The chemical complexity increases through covalent modification of many of these
compounds through processes such as glycosylation, hydroxylation, methylation and epoxide
and N-oxide formation. Further, new bioactive entities may be generated after ingestion of
plant material through hydrolysis of peptide, ester and glycoside linkages.
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As indicated previously, space simply does not permit comprehensive presentation of the
chemical structures of the thousands of plant defensive compounds dealt with in this book,
although the structures of particular representative compounds or their related “parent”
compounds are shown in the Appendix. Indeed there are clear advantages in attempting to
“distil” molecular complexity down to readily comprehended groupings of covalently linked
moieties that can be described by succinct text. Thus, this approach enables common struc-
tural patterns of pharmacological interest to become more evident and reduces molecular
complexity to a kind of functional “Lego” that can be appreciated by chemist and non-
chemist readers alike. The conventions for the simplified skeletal structural presentations
used in this chapter are summarized below.

Carbon chain length of alkyl groups or the total number of carbons in a molecule is rep-
for example, ethane (Cy; CH5—CHs). When a C has four different sub-
stituents, as for example the a-C of a-amino acids, parentheses are used to define the
substituents. Thus, the general structure of an a-amino acid is “OOC—CH(R)-NH;" and
the structure of the a-amino acid alanine (R=CHs) is " OOC-CH(CH;-NH,"*.

In describing ring structures, the total number of C atoms is given as G, and the other
atoms (typically O, S and N) are also indicated. Thus, tetrahydropyrrole (a fully reduced or
saturated five-membered ring with four Cs and one N) is C4N. In order to keep the descrip-

resented as C

>

tions as simple as possible the number of double bonds will not be specified but some attempt
1s made to address this by specifying particular structures (e.g. phenyl or benzene (Phe); iso-
quinoline (IQ) ); methylene dioxy (~O—CHy—O-) (MD); and epoxy (—O-), pyrrole, pyridine,
furan and pyran as themselves) and by blanket statements about groups of compounds
(e.g. the sterols are polycyclics largely involving unsaturated, alicyclic ring structures).

Dihydro-, tetrahydro- and hexahydro- simplify to DH, TH and HH, respectively, as in
dihydrofuran (DHfuran), tetrahydrofuran (THfuran; C4O, a cyclic ether), tetrahydropyran
(THpyran; G50, a cyclic ether) and hexahydropyridine (HHpyridine) (C5N). Note that
hexahydropyridine is completely reduced, that is, fully saturated. Cyclic esters (lactones)
have a -C—CO—-0O—-C—moiety and are specified as CrOL. Cyclic hemiacetals have a -C—O—
CH(OH)~C— grouping and are specified as CrOH. Again, to keep structural representations
simple, aliphatic side chains will be represented explicitly if they are small (e.g. ethyl,
—CHy—CHsy) or simply represented as G, if large and complex.

In some cases, a group cross-links across a ring and hence creates two further rings; how-
ever, clarity dictates that in this case the cross-link is indicated simply in square brackets.
Thus, a compound with a ring cross-linked with a N-methyl group would be denoted
X[-CH4—N<], the epoxy analogue as X[~O—] (or X[epoxy]) and the dimethylene cross-link
analogue as X[-CHy—CHy—].

In polycyclic structures, rings joined by C—C bonds are simply indicated thus: Crn—Cn or
Cn—C,—Cn. Thus the stilbene “skeleton” (Section 2, Appendix) could be “loosely” presented
as Phe—Cy—Phe or, precisely, as Phe—=CH=CH—-Phe. Where rings are fused and share two
Cs, the fusion is indicated thus: G| Cn, for example, fully reduced naphthalene is precisely
C6|C6. When three Cs are shared in a polycyclic fusion, the symbol || is employed. When
only one C is shared, the notation is CrCn. When more than two rings are fused, the struc-
ture could be “linear” or “angular” and it is assumed (unless stated otherwise) that the angu-
lar “foetal” orientation is the default situation. Thus, anthracene is Phe | Phe | Phe (linear),
phenanthrene is Phe|Phe |Phe (angular) and the fully reduced entities are C6]C6|C6
(linear) and C6|C6 | C6 (angular), respectively (see Appendix, Section 4).

Further complexity arises when, for example, three rings are all fused with each other
(as opposed to the linear and angular arrangements indicated above) and share a common C.
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A simple example Is the tricyclic aromatic phenalene, this arrangement being indicated by an
asterisk: Phe* | Phe* | Phe* (or C6* | C6* | C6* in the case of the fully hydrogenated entity). In
very few and very complicated structures multiple “shared Cs” are indicated by * and *' super-
scripts (or, in the most complicated example to be encountered here, by 3*, 3*" and 4* super-
scripts to indicate two Cs each shared by three rings and another C shared by four rings).

Unsaturated heterocyclic ring compounds to be encountered include thiophene (C4S),
pyrrole (C4N), furan (C40), pyran (C50), pyrylium (C50™) and pyridine (C5N). When
alkaloid rings are fused and share a N, a similar system is used of a vertical line to indicate
sharing of two C atoms, * to indicate a C shared with three rings and N# to indicate sharing
of a N (thus a pyrrolizidine ring involving two fused five-membered rings sharing a C and a
N is represented as CG4N# | C4N#). Just as we describe 2-hydroxy, 3-hydroxy and 4-hydroxy
benzoic acid as ortho (0)-, meta (m)- and para ( p)-benzoic acid, we can conveniently apply the
same nomenclature to rings containing more than one N. Thus the unsaturated six-membered
ring compounds 2-azapyridine, pyrimidine and pyrazine are denoted here as ¢C4N2,
mG4AN2 and pC4AN2, respectively. The frequently encountered five-membered ring
compound imidazole can be simplistically denoted as C3N2, the Ns being separated by a C.
The important heterocyclic “parent” compound purine found in RNA and DNA is pyrimi-
dine | imidazole (or mC4IN2| CG3N2).

The “rules” outlined above conveniently provide simple, succinct representations of com-
plex polycyclic compounds and avoid the problem of the reader being “unable to see the
wood for the trees”. The structures of key “parent” ring compounds to be encountered in
this book are presented in the Appendix together with the structures of some representative
alkaloids, phenolics, terpenes and other compounds. Before sketching the complexity of
plant bioactive compounds and their modes of action, it should be noted that many such
compounds act as “agonists” by mimicking the action of particular hormones or neuro-
transmitters at specific receptors whereas others may act as “antagonists” by simply competing
for binding to the receptor and thus blocking the normal receptor-mediated response.

1.6 Plant alkaloids

The alkaloids are basic compounds in which an N atom is typically part of a heterocyclic
ring but in some cases is merely a substituent of an alicyclic or aromatic ring system (as for
example with colchicine, some peptide alkaloids and some Amaryllidaceae alkaloids).
Various N-based heterocyclics such as the purine and pyrimidine bases of DNA and RNA
(see Chapter 2) and the methylxanthine purine derivatives variously found in tea and coffee
{caffeine, theobromine and theophylline) are sometimes referred to as pseudoalkaloids and
for consistency will be included as alkaloids in this classification. Indeed all plant hetero-
cyclics with a ring N will be conveniently lumped in with the alkaloids in the tables for didactic
simplicity and consistency.

Alkaloids are widespread in plants and include some very well-known poisons (notably
coniine and strychnine), hallucinogens (morphine, cocaine and muscimol) and other poten-
tially lethal compounds that are nevertheless used in medical practice (e.g. atropine, codeine,
colchicine and morphine). As indicated by the preliminary snap-shot above, alkaloids typically
have names ending in -ine and which are often related to the plant source or properties. Thus,
morphine was named after Morpheus (the God of sleep) and coniine derives from Conzum
maculatum (hemlock), the plant used in the judicial murder of Socrates (399 BC). Various chem-
ical tests for alkaloids are used as preliminary indicators of alkaloid presence in crude plant
extracts. Finally, it should be noted that alkaloids can also exist as N-oxides of the alkaloid base.



1. Plant defensive compounds and their molecular targets 9

i. Monoterpene alkaloids are formed from iridoid monoterpene lactone glycoside
precursors (with ten carbon chain (Cy) deglycosylated aglycones) such as loganin (C5 | G50,
C5|pyran) and seco-loganin (G50, DHpyran) by condensation with ammonia (NH;).
Indeed such reactions may occur during isolation in the presence of ammonium hydroxide
(NH,OH). Monoterpenes in turn derive biosynthetically from two isoprene (C;) (2 X C;=
Cg) precursors. Examples include the bicyclic monoterpenes tecomine (a hypoglycaemic
antidiabetic) from Tecoma stans (Bignoniaceae) and the anti-inflammatory compounds
gentianamine, gentianadine and gentianine (pyridine |C5L) (from Gentiana species
(Gentianaceae)). The tricyclic N-(p-hydroxyphenethyljactinidine (p—~OH-Phe—CHy—
CHy—N-pyridine | C5) from Valerian officinalis (valerian) (Valerianaceae) i1s an acetyl-
cholinesterase (AChE) inhibitor.

ii. Sesquiterpene alkaloids deriving from the sesquiterpene farnesol (3 X Cj
isoprene units = G ;) include a-nupharidine (furan—C5N# | C5N#) and thiobinupharidine
(furan—C5N# | CON#-C4S- CON# | C5N#—turan) from Nuphar species (Nymphacaceace)
rhizomes used for sedative and narcotic extracts.

iii. Diterpene alkaloids derive from diterpene (4 XCj isoprene units = Cy)
precursors and include some very toxic compounds, for example, heart-slowing, blood pressure-
lowering, voltage-gated Na™ channel activators from Aconitum (wolfsbane) species
(Ranunculaceae) (aconitine, aconifine, delphinine, falaconitine, hypaconitine, indaconitine,
jesaconitine, lappaconitine, lycoctonine, mesaconitine and pseudoaconitine) and neuromuscu-
lar blockers with curare-like effects from Delplunium species (Ranunculaceae) (condelphine,
elatine and methylaconitine), the representative compound of this group being aconitine
([-CH,—N(CH,CH;)—-CH<]C6 | C7| C5| C6—O—-CO—Phe]). Further diterpene alkaloids
include the cardiotonic, digitalis-like Na™, K*-ATPase inhibitors from Erythrophleum
gumeense (Fabaceace) (cassaine, cassaidine and erythrophleguine) (CG6| C6 | C6-alkylamine);
and ryanodine (methylene—[pyrrole—CO—O—-C5*| C4O**' | C5** | C6*']) from Ryonia
speciosa (Flacourtiaceae) (a ligand that modulates the endoplasmic reticulum “ryanodine
receptor” Ca?* channel that is variously opened in excited skeletal muscle, cardiac and
neuronal cells).

iv. Steroid alkaloids derive from triterpene (6 X Cj isoprene units = Csg) precursors.
These generally toxic compounds include some AChE inhibitors from Lycopersicon
(tomato) and Solanum (potato) species (Solanaceae) such as demissidine
(CO|C6]C6|CH|CAN#E | CON#) and tomatidine (C6|C6| C6|CH|C40O-C5N) and their
glycosylated derivatives (demissine and tomatine, respectively). A number of steroid alka-
loids are teratogenic (cause embryological defects) including some from Veratrum species
(Liliaceae) namely 3-O-acetyljervine, N-butyl-3-O-acetyl-123, 13a-dihydrojervine,
cyclopamine, cycloposine,  O-diacetyljervine, 12B,13a-dihydrojervine,  jervine
(C61C6|C5|C6-C40O [ CON), MN-formyljervine, N-methyljervine and protoverine
(C6]Co6|C5|Co|CON#H | CON#H). Related teratogens from Solanum tubers include the glyco-
sides a-chaconine, a-solanine and solasonine and their aglycones (deglycosylated entities)
a-chaconidine (C6 | C6 | C6| C5 | C4N# | C5N#), solanidine (C6 | C6 | C6 | C5 | CAN# | C5N#H)
and solasodine (C6|C6]C6| G5 |C4O-CON), respectively.

v. Peptide alkaloids or cyclopeptides have macrocyclic 13—15-membered rings involving
several peptide (—CO-NH-) links. Cyclopeptides have been isolated from various sources,
notably Ceanothus and Sizyphus species (Rhamnaceae) (e.g. Zizyphine A). These 0.6 kDa
cyclopeptides are synthesized by a non-ribosomal mechanism in contrast to the much larger
2-3kDa protease inhibitory cyclotides that are cyclic peptides synthesized as proproteins on
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ribosomes (see Chapter 13) (and as such are considered under “other” plant defensive
compounds in Section 1.9).

vi. Betalain alkaloids are non-toxic, water soluble, purple or yellow coloured plant
pigments deriving from the amino acid derivative 3,4-dihydroxyphenylalanine (dopa,
3-hydroxytyrosine). Dopa rearranges to yield betalamic acid (a tetrahydropyridine, C5N)
and can form a further derivative cyclodopa (a dihydroindole, Phe | C4N). Betalamic acid
condensation with cyclodopa yields purple betacyanins that can be further modified by
glycosylation. Betalamic acid condensation with aliphatic amino acids yields yellow betaxan-
thins. Beta vulgaris (beetroot) (Chenopodiaceae) contains betalamic acid, purple betacyanins
{(namely betanidin, DHpyridine=CH—-CH=(N)-indole) and glycosylated betanidin derivatives
(betanin and betanin sulfate) and yellow betaxanthins (vulgaxanthins I and II, DHpyridines).
A relatively common inability to degrade these compounds gives rise to the coloured urine of
“beeturia”. The gorgeous purple of Bougainuillea species (Nyctaginaceae) bracts derives from
betalains such as the glycosylated betanidin bougainvillein-r-1.

vii. Indole alkaloids include a variety of polycyclic compounds involving the bicyclic
basic compound indole (2,3-benzopyrrole, Phe | pyrrole, Phe [ C4N) and hence related to the
amino acid tryptophan (Trp, 2-amino-3-indolylpropionic acid). Tryptophan decarboxylates
to tryptamine (3-(2-aminoethyljindole) which is thence converted to a variety of neuroactive
compounds acting as agonists for serotonin receptors (SHT-Rs) including: bufotenine (N, N-
dimethyl-5-hydroxytryptamine) (hallucinogenic); N,N-dimethyltryptamine (hallucinogenic);
5-hydroxytryptamine (5HT) (the excitatory neurotransmitter serotonin); 5-methoxy-NN-
dimethyltryptamine and gramine (3-(dimethylaminomethyljindole) (agents causing Phalars
staggers 1n sheep); and the hallucinogens psilocin (3-dimethylaminoethyl-6-hydroxyindole)
and psilocybin (6-phosphopsilocin) (from the Psilocybe “magic mushroom” species).

Further “simple” indoles include the faecal-smelling 3-methylindole and indole; and the
cell wall-expanding plant hormone indole 3-acetic acid (IAA, auxin) and its precursors
indole-3-acetonitrile and indole-3-carboxaldehyde. Tricyclic indoles include: harman
{(a DNA 1ntercalator) (Phe | pyrrole | pyridine), the related hallucinogens harmine and harma-
line (3,4-dihydroharmine) and chanoclavine (Phe* | pyrrole* | C6*); the narcotic mesembrine
(saturated indole-Phe); and the Fabaceae tricyclic AChE inhibitors eseramine
(Phe | DHpyrrole | THpyrrole), eserine (physostigmine) (Phe | DHpyrrole | THpyrrole) and
eseridine (Phe | DHpyrrole | G4NO). Indican (3-(B-glucoside)indole) from Indigofera species
(Fabaceae) and FPolygonum tinctorum (Polygonaceae) oxidizes to yield the dark blue dye indigo.
Similarly isotan B (a 3-hydroxyindole sugar ester) from Isatis tinctoria (Brassicaceae) (the woad
used for body painting by the ancient Britons) is oxidized to yield indigo. A sulfur-containing
MN-methoxyindole derivative methoxybrassinin is a phytoalexin produced by Brassica species
(Brassicaceae) in response to fungal infection.

A variety of more complex indole compounds derive from condensation of an indole pre-
cursor (deriving from tryptophan) and the aglycone of the C;; monoterpene-based iridoid
glycoside secologanin. These indole derivatives range from tetracyclics to compounds with
as many as eleven rings. Some of these indole alkaloids include the nicotinic acetylcholine
receptor (nACh-R) antagonists C-curarine (quaternary amine, eleven-ring, epoxy structure),
sarpagine (Phe |pyrrole | CSN# | C5N#[methylene]) and toxiferine (eleven-ring quaternary
amine); the glycine receptor antagonist strychnine (seven compactly fused Phe, C4N#,
C5N#, C60, C6, C4N# and C5N# rings); the muscarinic acetylcholine receptor antagonist
usambarensine (Phe | pyrrole | GCSN# | CSN#-CHy— | pyridine | pyrrole | Phe); the anti-addictive
and hallucinogenic glutamate receptor antagonist ibogaine (Phe|pyrrole|C6N]
C6 N-methylene); the o-adrenergic and S5HT receptor antagonist yohimbine
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(Phe | pyrrole | CON# | CSN# | C6); the Rauwolfia species (Apocynaceae) antipsychotic and
neurotransmitter transport inhibitor reserpine (Phe|pyrrole| CON#|CON#|C6—0O—
CO-Phe); and the anti-mitotic, tubulin-binding antitumour agents vinblastine and
vincristine (Phe | pyrrole | C8N# | CSN#—Phe | pyrrole | C6* | CAN*# | CON*#).

The hallucinogenic tetracyclic ergine (lysergic acid amide) (Phe* | pyrrole* | CG6% | DHpyridine
carboxamide) is found (like chanoclavine) in Riwea corumbosa and Ipomoea species (ololiuqui)
(Convolvulaceae). Ergine is also found in the fungal ergot (Claviceps purpurea) that infects
Poaceae (such as rye) as are a variety of hallucinogenic ergine derivatives namely the tetra-
cyclics elymoclavine (a teratogen) and ergometrine and hallucinogenic compounds involving
ergine substituted with polycyclic substituents namely ergocornine, ergocristine, ergocryp-
tine, ergosine and ergotamine. The ergot alkaloids are hallucinogens that act as serotonin
receptor (SH'T-R) agonists and block prolactin release in herbivores. Ergot consumption has
had a tragic history in susceptible regions of Western Europe and North America because
consequent behavioural alteration was construed as “devil possession” leading to appalling
torture and execution of as many as 100,000 victims as “witches”.

viii. Isoquinoline (IQ) alkaloids include a variety of bioactive compounds variously
deriving from the amino acids phenylalanine and tyrosine and including IQ) (benzo[c]pyri-
dine) (Phe | pyridine; Phe | G5N) or its derivatives as part of their structure. In many cases the
pyridine moiety is reduced to give tetrahydroisoquinoline and the benzo moiety is often sub-
stituted with a MD (-O—CHy—O-) to form an additional ring, This very large group of alka-
loids includes many compounds which are psychoactive and/or which affect muscle
function. Chemically the IQ) alkaloids are classified into structural subgroups named for key
members (e.g. morphine-related morphinans) or structural complexity (e.g. simple IQs, ring-
opened 1Qs and benzylisoquinolines).

Many opium-derived and other IQs are psychoactive, the best known being the analgesic,
addictive, narcotic, opium-derived morphinan alkaloids codeine and morphine (heroin
being the semi-synthetic diacetate of morphine). The tertiary or quaternary amine struc-
tural component is important for the activity of some Erythrina alkaloids and bisbenzyliso-
quinolines (notably the major curare component (+)-tubocurarine) as antagonists of the
nACh-R involved in neuronal excitation of skeletal muscle. The planar disposition of some
polycyclic benzophenanthridines enables intercalation (parallel interleaving) between the
base pairs of DNA. A variety of naturally occurring and synthetic IQ) compounds are pro-
tein kinase inhibitors.

The chemical and pharmacological complexity of the various I1Q) alkaloid sub-groups is
sketched below with pharmacological and other attributes for each compound given in
parentheses. Some of the better-known IQ) alkaloids derive from opium, the dried milky
latex from the unripe seed pods of Papaver somniferum (opium poppy) (Papaveraceae) and
accordingly whether a substance is opium-derived is also indicated. Selected representative
examples are given for each IQ) alkaloid subgroup.

Simple isoquinolines (IQs) (—)-pellotine (IQ) (Lophophora williamsii (peyote)
{(Gactaceae) paralytic convulsant); (—)-salsolinol (1Q) (Musa paradisiaca (banana) (Musaceae)
and Theobroma cacao (cocoa) (Sterculiaceae) dopamine antagonist linked to chocolate craving).

Ring-opened isoquinolines Narceine (MD—Phe-CH,—CO-Phe amine) (opium-
derived antitussive).

Aporphines Magnoflorine (IQ*|C6*|Phe) (a weak neuromuscular blocker of wide-
spread occurrence); xylopine (MD-I1Q*| C6*| Phe) and xylopinine (Phe | C5N* | C5N* | Phe)

(Xylopra spp. (Annonaceae) o-adrenergic antagonists).
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Cularines Cularicine, cularidine, cularimine and cularine (Fumariaceae cytotoxics)
(IQ* ] C60O* | Phe—MD).

Morphinans (compactly fused Phe, C6, C3N, C6 and C40 rings) Codeine
(optum-derived addictive, analgesic, antitussive, spasmolytic narcotic); morphine {(opium-
derived addictive, analgesic, antitussive, sedative, spasmolytic narcotic; heroin is the semi-
synthetic diacetate); thebaine (non-analgesic, toxic, convulsant narcotic and semi-synthesis
precursor of the anti-addiction drug naltrexone).

Phthalideisoquinolines «-narcotine and narcotoline (MD-IQ—C4L | Phe) (opium-
derived spasmolytics); (+)-bicucculine (MD-IQ—-C4L|[Phe-MD) (Corydalis species
(Papaveraceae) GABA receptor antagonist).

Rhoedans Rhoecadine (MD—-Phe|C9ON|Phe-MD) (Papaver rhoeas (red poppy)
(Papaveraceae) narcotic).

Pavines (—)-argemonine (Phe|C8[CH;N<(]|Phe) (Argemone species (Papaveraceae)
weak analgesic).

Benzylisoquinolines (IQ-CH,~Phe) FEthaverine and laudanosine (L-type Ca’*
channel blockers from opium); papaverine (cAMP phosphodiesterase inhibitor and smooth
muscle relaxant derived from opium and Rauwolfia serpentina (Apocynaceae)); protopine
(MD—Phe | CON | Phe-MD); opium-derived smooth muscle relaxant); (+)-reticuline (opium-
derived adrenergic receptor ligand and hair growth accelerant).

Emetines (Phe | GC6N# | C6N#-CH,—C5N |Phe) Emetine, emetamine and psy-
chotrine (from Cephaelis ypecacuanha (Rubiaceae), ipecacuanha being used as an emetic and
expectorant due principally to its content of emetine, a DNA-binding compound).

Protoberberines Berberine (umbellatine) (MD—Phe | C5N# | C5IN# | Phe) (DNA-bind-
ing cytotoxic, adrenergic receptor antagonist and AChE inhibitor from Berberis vulgaris
(Berberidaceae) and other plants).

Benzophenanthridines (IQ |Phe |Phe) TFagaronine (Fagara xanthoxylum (Rutaceae)
DNA-binding antibacterial); palmatine (calystigine) (Berberidaceae and Papaveraceae
adrenergic ligand and AChE inhibitor); sanguinarine (pseudochelerythrine) (MD-IQ) |
Phe|Phe—MD) (antibacterial, DNA-binding protein kinase inhibitor derived from
Chelidonium majus ( Papaveraceae) and opium); chelerythrine (MD-IQ) | Phe | Phe) (C. majus
(Papaveraceae) protein kinase inhibitor).

Bisbenzylisoquinolines (macrocyclic or linear, formed by 2 benzylisoquino-
lines) (+)-tubocurarine (macrocyclic) (acetylcholine (nicotinic) receptor antagonist and
skeletal muscle relaxant; major component of Chondrodendron species (Menispermaceae)
pareira bark-derived “curare” arrow poison); dauricine (linear) (Menispermaceae curare-
like anaesthetic); rodiasine (macrocyclic) (Ocotoea venenosa (Lauraceae) curare-like skeletal
muscle relaxant); cepharanthine (macrocyclic) (Stephania species (Menispermaceae) anti-
mycobacterial active against leprosy and tuberculosis).

Erythrina isoquinolines (Phe | CON*# | CAN*#|C6%*) Lrysonine, erysotrine,
erythratidine, a-erythroidine and (B-erythroidine (Erythrina species (Fabaceae) curare-like
neuromuscular blockers).

ix. Pyrrolidine alkaloids are based on tetrahydropyrrole (pyrrolidine, C4N), a five-
membered ring containing one N atom, that is, the fully reduced derivative of pyrrole
(Section 1, Appendix). Examples include cuscohygrine, hygrine and hygroline from
Erythroxylum coca (coca) (Erythroxylaceae); the anti-schistosomiatic cucurbitine from Cucurbita
moschata (Cucurbitaceae); the antimicrobial tricyclic gerrardine from Cassipourea species
(Rhizophoraceae); the renal osmoprotectant stachydrine (proline betaine) and 3-hydroxy-
stachydrine from Capparis species (Capparidaceae); and the anti-inflammatory (—)-betonicine
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(achillein or 4-hydroxyproline betaine) from Betonica officinalis (Lamiaceae) and Ackillea species
(Asteraceac).

DMDP (2,5-dihydroxymethyl-3,4-dihydroxypyrrolidine) from Derris elliptica and
Lonchocarpus sericeus (Fabaceae) and the related homoDMDP and several homoDMDP glyco-
sides from Secilla campanulata and Hyacinthoides non-scripta (Hyacinthaceae) are variously active
as inhibitors of particular glycosidases (enzymes cleaving glycosidic linkages in sugar
oligosaccharides and polysaccharides). These polyhydroxypyrrolidine compounds are struc-
turally similar to so-called furanose sugars (see Section 1.9 and Chapter 2).

Myosmine (3[2-pyrrolidinyl]pyridine) and nicotine (3[1-methyl-2-pyrrolidinyl|pyridine)
and a variety of related pyrrolidinylpyridine compounds notably occur in Nicotiana tabacum
{tobacco) (Solanaceae) and are discussed in Section xii under pyridine alkaloids.

x. Pyrrolizidine alkaloids (C4N# | C4N#) have an N atom shared between two fused
five-membered rings. Some pyrrolizidine alkaloids are a-glycosidase inhibitors, namely
(sources in parentheses) alexine (Alexa lewpetala (Fabaceae)), australine (Castanospermum australe
(Fabaceae)) and casuarine (Casuarina equisitefolia (CGasuarinaceae)). 1,2-Dihydroxy-3,
5-dihydroxymethylpyrrolizidine (hyacinthacine B2) from Seilla campanulata (Hyacinthaceae),
its C-5 epimer (hyacinthacine Bl) from Scilla campanulata and Hyacinthoides non-scripta
(Hyacinthaceae) and 3-hydroxymethyl-5-methyl-1,2,6,7-tetrahydroxyquinolizidine (hyacyn-
thacine C1) from Hyacinthoides non-scripta all inhibit various glycosidases.

The highly poisonous Senecio species (ragworts) (Asteraceae) have a major role in global
livestock poisoning through the elaboration of hepatotoxic pyrrolizidines including the
angelic acid ester O-angelylheliotridine and a variety of related compounds having a lactone
{cyclic ester) ring (angularine, isatidine, jacobine, retrorsine, riddelline, senecionine, seneci-
phylline and senecivernine). Senecionine is a teratogen as are other pyrrolizidines (namely
fulvine and heliotrine), these compounds having unwanted developmental effects connected
with mutagenicity and toxicity. Other variously hepatotoxic and carcinogenic pyrrolizidines
derive from Crotalaria species (Fabaceae) (including the lactones fulvine (a teratogen),
monocrotaline, riddelline and usaramine); Heliotropium species (Boraginaceae) (heliosupine,
heliotridine, heliotrine (a teratogen), indicine, intermedine, lasiocarpine, lycopsamine and
supinine); and from Symphytum (comfrey) species (Boraginaceae) (echimidine, heliosupine,
lasiocarpine, lycopsamine and symlandine). The diester echimidine also occurs in Echium
plantagineum (Paterson’s curse or Salvation Jane) (Boraginaceae), a pretty plant that covers
33 million hectares of Southern Australia from Western Australia to northern New South
Wales and costs the Australian livestock industry USE125 million per annum.

xi. Indolizidine alkaloids (CSN#|C4N#) have an N atom shared between a five-
membered ring and a six-membered ring. Castanospermine from Castanospermum australe
(Fabaceae) inhibits a- and B-glucosidases and swainsonine from Swainsona species (Fabaceae)
inhibits a-mannosidase. The indolizidine slaframine (produced on Trifolium repens (red
clover) (Fabaceae) by the fungal pathogen Rhizoctonia leguminicola) is a muscarinic acetyl-
choline receptor (mACh-R) agonist (i.e. an acetylcholine “mimic” on such receptors) and is
hence a parasympathetic stimulant causing salivation and diarrhoea in livestock.

xii. Pyridine and piperidine alkaloids. Piperidine alkaloids are based on piperi-
dine (hexahydropyridine) which has a six-membered saturated ring including an N atom
(C5N). An example of a simple pyridine compound is trigonelline (M-methylpyridine
3-carboxylic acid), a hypoglycaemic compound from Trigonella_foenum-graecum (fenugreek),
Medicago sativa (alfalfa) (Fabaceae) and Coffea species (Rubiaceae). Piperidine- and pyridine-
based alkaloids often have more than one ring and the degree of saturation can vary. Thus,
(—)-anabasine (3-(2-piperidinyl)-pyridine) involves a piperidine (six-membered ring) linked to
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pyridine and is an analogue of nicotine (3[1-methyl-2-pyrrolidinyl] pyridine) which involves
a pyrrolidine (five-membered ring) linked to pyridine.

Myosmine (3[2-pyrrolidinyl]pyridine) and nicotine (3[1-methyl-2-pyrrolidinyl]pyridine)
{Section 1, Appendix) and a number of related bioactive alkaloids occur in Nwcotiana tabacum
{tobacco) (Solanaceae) and variously in other Solanaceae such as Duboisia species. Nicotine
and the related tobacco compounds nicotyrine and (—)-nornicotine are agonists (neurotrans-
mitter “mimics”) of the so-called (nicotine binding) nACh-R involved in neurotransmission
and in neuromuscular transmission for skeletal muscle. The extraordinary addictiveness of
nicotine derives from nACh-R agonists causing dopamine release and activating the
mesolimbic dopamine system yielding “reward” effects. The antidepressant (—)-cotinine is
the major nicotine metabolite in humans and a nicotinic agonist.

(—)-Anabasine (3-(2-piperidinyl)-pyridine) from Nicotiana and Duboisia species (Solanaceac)
is an nACh-R agonist used to discourage tobacco smoking as is the A-methylated tricyclic
piperidine {—)-lobeline from Lobela species (Campanulaceae). Lobeline-related compounds
from Lobelia species include the bicyclic A-methyltetrahydropyridines isolobinine and lobinine
and the tricyclic A-methylpiperidines lobelanine and lobelanidine. Anabasine-related com-
pounds include anatabine (2-(3-pyridyl)-1,2,3,6-tetrahydropyridine) from N. tabacum and
(+)-ammodendrine (N-acetyltetrahydroanabasine) from Ammodendron and Sophora species
(Fabaceae).

Apart from nicotine, the best-known piperidine alkaloid is (+)-coniine (2-propylpiperi-
dine) from C. maculatum (hemlock) (Apiaceae) and Sarracenia flava (carnivorous pitcher plant)
(Sarraceniaceae). Hemlock was drunk in the judicial murder of Socrates (Athens, 399 BC).
Coniine 1s a paralysis-inducing nACh-R agonist as are (+)-A-methylconiine and y-coniceine
from the same source, the latter also deriving from Alve species (Liliaceae). Coniine and
y-coniceine are teratogenic as well as being highly toxic. Other piperidine-related teratogens
include (—)-anabasine from Notiana species, mimosine from Leucaena leucocephala and Mimosa
pudica (Fabaceae) and (+)-ammodendrine, A-methylammodendrine and N-acetylhystrine
from toxic Lupinus (lupine) species (Fabaceae) that can give rise to “crooked calf disease”.

Seeds of Areca catechu {betel nut) (Palmae) contain the simple M-methyltetrahydropyridine
3-carboxylic acid (N-methyl-A®-tetrahydronicotinic acid) arecaidine and arecoline (arecai-
dine methyl ester) (Section 1, Appendix) that are mACh-R agonists and accordingly
parasympathetic stimulants. Betel nut also yields guvacine (A*-tetrahydronicotinic acid) that
is an anti-epileptic GABA transport inhibitor. Conversely the A-methyl dihydropyridone
derivative ricinine from seeds of Ricinus communis (castor seed) (Euphorbiaceae) is a stimula-
tory agonist acting at the benzodiazepine site of the GABA(A) receptor.

The simple piperidine pelletierine from Punica granatum (pomegranate) (Punicaceae) and
Duboisia myoporoides (Solanaceae) is an anthelmintic. The simple piperidine derivatives deoxy-
mannojirimycin (DM]) and deoxynojirimycin (DN]J) from Lonchocarpus species (Fabaceae) are
glycosidase inhibitors because they are structurally similar to the pyranose (six-membered
ring) sugar moieties of the glycosidase disaccharide substrates.

xiii. Quinoline alkaloids are based on a benzo[b]pyridine (quinoline) nucleus
(Phe |pyridine) and are biosynthetically derived from 2-aminobenzoic acid (anthranilic acid),
a key intermediate in the biosynthesis of the indole-containing amino acid tryptophan.
Quinoline alkaloids can be simple or composed of a quinoline nucleus fused with other
moieties to yield polycyclic derivatives. Thus, quinoline fused with benzene is acridine
(dibenzo[b,e]pyridine) (Phe | pyridine | Phe); furoquinolines have a fused furan ring (a five-
membered ring with an O) (Phe | pyridine | C40O); and pyranoquinolines have a fused pyran
ring (a six-membered ring with an O) (Phe | pyridine | G50). Quinazolines have two N atoms
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in the same ring. The anticancer quinoline-based compound camptothecin has a structure
involving fused quinoline, indolizidine and pyran lactone rings. Simple and more complex
quinolines can have an additional ring formed by an MD substituent. The structural and
pharmacological complexity of quinoline alkaloids is sketched below.

Simple quinolines (Phe |pyridine) include the Cinchona and Remijia species (Rubiaceac)
antimalarials cinchonidine (a-quinidine), cinchonine (a stereoisomer of cinchonidine), hydro-
quinidine (quinotidine), quinine and quinidine (8-quinine}, these compounds all having a quin-
uclidinemethanol (1,4-ethylpiperidinylmethanol) substituent. Quinine is also an extremely
bitter tasting compound. Of a range of other simple quinolines, eduline and its O-methyl
derivative japonine, both from Orixa japonica (Rutaceae), are notable for being intestinal smooth
muscle relaxants and echinopsine from Eclunops species (Asteraceae) is psychotropic.

Furoquinolines (Phe | pyridine | C4O) notably derive from the Rutaceae and include a
variety of antibacterial and antifungal compounds. Thus, O-methylptelefolonium and pte-
leatine from Prelea trifoliata (Rutaceae) and veprisinium from Vepris louisii (Rutaceae) are
antimicrobial. Ribalinium from Ruta graveolens (Rutaceae) is anti-mycobacterial. The
Rutaceae furoquinolines dictamnine(dictamine), y-fagarine, haplopine, isodictamnine,
kokusaginine, maculosidine and skimmianine (3-fagarine) are phototoxic antimicrobials.
Dictamnine, y-fagarine (8-methoxydictamnine) and skimmianine (7,8-dimethoxydictamnine)
from Ruta graveolens (rue) (Rutaceae) are photomutagenic, forming DNA monoadducts in
a light-dependent process and thus contributing to the phototoxic phytodermatitis of rue.
Confusameline, kokusaginine and skimmianine (B-fagarine) are 5-hydroxytryptamine
(6HT, serotonin) receptor (SHT-R) antagonists and platelet aggregation inhibitors.
Haplophyllidine and robustine are psychoactive.

Pyranoquinolines (Phe|pyridine | C50) include the antimicrobials flindersine and
N-methylflindersine from Flindersia and Glycosmis species (Rutaceae).

Acridines (Phe | pyridine | Phe) include arborinine from Ruta graveolens and other Rutaceae
(a spasmolytic and Al adenosine receptor antagonist) and the pyranoquinoline acronycine
(with cytotoxic and antitumour activity) from Aecronychia species and Melicope leptococca
(Rutaceae) and which has become a useful lead compound for the synthesis of other anti-
cancer compounds. A variety of synthetic acridines are DNA binding anticancer compounds.

Quinazoline alkaloids (Phe | C4IN2) include a variety of bioactive compounds from a number
of plant families. Febrifugine (Phe | C4N2-Cy—HHpyridine) and the hemiacetal isofebrifugine
(Phe | G4N2-CH,—C4OH-HHpyridine) are potent antimalarials from Dichroa febrifuga and
Hydrangea species (Saxifragaceae). The quinazolines deoxypeganine, deoxyvasicinone and pega-
nine (Phe | CANN# | C4N#) from Peganum species (Zygophyllaceae) are AChE inhibitors. The
structurally related vasicinol (7-hydroxypeganine) from Adhatoda vasica (Acanthaceac) and Sida
cordifolia (Malvaceae) is also an AChE inhibitor and the related vasicinone from the same sources
is bronchodilatory. Tryptanthrine (couroupitine A) (Phe | C4NN# | C4N# | Phe) from Strobilanthes
custa (Acanthaceae), Isatis tinctoria (woad) (Brassicaceae) and Polygonum tinctorum (Polygonaceae) is
a potent inhibitor of inducible cyclooxygenase (COX) 2, inhibits inducible nitric oxide synthase
(INOS) expression and is an agonist of the xenobiotic-responsive element-interacting aryl
hydrocarbon receptor (dioxin receptor).

Camptothecins. The alkaloid camptothecin from Camptotheca acuminata (Nyssaceac)
and Mappia foetida (Icacinaceae) has a pyranoindolizoquinoline structure (Phe|pyridine
|C4N# | CON# | C5L) involving the fusion of quinoline (Phe|pyridine), indolizidine
(C4N# | C5N#) and C5 lactone (GSL) rings. Camptothecin is a topoisomerase I inhibitor
and is a potent cytotoxic and antitumour compound that is used clinically as an anticancer
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compound and has been the “lead compound” for the synthesis of a variety of anticancer
compounds such as irinotecan, topotecan and 9-aminocamptothecin.

xiv. Tropane alkaloids are alicyclic compounds containing an N atom and struc-
turally based on the bicyclic aliphatic tropine (8-methyl-8-azabicyclo[3.2.1]octan-3-o-ol)
(C7[CH4—N<]). which can be simply viewed as a cycloheptane (C7) cross-linked by
a methylamino (CH3;—IN<) group. Pseudotropine is the corresponding 3-f-ol isomer,
nortropine lacks the M-methyl and tropane lacks the 3-hydroxy. Ecgonine (tropine
2-carboxylic acid) is the precursor of the important narcotic cocaine (ecgonine benzoate
methyl ester). The highly toxic anticholinergic atropine (tropine tropate), a potent antagonist
of mACh-Rs, is an ester of tropine and tropic acid (o-(hydroxymethyljphenylacetic acid)
{(Section 1, Appendix). The tropine moiety derives biosynthetically from ornithine and the
tropic acid from the amino acid phenylalanine.

Tropine derivatives are typically found in certain highly poisonous Solanaceae species,
most notably Atropa belladonna (deadly nightshade), Datura stramonium (thornapple), other
Datura species, Duboisia myoporoides (corkwood elm), Hyoscyamus niger (henbane) and
other Hyoscpamus species. Other sources include Convolvulus species (Convolvulaceae),
Erythroxylum coca (coca), other Erythroxylum species (Erythroxylaceae) and Bruguiera species
(Rhizophoraceae).

Hyoscyamine (duboisine) and the racemate atropine are mACh-R antagonists and a number
of atropine derivatives also have this property, namely anisodamine (6p-hydroxyhyoscyamine),
7B-hydroxyhyoscyamine, hyoscine (6,7-epoxyhyoscyamine or scopolamine), benzoyltropein
{tropine benzoate), littorine (tropine a-hydroxyphenylpropionate), tigloidine (pseudotropane
tiglate) and tropacocaine (pseudotropine benzoate). The further derivatives apoatropine
{(a-dehydrohyoscyamine) and tropine are very toxic.

The stimulant narcotic cocaine (benzoylmethylecgonine) from Erythroxylum coca (coca) and
other Erythroxylum species (Erythroxylaceae) inhibits serotonin (SHT) and dopamine reuptake.
Related bioactive tropane alkaloids from Erythroxylum species include benzoylecgonine,
benzoyltropeine (tropine benzoate), cinnamoylcocaine (cinnamoylmethylecgonine) and
ecgonine.

A variety of other tropane alkaloids have been isolated of which the most important is
anatoxin-A, a highly toxic nACh-R agonist and depolarizing neuromuscular blocking agent
deriving from Anabaena cyanobacterium species that can contaminate inland waters.

xv. Quinolizidine and Lycopodium alkaloids. Quinolizidine alkaloids have two
fused six-membered rings sharing an N atom, the simplest such entity being the saturated
two-ring compound quinolizidine (G5N# | C5IN#). More complex entities are formed by the
addition of further N-containing rings through addition of substituents such as
—CH,—NH-CH,—, (CH,);~NH- and <(CH,),~NH— as well as other ring and “side chain”
substituents. The major source of quinolizidine alkaloids are the legumes (Fabaceae).
However, various quinolizidine and related alkaloids have been isolated from Lycopodium
species (club mosses) (Lycopodiaceae).

Legume quinolizidines. The simplest legume quinolizidine is the toxic lupinine
{(quinolizidine-1-methanol) from Lupinus (lupine) species as well as from Anabasis aphylla
(Chenopodiaceae). Quinolizidine-based legume toxicity 1s a significant agricultural problem.
Other toxic legume quinolizidines (other attributes in parentheses) include anagyrine
(C5N# | CSN# || G5N# | CN5S# 1.e. quinolizidine || quinolizidine) (teratogen), cytisine
(C5N#| C5N#]| C5N) (nACh-R agonist, hallucinogen and teratogen), N-methylcytisine
(nACh-R agonist and teratogen), (—)-sparteine (lupinidine) (quinolizidine || quinolizidine)
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(which blocks voltage-gated Na' channels and ATP-regulated K* channels), lupanine
(2-oxo-1la-sparteine) (weak sedative and Na™ channel blocker), and 13-hydroxylupanine
(anti-arrhythmic and hypoglycaemic). Sophoramine (CS5N*# | CO5N*# || CON*# |
CNb5#) 1s also anti-arrhythmic. (+)-Matrine (C5N*# | C5N*# || CSN*# | CN5#) inhibits
lipopolysaccharide-induced cytokine expression in immune cells and is anti-nociceptive by
acting through p and k opiate receptors. (+)-Allomatrine (the G-6 epimer of (+)-matrine) is
anti-nociceptive, acting through k opiate receptors.

Lycopodium alkaloids. The Lycopodium (or club moss) alkaloids include quino-
lizidine alkaloids in which N atoms are variously shared between two or three six-membered
rings. The toxic alkaloid lycopodine (COSN*# | CON*# || C6*[isobutyl<<]) s a tetracyclic alkaloid
with an N shared between two six-membered rings. The toxic alkaloid carolinianine
(CON*# | CON*# || CON*#N# | CNS#)) is a tetracyclic with two Ns shared between three
and two six-membered rings, respectively. Other such alkaloids, such as lycodine
(C5N | C6[1sobutyl<<] | G5N), have Ns that are associated with only one ring.

xvi. Amaryllidaceae alkaloids derive from the bulbs of plants such as amaryllis or
belladonna lily (Amarillus belladonna), daffodil and narcissus (Narcissus species) and snowdrop
(Galanthus niwalis). These alkaloids are typically tetracyclic with a five- or six-membered
N-containing ring as a common feature, many having a further ring created by an MD
bridge (—O-CHy—O-).

Many Amaryllidaceae alkaloids are toxic and are of interest as anticancer and selective
anti-protozoal agents because of their cytotoxicity. Examples (some source genera in paren-
theses) include: the cytotoxic antimalarials augustine (MD—Phe | CSN[OH-CH-CH,
<]|G6) (Crinum), crinamine (MD-Phe | CSN[OH-CH-CH,<]|C6) (Crinum), lycorine
(MD-Phe | C5N| C6) (Brunsvigia, Lycoris), 1,2-di-O-acetyllycorine (Brunsvigia); the related
antineoplastic cytotoxic alkaloids ambelline (MD—Phe | CON[OH-CH-CH,<]|C6),
acetylcaranine and anhydrolycorinium (Amaryllis); the cytotoxics tazettine, hippeastrine
(MD— Phe | C5L| C6 | C4AN) and haemanthidine (Hymenocallis); the specific anti-microsporidium
(Encephalitozoon intestinalis) antimitotics pancratistatin (MD—Phe | C5N | C6) (Pancratium) and
7-deoxynarciclasine (Narcissus); and the further toxic alkaloids 3-acetylnerbowdine (Nerine),
candimine (MD—Phe |C5L|C6|C4N) (Hippeastrum) and caranine (MD—Phe | C5N*#|
CAN*#| C6*) (Amarylls).

The phenanthridine alkaloid lycorine (narcissine, galanthidine) (MD—Phe | C5N | C6) has
a widespread occurrence and inhibits protein synthesis. Like lycorine, the structurally similar
alkaloids dihydrolycorinine, haemanthamine, narciclasine, pretazettine and pseudolycorine
also inhibit protein synthesis at the level of peptide bond formation. Galanthamine (lycorimine)
(Phe* | CON**" | C4O**' | C6*'), from daffodil bulbs but also of widespread occurrence, is both
a nACh-R allosteric modulator and an inhibitor of AChE. Galanthamine is clinically employed
in the treatment of Alzheimer’s disease (dementia linked to deficiency in acetylcholine-mediated
signalling in the central nervous system).

xvii. Other polycyclic alkaloids not covered above include the following groups of

alkaloids:

Benzofuranone tetrahydropyrrole alkaloids. Shihunidine (Phe|C4OL-C4N)
and shihunine (Phe | C4OL-C4N) from Dendrodium species are inhibitors of the Na*, K*-
ATPase (sodium pump).

Benzoxazolinone alkaloids include some types of phytoalexins (compounds pro-
duced by plants in response to microbial infection), examples including Avena sativa (oats)

(Poaceae) avenalumin I (pOH-Phe | C4ANOL-CH=CH-Phe-pOH), Triticum aestivum (wheat)
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and Lea mays (maize) (Poaceae) 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one (DIMBOA)
(Phe |CG4NO) and DIMBOA glucoside and Dianthus caryophyllus (carnation)
(Garyophyllaceae) dianthalexin (Phe | C4ANOL-Phe).

Cepahalotaxine alkaloids are based on cephalotaxine which has a pentacyclic system
including a seven-membered ring and a five-membered ring sharing an N atom (MD-
Phe | CON*# | C4*N# | CG5%). Cephalotaxine alkaloids include the cytotoxic, anticancer protein
synthesis inhibitors cephalotaxine, harringtonine and homoharringtonine.

Imidazole-containing alkaloids related to the amino acid histidine include hista-
mine (imidazole-4-ethanamine) (G3N2) (from numerous plant sources) and casimiroedine
{an MN-glycoside), N-methylhistamine and N N-dimethylhistamine from Casimiroa edulis
(Rutaceae) that are hypotensive through interaction with histamine receptors.

Imidazoloylmethylfuranones include the parasympathetic agonist pilocarpine
(CG40L-CH,-C3N2) and pilosine (carpidine) (Phe-CHy-C4OL-CHy-C3N2) from Pilocarpus
species (Rutaceae), narcotic compounds that are agonists of muscarinic acetylcholine recep-
tors (mACh-Rs) and accordingly stimulate salivation and tear secretion.

Isoxazole alkaloids involve a five-membered unsaturated ring having an O and an N
atom (C3NO). Isoxazole alkaloids notably include ibotenic acid (G3NO-CH(NH; " )COO ™)
and muscimol (OH-G3NO-CHy—NH,) from the reputedly aphrodisiac, hallucinogenic
and extremely toxic Amanita species mushrooms. Ibotenic acid (= a-amino-3-hydroxy-5-
isoxazoleacetic) is neurotoxic and an agonist of excitatory NMDA- and non-NMDA
lonotropic glutamate receptors and of inhibitory ionotropic glutamate receptors. Muscimol
(3-hydroxy-5-aminomethyl-isoxazole) is an hallucinogenic GABA(A) receptor agonist.

Phenanthroindolizidine and phenanthroquinolizidine alkaloids involve
a phenanthrene (Phe [Phe|Phe (angular)) fused with an indolizidine or quinolizidine,
respectively. The phenanthroindolizidines tylophorine (phenanthrene | CSN# | C4N#) and
tylocrebrine (phenanthrene | C5N#|C4N#) and the phenanthroquinolizidine crypto-
pleurine (phenanthrene | C5N#|C5N#) are toxic, cytotoxic protein synthesis inhibitors.
The phenanthroindolizidines tylophorine and pergularinine are thymidylate synthase
inhibitors.

Taxine alkaloids are complex polycyclic compounds in which N is present but not as an
integral part of a ring. The taxines are found in Taxus (yew) species (Taxaceae). Taxine A
(C6| C10] C6—O—CO-CH(OH)-CH(N(CH3)o)—Phe) is substantially responsible for yew toxi-
city. The related polycyclic amide taxol (paclitaxel) and the closely related docetaxel are
tubulin-binding, antimitotic cytotoxics that are used clinically as anticancer drugs. A variety
of taxines have been isolated from Zaxus species.

Other alkaloids include: the quinine-like chloroalkaloids (C5-ChloroC5%*’
(—-CHy*CH,—NH*'—)| C6**’) acutumine, acutumidine, dauricumine and dauricumidine
from Menispermum dauricum (Menispermaceae); tricyclic pyrazole alkaloids
(THpyrrole# | C3NN#-Phe) from Newbouldia laevis and Withania somnifera (Solanaceae)
including withasomnine, newbouldine and the 4’-hydroxy and 4'-methoxy derivatives of
these alkaloids; pyrrolidinoquinolines variously from Calycanthus species (Calycanthaceae)
and Psychotria species (Rubiaceae) including calycanthine (Phe|C5N**'(||C4N*)]
CHN#*'(|] C4N*'}| Phe), isocalycanthine, and tetrahydroisocalycanthine; pyrazine alka-
loids (pC4N2), namely the antibiotic mycotoxin aspergillic acids from Aspergillus species
(fungi); polycyclic quinolizidine lactones include the anti-inflammatory prostaglandin
synthetase inhibitors cryogenine (Phe | G110L{Phe )| C5N# | C5N#) and nesodine from
Heimia species (Lythraceae); various diverse peptide macrocyclic alkaloids including

the DNA-binding RNA- and DNA-polymerase inhibitor pithecolobine from Pithecolobium
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saman (Fabaceae) and the potent cytotoxic, antitumour, antitubulin compounds maytansine
(from Maytenus species (Celastraceae)) and cryptophycin A (a cyclic depsipeptide from the
cyanobacterium (blue—green alga) Nostoc); colchicine-related antimitotic alkaloids vari-
ously from Androcymbium, Colchicum and Gloriosa species (Liliaceae) and including androcym-
bine, O-methylandrocymbine, colchicine (Phe | C7(NH-CO—-CH,3)| C7) and demecolcine
(colchicine being used to treat gout); and securinine (in which piperidine shares an N with
a pyrrolidine (five-membered ring) and a seven-membered ring) (CSN#|CON#
(—CHy—)| C4OL); securinine derives from Securinega suffruticosa (Euphorbiaceae) and
Securidaca longepedunculata (Fabaceae) and is a GABA(A) receptor antagonist.

xvii. Pseudoalkaloids. As indicated previously, for the sake of consistency and sim-
plicity, all heterocyclics with a ring N have been included here in the category of “alkaloids”
including a variety of “universal” biochemically important derivatives of pyrimidine (a six-
membered ring with two Ns) and purine (pyrimidine fused with a five-membered ring with
two Ns). Unsaturated pyrimidine (mC4N2) and purine (mC4N2 | C3N2; pyrimidine | imida-
zole) derivatives are involved in RNA and DINA structure and biosynthesis as well as related
compounds used in signalling and for “defensive” purposes.

The bases found in RNA (ribonucleic acid) are the purine heterocyclics adenine
(6-aminopurine) and guanine (2-amino-6-oxypurine) and their “complementary” pyrimi-
dine bases uracil (2,4-dioxypyrimidine) and cytosine (2-oxy-4-aminopyrimidine), respectively
{(Section 1, Appendix). In RNA double-stranded duplexes adenine (A) base-pairs with uracil
(U) via two hydrogen bonds (A=U) and guanine base-pairs with cytosine {C) via 3 hydrogen
bonds (G=C). Adenine forms the nucleoside adenosine by an N-glycosidic link with the
5-carbon (C5) sugar ribose. Adenosine can be successively modified by phosphorylation to
yield the nucleotides adenosine 5'-monophosphate (5'-AMP), adenosine 5’-diphosphate
(5'-ADP) and adenosine 5'-triphosphate (5'-ATP). The other bases form the corresponding
nucleosides (and nucleotides) guanosine (5’-GMP, 5'-GDP and 5'-GTP), uridine (5'-UMP,
5’-UDP and 5’-UTP) and cytidine (5'-CMP, 5'-CDP and 5'-CTP).

The bases found in DNA (deoxyribonucleic acid) are adenine and guanine and the corre-
sponding base-pairing complements thymine (T)) (5-methyluracil, 2,4-dioxy-5-methylpyrimi-
dine) and cytosine (C) that hydrogen bond in double-stranded (duplex) DNA thus: A=T and
G=C. The corresponding nucleosides (deoxyribonucleosides) are formed via N-glycosidic
links with 2'-deoxyribose (2'-deoxyadenosine, 2'-deoxyguanosine, 2’-deoxythymidine and
2’-deoxyuridine) and thence the corresponding deoxyribonucleotides (5'-dAMP, 5'-dADP,
5-dATP, 5'-dGMP, 5'-dGDP, 5'-dGTP, 5'-dTMP, 5'-dTDP, 5'-dTTP, 5'-dCMP, 5'-dCDP
and 5’-dCTP).

The 3’,5'-cyclic nucleoside monophosphates 3',5"-cyclic AMP (cAMP) and 3’,5-cyclic
GMP (cGMP) are so-called “second messengers”, the cytosolic levels of which rise in
response to binding of particular “primary messengers” (such as hormones or neurotrans-
mitters) to plasma membrane receptors (Chapters 5 and 7). Both cGMP and cAMP have
been found in plants. ATP is the so-called “energy currency” of cells. UDPglucose is
involved in protein glycosylation and in synthesis of sucrose, cellulose (a B-1,4-glucan), callose
{a B-1,3-glucan) and glycogen (an a-1,4-glucose polymer). Synthesis of starch (an a-1,4-glucose
polymer) involves ADP-glucose, CDP-glucose and GDP-glucose as precursors (Chapter 2).

In addition to the bases outlined above, transfer RINA (tRINA) (involved in amino acid-specific
codon recognition in protein synthesis) contains unusual chemically modified bases (e.g.
6-methylaminopurine). DNA can be modified by methylation yielding 5-methylcytosine. A
number of other adenine (6-aminopurine) derivatives are plant growth regulator
“cytokinins” having mitogenic and anti-senescent activity in plants including plant-derived
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dihydrozeatin (M°-isopentanoladenine), N-(A%-isopentenyl)adenine and zeatin (N°-(A2-
isopentenol)adenine) and the semi-synthetics N°-furfuryladenine (kinetin) and N°-
benzyladenine.

Critical N-containing heterocyclics are chlorophyll a and chlorophyll b, Mg?*-chelated
cyclic tetrapyrroles that are involved in light harvesting in the chloroplast photosystems. The
Fed*(Fe?*)-complexed tetrapyrrole haems are involved as the prosthetic groups of
cytochromes in mitochondrial and chloroplast electron transport chains and of cytochrome
P450 of the endoplasmic reticulum (ER)-associated xenobiotic detoxification system. The
non-cyclic tetrapyrrole phytochrome is the key chromophore in red/far red light percep-
tion and signalling in plants. Haem is the prosthetic group of the oxygen-binding protein
haemoglobin.

Vitamins are plant-derived compounds that we cannot synthesize ourselves and which
accordingly must be ingested for survival. Vitamins are typically ring structures involving
one or more ring Ns. Thiamine (vitamin B;) (pyrimidine-CH,-(N)-thiazole) involves
a pyrimidinylmethyl (mC4N2) linked to a thiazole (G3NS) ring and as the thiamine
pyrophosphate (TPP) coenzyme derivative is involved in pyruvate dehydrogenase,
o-ketoglutarate dehydrogenase and transketolase function. Good vitamin B, sources are
leafy vegetables, grain and legumes and deficiency causes beri beri (diarrhoea and fatigue).
Riboflavin (vitamin B,) is a riboside of isoalloxazine (Phe |pyrazine|pyrimidine)
(Phe | pC4N2 | mC4N2) (Section 1, Appendix) and is part of the redox coenzymes flavin
adenine dinucleotide (FAD/FADH,) and flavin mononucleotide (FMN/FMNH,) (oxidized/
reduced forms). Riboflavin is present in leafy vegetables and cereals and deficiency is associated
with growth retardation. Pyridoxine (vitamin Bg) (1-methyl-3-hydroxy-4,5-dicar-
boxymethylpyridine) is the precursor of pyridoxal phosphate, a coenzyme involved in
transaminase and lysyl oxidase. Vitamin Bg is found in cereals and legumes and deficiency is
assoclated with dermatitis, depression and particular infantile convulsions. Biotin (vitamin
H or coenzyme R) (C45|C3N2) involves fused, fully reduced (saturated) thiophene and
imidazole rings and is involved in carboxylation reactions (e.g. fatty acid synthesis). Folic
acid (pteroylglutamate) has a pteridine (mC4N2|pC4N2) (pyrimidine | pyrazine) hetero-
cyclic ring and is involved in methylation reactions crucial for DNA precursor (thymine)
synthesis. Folate is present in green leafy dietary vegetables and maternal folate deficiency is
associated with occurrence of spina bifida. Cyanocobalamin (vitamin By,) (5,6-
dimethylbenzimidazolyl cyanocobamide), produced by colonic bacteria, is a cobalt
ion-chelated tetrapyrrole, the coenzyme derivatives of which are involved in G—C bond
breakage and re-formation in methionine (Cs) and succinyl-CoA (C,) formation from homo-
cysteine (C4) and methylmalonyl-CoA (C,), respectively. Vitamin By, deficiency is
assoclated with pernicious anaemia. Niacin (nicotinic acid, pyridine 3-carboxylic acid) is
the precursor of nicotinamide which is part of the nicotinamide adenine dinucleotide redox
coenzymes NAD'/NADH and NADP*/NADPH (oxidized/reduced forms). Niacin is
found in grain and legumes and niacin deficiency is associated with pellagra (involving mental
and physical weakness).

Methyl derivatives of xanthine (2,3-dioxypurine) namely caffeine (1,3,7-trimethyl-
xanthine), theobromine (3,7-dimethylxanthine) and theophylline (1,3-dimethylxanthine)
(Section 1, Appendix) are variously found in plants used for stimulatory drinks such as Iex
paraguayensis (maté) (Aquifoliaceae), Coffea species (coffee) (Rubiaceae), Paullinia cupana
(guarana) (Sapindaceae), Cola acuminata (cola) and Theabroma cacao (cocoa) (Sterculiaceae) and
Camellia sinensis (tea) (Theaceae). These methylxanthines are variously active as inhibitors of
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cAMP phosphodiesterase or as adenosine receptor antagonists. Gaffeine also activates the
ryanodine receptor Ca?* channel.

The pyrimidine nucleosides convicine (3,6-diamino-2,4,5-trihydroxypyrimidine 5-0-
B-glucoside) and vicine (divicine-B-glucoside, 2,6-diamino-4,5-dihydroxypyrimidine 5-O-
B-glucoside) derive from Vicia fava (fava beans) (Fabaceae) and give rise to Favism in people
with glucose-6-phosphate dehydrogenase (G6PDH) deficiency (typically in Mediterranean
countries in which this deficiency was selected for as a protectant against malaria). The
aglycones (non-glycosylated pyrimidines) are involved in oxidative reactions resulting in
glutathione deficiency, red blood cell haemolysis and anaemia in G6PDH-deficient individuals.

1.7 Plant phenolics

Plant phenolics represent a very large group of defensive compounds defined here as having
a phenol (hydroxybenzene) moiety. In some instances substances having a phenolic precursor
(e.g. methoxybenzene derivatives) have conveniently also been included in this category.
Phenolics derive biosynthetically from hydroxycinnamoyl coenzyme A (yielding a phenyl-
propanoid moiety).

The phenolics range in complexity from simple phenolics and quinones (with one ring),
through chalcones and stilbenes (with two rings) to a range of phenolics with three rings
namely anthocyanins, anthochlors, benzofurans, chromones, chromenes, coumarins,
flavonoids, isoflavonoids, neoflavonoids, stilbenoids and xanthones (see Section 2,
Appendix). More complex polycyclic phenolics exist, notably the hydrolysable tannins (gal-
lotannins and ellagitannins) and the condensed tannins.

The phenolic ring system (Phenyl-OH, or for aromatics in general, Aryl-OH) is planar
and electron-rich. The planar benzene ring is hydrophobic but the phenolic OH confers
polarity and water-solubility and the capacity for hydrogen bonding, for example,
Phenyl-OH-.-TOOC-X and Phenyl-OH..--HyN-X (these properties permitting
phenolic—protein interactions that are stronger, the greater the number of interactions
involved). The phenolic group can be deprotonated (to form the phenolate (Phenyl-O™) and
can be oxidized yielding a quinone (Aryl=0) and the radical Aryl-O°". Accordingly, phenolics
have antioxidant properties that are biologically important. Because of the extensive
conjugated double bond systems found in the more complex phenolics (e.g. Aryl—
(CH,—~CH=CH),), such compounds absorb light well in the visible part of the spectrum,
that is, they are coloured.

The above properties of phenolics provide molecular rationales for phenolic compound
functions. Thus, coloured phenolics act as pollinator-attractants and complex polyphenolics
(tannins) bind tightly to proteins and act as herbivore deterrents through being bitter
tastants. The planar ring systems of flavonoids and related compounds can mimic key
enzyme substrates such as ATP and the key redox coenzymes NADPH, NADH, FMNH,
and FADH,. Many phenolics can act as anti-inflammatory antioxidants through covalent
reaction with free radicals, notably ROS such as superoxide (O, ™). Conversely, many pheno-
lics have antimicrobial (antibacterial or antifungal) properties. The complex structure and
function features of the various groups of phenolics are sketched below. The structures of a
variety of simple and more complex polycyclic phenolics are presented in the order of
increasing complexity in the Appendix (Section 2).

i. Simple phenols include a variety of compounds noted because of their antimicrobial,
topical antimicrobial, antiseptic, dermatitic and odorant properties. The denaturant, irri-
tant, odorant and antiseptic properties of the parent compound phenol are familiar.
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Antiseptic plant-derived phenols include phenol (Phe—OH, hydroxybenzene, carbolic acid),
p-cresol (4-methylphenol), catechol (1,2-dihydroxybenzene), resorcinol (1,3-dihydroxybenzene)
and pyrogallol (1,2,3-trihydroxybenzene). Other simple phenols with antimicrobial properties
include some related to benzoic acid (benzenecarboxylic acid), namely salicylic acid
(2-hydroxybenzoic acid), ginkgoic acid (2-hydroxy-6-(pentadec-8-enyl)benzoic acid), gentisic
acid (2,5-dihydroxybenzoic acid), pyrocatechuic acid (3,4-dihydroxybenzoic acid) and gallic
acid (3,4,5-trihydroxybenzoic acid). Other plant-derived phenol-related compounds include
4-methylcatechol, 1,3-dihydroxy-5-(heptadec-12-enyl)benzene, hydroquinone (1,4-dihy-
droxybenzene), 1,4-dihydroxy-2-geranyl (di-isoprenyl)benzene and 4-methoxybenzaldehyde
{ p-anisealdehyde).

The non-specific biocidal properties of phenols give rise to dermatitic properties. Noted
plant phenol dermatitics include anacardic acids (2-hydroxy-6-(long chain alkyl)-benzoic
acids), catechol (1,2-dihydroxybenzene), ginkgol (3-(pentadec-8-enyljphenol), Grevillea
robusta (Proteaceac) grevillol (1,3-dihydroxy-5-tridecylbenzene), salicylic acid (2-hydroxybenzoic
acid), sesamol (3,4-methylene dioxyphenol), Turricula parryi (poodle dog bush)
{Hydrophyllaceae) turricolol E (1,4-dihydroxy-2-(tri-isoprenyl)benzene) and the Toxicodendron
radicans (poison ivy) (Anacardiaceae) 3-(long chain alkenyl)-catechols.

Phenols have distinct odours. Notable simple phenol-related odorants/tastants include
4-methoxybenzaldehyde (p-anisealdehyde), guaiacol (2-methoxyphenol), 4-hydroxyben-
zaldehyde, phenethyl alcohol, piperonal (heliotropin, 3,4-methylenedioxybenzoic acid) and
Vanilla plonifolia (vanilla) (Orchidaceae) pod vanillin (3-methoxy-4-hydroxybenzaldehyde)
{Chapter 10).

Some simple phenolics inhibit COX (prostaglandin synthetase) and/or 5-lipoxygenase
(6-LOX). COX inhibitors include the anacardic acids, 2,6-dimethoxyphenol and Ginkgo
biloba (Ginkgoaceae) ginkgoic acid (2-hydroxy-5-pentadec-8-enylibenzoic acid) and ginkgol
(3-(pentadec-8-enyl)phenol). Simple phenol 5-LOX inhibitors include ginkgol and grevillol.
The acetyl ester of salicylic acid (2-hydroxybenzoic acid) is the synthetic GOX-inhibitory
anti-inflammatory aspirin (Chapter 14).

ii. Phenolic ketones. Phenolic ketones typically have a phenol-related benzene
{unsaturated C6) ring with a 2-carbon (Cy) sidechain as exemplified by the phenolic precursor
acetophenone (Phe—CO—CHy). Such compounds derive from phenylpropanoids (Phe—Cg). A
variety of such phenolic ketones are based upon phloroglucinol (1,3,5-trihydroxybenene)
including: the COX and 5-LOX inhibitors, 2,6-dimethoxy-4-hydroxyacetophenone and xan-
thoxylin (4,6-dimethoxy-2-hydroxyacetophenone; phloroacetophenone 4,6-dimethyl ether) and
the Humulus lupulus (hops) (Cannabaceae) bitter-tasting, isoprenylated antibacterials humulone
{a-lupulic acid) and lupulone (B-lupulic acid). The non-aromatic, hops-derived, tricyclic
ketone tricyclodehydrohumulone is also a bitter tastant. Other phenolic ketones include
acetosyringone (8',5’-dimethoxy-4'-hydroxyacetophenone) (the tobacco inducer of
Agrobacterium tumefaciens virulence gene expression required for infection), the phloroglucinol
benzophenone maclurin, the benzophenone tubulin-binding anti-mitotic xanthochymol and
the oestrogenic macrocyclic mycotoxin zearalenone from the fungus Gibberella zeae.

iii. Phenylpropanoids. The phenylpropanoids derive biosynthetically from phenyl-
alanine (Phenyl-CH,—CH(NH,)-COOH) through deamination. The phenylpropanoids
(Phe—Cg) in turn give rise to lignans in which benzene rings are linked by a C—C bond
{(Phe—Phe) and coumarins in which ring closure by a lactone grouping (—O—CO-) creates
a benzopyran-2-one (Phe | C50L).

Major simple phenylpropanoids include cinnamic acid (Phe—CH=CH-COOH),
p-coumaric acid ( p-hydroxycinnamic acid), o-coumaric acid (o-hydroxycinnamic acid), caffeic
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acid (3,4-dihydroxycinnamic acid), ferulic acid (3-methoxy-4-hydroxycinnamic acid) and
isoferulic acid (3-hydroxy-4-methoxycinnamic acid). These parent compounds can in turn
be altered through reduction of the sidechain double bond or of the carboxyl (to yield alde-
hydes and alcohols); formation of glycosides with sugars; formation of carboxylic acid esters
with sugars and other compounds (notably quinic acid and shikimic acid); formation
of amides; decarboxylation (to yield phenylpropenes and phenylpropanes); methylation of
phenolic hydroxyls; and formation of an MD ring from phenolic hydroxyls.

Some non-polar phenylprop-2-ene (allylbenzene (AB); Phe—CH,—CH=CH,) derivatives
can form 2,3-epoxides and thence covalent adducts with DINA, such genotoxic (and potentially
mutagenic and carcinogenic) compounds including elemicin (3,4,5-trimethoxyAB), estragole
(3-methoxyAB), methyleugenol (4,5-dimethoxyAB) and safrole (4,5-methylenedioxyAB),
noting that such compounds occur in plant material ingested by humans. While the phenyl-
prop-1-ene (prop-1-enebenzene; PB) compounds frans- and cis-asarone (2,4,5-trimethoxyPB)
form DINA adducts, a range of other plant-derived PB or AB compounds are not genotoxic
including eugenol (4-hydroxy-5-methoxyAB), isosafrole (4,5-methylenedioxyPB),
methylisocugenol (4-hydroxy-5-methoxyPB) and myristicin (3-methoxysafrole) (which
forms such adducts poorly). Epoxide hydrolases provide some protection from genotoxic
phenylpropenes.

A variety of phenylpropanoid ketones are anti-inflammatory inhibitors of COX and
5-LOX, enzymes that are involved in the formation of prostaglandins and leukotrienes,
respectively. Thus, the dihydroferulic acid-derived ketone [6]-Gingerol (4'-hydroxy-5'-
methoxyphenylpropane—CO—-CH,—CH(OH)~CH,),—CH;) (Phe-alkyl ketone) inhibits both
COX and 5-LOX as variously do the corresponding [2]-, [4]-, [8]-, [10]-, [12]-, [14]- and
[16]-gingerols and the diketones [6]- and [8]-gingerdione, all of these compounds deriving
from the rhizome of (ingiber officinale (ginger) (Zingiberaceae). The structurally related
diarylheptanoids are ketones (R—CO-R") from Afpinia species (Zingiberaceae) rhizomes
in which the aryl R—-CO- and R’— groups are phenylpropanoid (Phe—C;) and
phenylpropanoid-related (Phe—C ), respectively. The diarylheptanoids are variously COX
and 5-LOX inhibitors.

A variety of other phenylpropanoids have been shown to inhibit particular enzymes
including (target enzyme in parentheses): coniferyl aldehyde and the amide fagaramide
(COX); the biphenylpropanoid glycosides forsythiaside, hellicoside and suspensaside
(5-LOX and cAMP phosphodiesterase); the allylbenzene myristicin (monoamine oxidase);
the tricaffeic acid salvianolic acid A (gastric H secreting H"-ATPase); the caffeic acid esters
vanicosides A and B and the diferuloyl curcumin (protein kinases); curcumin and caffeic
phenethyl ester (HIV-1 integrase); caffeic acid (xanthine oxidase); and ferulic acid, curcumin,
the diarylheptanoid yakuchinone B and 4-hydroxy-3-methoxy cinnamaldehyde (tyrosinase).

iv. Lignans. Simple lignans derive from dimerization of phenylpropanoids (Phe—Cs),
typically through a sidechain (Cs) C—C link, that is, Phe—C3 + Phe—Cj3 — Phe—C4—Cs—Phe
(typically Phe—CH,—CH(CH3)-CH(CH4)-CHy—Phe). However, alternative linkages could
be phenyl C—C links (i.e. Phe—Cj5 + Phe—C3— C35—Phe—Phe—Cj3). In monoepoxylignans,
a tetrahydrofuran (THF) (C40) is formed Ilinking the two phenyls, that is,
Phe—CH,—CH(CH;)-CH(CH;)~CHy—Phe + O — Phe—CH,—C40O—-CH,y—Phe or Phe | C40—
Phe (in which the THF moiety is fused with one of the phenyls). Further oxidation yields
lignanolides in which there is a central tetrahydrofuranone (C4OL) lactone ring
(Phe—CH,—C40OL—-CH,y—Phe) and bisepoxylignans in which phenyl (Phe-) moieties are
linked by two fused THF rings (Phe—C4O | C4O—Phe). In the more complex podophyllotoxin-
related cyclolignans, there is sidechain cyclization to form a ring system fused with one of the
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phenyl groups and further cyclolignan possibilities exist. These various structural types are
further varied by substitutions with hydroxyl, methoxy, methylenedioxy and O-glycosyl
groups. Lignans are mostly found in wood and many have cytotoxic properties.

Simple lignans involving a Phe—C;—C;—Phe structure are illustrated by the antioxidant
and Ca’* channel blocker nordihydroguaiaretic acid (NDGA) (3,4-dihydroxyphenyl—
CH,~CH(CH,)-CH(CH3)-CHy—(3',4"-dihydroxyphenyl)), the bitter-tasting phyllanthin
and the cAMP phosphodiesterase inhibitor c¢is-hinokiresinol. Simple lignans of the
C;—Phe—Phe—C; kind are illustrated by the antibacterials honokiol and the protein kinase
inhibitor magnolol.

Lignanolides (Phe—CH,~C4OL~CH,~Phe) include the Ca?* channel blocker trachelo-
genin, the cytochrome P450-linked oxygenase inhibitor cubebin, the cAMP phospho-
diesterase inhibitor (—)-arctigenin and the antimitotic glycoside podorhizol-B-D-glucoside
from Podophyllum species (Podophyllaceae).

Monoepoxylignans include the Ca’* channel blockers fargesone A and fargesone B
(Phe | G4O—Phe(MD)); the antitumour compound burseran ((MD)Phe-CH,—C40O-
CHy—Phe); the platelet activating factor (PAF) receptor antagonists grandisin, magnosalicin,
saucernetin and (+)-veraguensin (Phe-CHy—C40O—-CHy—Phe); and the PAF antagonists
kadsurene and kadsurin A (DHPhe | C4O—Phe).

Bisepoxylignans (Phe—C4O]|C40O—-Phe) include the Il-acetoxypinoresinol and
pinoresinol (cAMP PDE inhibitors), (—)-eudesmin (Ca’* channel blocker), sesamolinol
(antioxidant) and sesartemin (an inhibitor of cytochrome P450-linked oxygenase).

Podophyllotoxin-related cyclolignans include the important antitumour antimitotic
podophyllotoxin (MD)Phe(Phe)| C4OL) from Podophyllum species (Podophyllaceae) that
inhibits topoisomerase and binds to tubulin. Podophyllotoxin-related compounds with
antimitotic, cytotoxic and antitumour activity include 4'-demethylpodophyllotoxin, 4'-
demethyldeoxypodophyllotoxin and deoxypodophyllotoxin. A variety of other kinds of
cyclolignans and polycyclic neolignans have been characterized.

v. Benzoquinones, naphthoquinones and anthraquinones. The benzo-
quinone parent compound quinone (pO=Phe=0) (Q) is an oxidant which is readily
reduced to p-hydroxyphenol (hydroquinone) (HO-Phe—OH). Quinone is a cytotoxic antimi-
crobial found in plants. A variety of simple antimicrobial hydroquinone-based phenolics are
elaborated by plants as also outlined in Section 1 above. The reactivity of quinones in terms
of redox reactions, hydrogen bonding (—C=0-.-H-X-) and hydrophobic binding in rela-
tion to proteins in general contributes to their irritant, cytotoxic and antimicrobial effects.

The napthoquinones are fused benzene and quinone rings (Phe|Q) and the
anthraquinones involve a quinone ring fused with two benzene rings (Phe|Q | Phe).
Furanobenzoquinones and furanonaphthoquinones involve a furan ring (C4O) fused with a
benzoquinone or naphthoquinone ring, respectively. Similarly, pyranoquinones involve
fusion of quinones with a pyran (C50) ring. Binaphthoquinones and bianthraquinones
derive from G—C links between the monomeric precursors. Substituents include hydroxy,
hydroxymethyl methoxy, alkyl (notably isoprenyl), C-glycosyl and O-glycosyl groups. The
compounds with more extensive conjugated systems (e.g. the anthraquinones) are coloured.

Benzoquinones (Q)) include the bicyclic COX inhibitor arnebinone (DHPhe | Q) and
the leukotriene receptor antagonists ardisianone and cornudentanone, which are
6’-methoxy-2’-alkylbenzoquinones (Q-alkyl) where the long chain alkyl substituents are
3-acetoxypentadecyl and 3-acetoxytridecyl, respectively. A number of benzoquinones
are allergens including acamelin, 2,6-dimethoxybenzoquinone, geranylbenzoquinone,
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prenylbenzoquinone and primin. The universal isoprenylated benzoquinone ubiquinones
(e.g. coenzyme Q) 1y; benzoquinone-2-methyl-5,6-dimethoxy-3-(isoprenyl); ) are key redox
components in the mitochondrial electron transport chain and coenzyme Q j is used as an
anti-aging nutriceutical. The plastoquinones are analogous 3-isoprenylated 5,6-dimethyl-
benzoquinone redox components in the chloroplast photosynthetic electron transport chain.

Naphthoquinones (Phe| Q). The benign isoprenylated naphthoquinones alkannin
and shikonin are used for red lipstick and lawsone (1-hydroxynaphthoquinone) is the henna
principle used to dye hair and for painting hands in Indian ceremonies. A variety of naphtho-
quinones are antimicrobials. Juglone, naphthazarin and plumbagin are protein kinase
inhibitors. The widespread isoprenylated naphthoquinone vitamin K (phylloquinone) is
required for the formation of y-carboxyglutamate residues in prothrombin, this permitting
Ca** binding, prothrombin activation and subsequent blood clotting,

Anthraquinones (Phe|Q)|Phe). Alizarin (1,2-dihydroxyanthraquinone) is the
orange—red compound of Rubia tinctorum (madder) (Rubiaceace), a longstanding dyestuff in
human history. A range of anthraquinones are variously cathartic, antimicrobial and cyto-
toxic. A variety of anthraquinones are protein kinase inhibitors including alizarin, chrysazin,
damnacanthal, emodin and purpurin.

Binapthoquinones include the phototoxic phytotoxin cercosporin from the fungus
Cercospora (two Phe | Q) moieties linked by two Phe—Phe links and an MD link). Hypericin
(two anthraquinones linked by three Phe—Phe linkages) is a bianthraquinone from
Hypericum species (Hypericaceae). Hypericin is a phototoxic protein kinase inhibitor that
causes light-dependent ovine facial eczema. Benzonaphthoquinones include the der-
matitic cypripedin (Phe | Phe | Q). Lichen 7-chloroemodin is a novel chloroanthraquinone
and the fused tricyclic pyrano-a-naphthoquinone B-lapachone (Phe|oQ |C50) is
a reverse transcriptase inhibitor with antimicrobial and cytotoxic activity.

vi. Stilbenes, bisbenzyls and phenanthrenes. Stilbenes (Phe—-CH=CH-Phe)
derive from the phenylpropanoid p-hydroxycinnamic acid (Phe—Cy; pOH-Phe—CH=
CH-COy ) and malonylCoA (C3%; ~O,C—CHy—CO—-S—CoA) with loss of COy (C)):
Phe—Cy4 + 3 C3—>Phe—Cy—Phe + 4C)). A further C—C link between the phenyl rings yields
the three fused benzene rings of phenanthrene (the non-linear isomer of the linear
anthracene, Phe | Phe|Phe). Stilbene reduction yields bisbenzyls (Phe—CHy—CHy—Phe).
Stilbenoid compounds can be modified by reduction and by hydroxyl, methoxy, isoprenyl
and glycosyl ring substituents. Stilbenes are often found as antifungal agents in wood.

Simple stilbenes (Phe—CH=CH-Phe) include the Vizis vinifera (grape) (Vitaceae) cyto-
toxic resveratrol (4,3',5'-trihydroxystilbene), the mitochondrial electron transport inhibitor
oxyresveratrol (3,5,2",4'-tetrahydroxystilbene) and the protein kinase inhibitor piceatannol
(3,4,3",5 -tetrahydroxystilbene), all these compounds having antifungal activity. The iso-
prenylated stilbene chlorophorin (4-geranyl-3,5,2",4"-tetrahydroxystilbene) is an antioxidant
free radical scavenger (AO/FRS).

Bisbenzyl (Phe—CH,—CHy—Phe) compounds include dihydroresveratrol (4,3',5'-
trihydroxybisbenzyl) and the allergenic benzopyranone hydrangenol from Hydrangea
macroplylla (Saxifragaceac).

Phenanthrenes (angular Phe | Phe | Phe) include the antifungal methoxyphenanthrenes
batatasin I and isobatatasin I from bulbs of Dioscorea species (Dioscoraceae). The pyrano-
phenanthrenes have a tetracyclic structure (involving linkage of the outer phenanthrene
rings with an ~O—CHy— group), examples including the spasmolytic compounds coelogin
and flavidin from Coelogyne species (Orchidaceae).
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vii. Anthochlors (chalcones and aurones), anthocyanidins and antho-
cyanins. Anthochlors (chalcones and aurones), anthocyanidins and anthocyanins provide
colour to flowers that is required for attracting pollinating herbivores. The anthochlors are
yellow but the anthocyanins (and the corresponding aglycone anthocyanidins) have colours
ranging from blue to red.

Chalcones. The parent compound is chalcone (1,3-diphenyl-2-propen-1-one or ben-
zylideneacetophenone; Phe-CH=CH—-CO-Phe), the ring numbering being 1-6 (benzyli-
dene phenyl) and 1'—6’ (acetophenone phenyl). Chalcone variants derive from hydroxy,
prenyl (isopentenyl) and glycosyl substituents. Phenols are weak acids and as such can act as
“protonophores” to increase the proton (H") permeability of the mitochondrial inner membrane
and hence act as “uncoupling” inhibitors of the key ATP-providing process of oxidative phos-
phorylation. Butein (2',4",3,4-tetrahydroxychalcone), isoliquiritigenin (2',4',4-trihydroxy-
chalcone) and okanin (2,3',4’,3,4-pentahydroxychalcone) are uncouplers of oxidative
phosphorylation. Various chalcones inhibit the following particular enzymes (in parentheses):
abyssinone VI (8,5-isoprenyl-2’,3’ 4-trihydroxychalcone) (steroid aromatase); buteine (receptor
tyrosine kinase and NADH and succinate dehydrogenases); liquiritigenin and isoliquiritigenin
{(monoamine oxidase); and chalconaringenin (2',4’,6",4-tetrahydroxychalcone) (iodothyronine
deiodinase).

Dihydrochalcones. The parent compound is dihydrochalcone (1,3-diphenylpropan-
2-one). Phloretin (4,2',4’,6'-tetrahydroxydihydrochalcone) is an uncoupler and an inhibitor
of iodothyronine deiodinase and protein kinase. Phloridzin (phloretin 2’-O-glucoside) is
a bitter tastant and an inhibitor of glucose transport. Odoratol (a-hydroxy-4,4'-dimethoxy-
6’-hydroxydihydrochalcone) is a Lathyrus odoratus (sweet pea) (Fabaceae) phytoalexin. Various
methylated dihydrochalcones including loureirins B and D from Dracaena loureir: (Agavaceae)
are oestrogen receptor agonists.

Aurones (Phe | C40(=0)=CH-Phe). Aurones (2-benzylidenebenzofuranones) derive
from oxidation and cyclization of chalcone precursors to yield the corresponding benzofura-
none (benzene fused with a five-membered furanone ring): Phenyl-CO— CH=CH-Phenyl +
O, — Benzofuranone = CH—Phenyl. Various aurones inhibit iodothyronine deiodinase,
namely (numbering 1-9 in the bicyclic benzofuranone and 1'—6' in the benzylidene phenyl)
aureusidin (4,6,3',4'-tetrahydroxyaurone), bracteatin (4,6,3',4',5'- pentahydroxyaurone),
maritimetin (6,7,3',4’-tetrahydroxyaurone) and sulfuretin (6,3,4’-trihydroxyaurone).

Anthocyanins and anthocyanidins. Anthocyanidins are the aglycones of the cor-
responding anthocyanins, the parent compound being 2-phenylbenzopyrylium (flavylium)
(Phe | pyrylium *—Phe). The benzopyrylium moiety is benzene fused with an unsaturated six-
membered pyrylium ring containing five Cs and a positively charged O. Cyanidin (ring
numbering 1-10 in the benzopyrylium ring and 1’—6 in the phenyl ring) is 3,5,7,3',4'-
pentahydroxyflavylium and is very widespread, particularly as the anthocyanin cyanidin
3-O-glucoside. Other anthocyanidins include apigeninidin, delphinidin, hirsutidin, luteolinidin,
malvidin, pelargonidin, peonidin and petunidin, the structural variations arising from differing
patterns of hydroxy and methoxy substitution (and thence of differing glycosylation in the
corresponding anthocyanins).

Cyanidin inhibits epidermal growth factor receptor tyrosine kinase (EGF-RTK), a-
glycosidase and COX-1 and COX-2. Delphinidin (3,5,7,3',4',5'-hexahydroxyflavylium) also
inhibits EGF-RTK. Anthocyanidins and anthocyanins can be anti-inflammatory antioxidants
by acting as free radical scavengers. Thus, nasunin (delphinidin-3-( p-coumaroylrutinoside)-
5-glucoside) scavenges OH (hydroxyl), Oy~ (superoxide) and lipid peroxyl radicals and
inhibits lipid peroxidation.
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viii. Benzofurans. The parent compound benzofuran (Phe |furan) involves a fused
benzene (unsaturated C6 ring) and furan (unsaturated five-membered ring including four Cs
and one O). In addition to simple benzofurans there are dibenzofurans (Phe | furan | Phe) in which
the furan ring is fused with two benzenes to make a tricyclic nucleus. The simple benzofurans
and dibenzofurans are generally toxic with antimicrobial and notably antifungal activity.

Simple benzofurans (Phe|furan) involve benzofuran variously having acetoxy,
hydroxy, methoxy or more complex substituents on the benzo moiety and typically a 2-
phenyl or 2-(2-propenyl) substituent on the furan moiety. Asteraceae benzofurans with a 2-
propenyl substituent include toxol and toxyl angelate (from Haplopappus heterophyllus) and
dehydrotremetone and tremetone (from Eupatorium (snakeroot) species); ingestion of these
plants by cows gives rise to “milk sickness”. Snakeroot “milk sickness” involves blockage of
glucose-supplying gluconeogenesis (see Chapter 2) and was responsible for the death of
Abraham Lincoln’s mother Nancy. The Penicillium-derived tricyclic chlorobenzofuran
metabolite griseofulvin (Phe | C4O(=0)-C6) is an antifungal drug that interferes with micro-
tubule tubulin and is used against tinea capitis (cradle cap) in children. The 2-phenylbenzo-
furans include Aorus species (mulberry) (Moraceae) albanol A (mulberrofuran G)
(Phe | furan-polycyclic) and mulberrofuran A (Phe | furan-Phe-isoprenyl) (COX inhibitors);
lithospermic acid (aryl-Phe | furan-Phe) (from Boraginaceae) (a free radical scavenger and
inhibitor of prolyl hydroxylase and collagen hydroxylation); and Morus alba (mulberry)
(Moraceae) antifungal phytoalexins moracins A-Z and chalcomoracin (Phe |furan-Phe)
(superoxide scavengers).

Dibenzofurans (Phe | furan|Phe) include various fungal infection-induced plant anti-
fungal compounds (phytoalexins) such as the Rosaceae-derived cotonefuran (from Cotoneaster
lactea) and o-pyrofurans (from Pyrus communis). Usnic acid from lichens (notably Usnea species)
is anti-mycobacterial, anti-mitotic, an uncoupler and a potent inhibitor of plant protopor-
phyrinogen synthetase and 4-hydroxphenylpyruvate dioxygenase.

ix. Chromones and chromenes. Chromones and chromenes involve a benzene
ring fused with pyran (an unsaturated six-membered ring containing five Cs and one O). In
chromenes (Phe | a-pyran), the heterocyclic ring is an unsaturated a-pyran (1,2-pyran) moiety
(G50, two asymmetric double bonds) and in chromones (Phe|vy-pyran-4-one), the
O-containing ring is an unsaturated y-pyran-4-one (1,4-pyran-4-one) moiety (G5, O, two
symmetrically placed double bonds and a keto O). The flavonoids (2-phenylchromones),
isoflavonoids (3-phenylchromones) and xanthones (Phe | y-pyran-4-one | Phe) will be dealt
with in Sections xi—xvi. The chromones and chromenes are variously condensed with other
ring systems and substituted with hydroxy, methoxy, alkyl and aryl groups. A number of
these compounds are variously antimicrobial and cytotoxic.

Simple chromones (Phe|y-pyran-4-one) include the glucoside biflorin (a cAMP phos-
phodiesterase inhibitor and free radical scavenger) and the 2-phenoxychromone capillarisin
{an aldose reductase inhibitor) as well as a number of variously cytotoxic and antimicrobial
compounds.

Furanochromones (furan | Phe | y-pyran-4-one) have a furan ring fused with the benzene
moiety of the chromone. Khellin, the related khellol glucoside and visnagin (dehydrokhellin)
derive from seeds of Ammz visnaga (Apiaceae), both khellin and visnagin being phototoxic and
vasorelaxant cAMP phosphodiesterase inhibitors.

Pyranochromones (a-pyran| Phe|vy-pyran-4-one) have an a-pyran ring fused with
the benzene ring of the chromone and include the Creorum species (Cneoraceae)
antibacterial and cytotoxic compounds pulverochromenol (having an a-pyran fused with
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a benzochromone) and spatheliabischromene (a-pyran | Phe(a-pyran) | y-pyran-4-one) (having
two a-pyran rings condensed with a benzochromone).

Chromenes (Phe|a-pyran) include encecalin (a phototoxic antimicrobial from various
Asteraceae) and the phloroglucinol derivative mallotochromene (cytotoxic and an HIV-1
reverse transcriptase inhibitor). Precocene 1 (7-methoxy-2,2-dimethylchromene) and pre-
cocene 2 (6,7-dimethoxy-2,2-dimethylchromene) produced by Ageratum species (Asteraceae)
inhibit the production of insect juvenile hormone (JH) as a result of “suicidal” conversion of
these “pro-toxins” to cytotoxic derivatives by the JH-producing insect cells.

x. Coumarins. The parent compound coumarin (benzopyran-2-one; 1,2-benzo-
pyrone) (Phe | pyran-2-one) involves the fusion of benzene (Phe—H) and pyran-2-one (G5, O,
two double bonds and a 2-keto; unsaturated G5OL). Coumarin is responsible for the smell of
newly cut grass. In addition to simple coumarins, there are furanocoumarins (in which a five-
membered furan ring is fused with the benzo moiety of coumarin in either an angular or linear
fashion) and pyranocoumarins (in which a six-membered pyran ring is fused with the benzo
moiety of coumarin in either an angular or linear fashion). These coumarins are variously
substituted with hydroxy, methoxy, methyl, acetoxy, glycosyl and other groups.

Simple coumarins (Phe | pyran-2-one) include coumarin and a variety of antibacterial
derivatives including ammoresinol (7-hydroxy-3-geranylgeranylcoumarin), daphnetin (7,8-
dihydroxycoumarin), esculetin (6,7-dihydroxycoumarin), esculin (esculetin 6-O-glucoside),
herniarin {7-methoxycoumarin) and umbelliferone (7-hydroxycoumarin). Fraxetin and
4-methyldaphnetin (6,7-dimethoxycoumarin) are antioxidant ROS scavengers and 5-LOX
inhibitors. Esculetin, 7-hydroxy-4-methylcoumarin and umbelliferone are xanthine oxidase
inhibitors. Coumarins inhibiting other enzymes (enzyme target in parentheses) include:
osthol (7-methoxy-8-isopentenylcoumarin) (cAMP phosphodiesterase) and the antioxidant
scoparone (6,7-dimethoxycoumarin) (tyrosine kinase). Dicoumarol (3,3'-methylenebis
{(4-hydroxycoumarin); dicumarol) is a haemorrhagic anticoagulant from Melilotus alba (sweet
clover) (Fabaceae) hay. Dicoumarol acts by being an antagonist of vitamin K, (a quinone
that is required for prothrombin carboxylation and consequent Ca?* binding and activation
leading to blood clotting).

Furanocoumarins (furan|Phe | pyran-2-one) include a variety of angular and linear
furanocoumarins as exemplified by the respective parent compounds isopsoralen and pso-
ralen. Many furanocoumarins and the parent compounds themselves bind to DNA and
form covalent adducts with DINA in a light-activated process involving alkylation of pyrimidine
bases. Such photoactivatable compounds include the angular furanocoumarin isopsoralen
{angelicin) and the linear furanocoumarins psoralen, bergapten (5-methoxypsoralen), 4,5,8-
trimethoxypsoralen and xanthotoxin (8-methoxypsoralen). Xanthotoxol (8-hydroxy-
psoralen) is an antioxidant ROS scavenger. A variety of angular and linear furanocoumarins
inhibit inducible NO synthase expression, including isopsoralen, pimpinellin, sphondin,
byakangelicol, oxypeucedanin, cnidilin and xanthotoxin. Isopsoralen and psoralen inhibit
both monoamine oxidases A and B.

Pyranocoumarins (C50 | Phe | pyran-2-one) include a variety of angular and linear com-
pounds. A number of angular pyranocoumarins are spasmolytic and vasodilatory, notably the
Ca®* channel blocker visnadin. The inophyllums B and P from Calophyllum ionophyllum

(Guttiferae) are inhibitors of HIV-1 reverse transcriptase.

xi. Flavones and flavonols. Flavones, biflavones and flavone-3-ols (flavonols) are
derivatives of the parent 2-phenylchromone, flavone (2-phenyl-1-benzopyran-4-one;
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2-phenyl-y-benzopyrone), the ring numbering system being 1 (pyrone ring O), 4 (pyrone
ring keto ), 5-8 (benzo ring Cs) and 1'-6" (2-phenyl ring Cs). Flavones and flavonols
(3-hydroxyflavones) contribute to petal colour {especially as perceived by insects) together
with anthocyanins and also function in UV protection and defence against herbivores.

Flavones. Tlavone structural variation derives from hydroxylation, O-methylation and
O-glycosylation. In addition, there can be CG6- and C8-linked C-glycosides, isoprenyl (isopen-
tenyl, G;) substituents and C—C or C—O—C links to form biflavones. Methylation of the
phenolic OHs decreases polarity to permit an external location such as in the waxy leaf or
fruit surface.

Flavones with a widespread occurrence include apigenin (5,7,4-trihydroxyflavone), luteolin
(5,7,3',4'-tetrahydroxyflavone) and the corresponding derivatives apigenin 7,4'-
dimethylether, apigenin 7-O-glucoside (cosmosiin), apigenin 8-C-glucoside (vitexin),
apigenin 6,8-C-diglucoside (vicenin-2), luteolin 7-O-glucoside, luteolin 6-C-glucoside (isoori-
entin), luteolin 6-C-glucoside (orientin) and luteolin 6,8-C-diglucoside (lucenin-2).

Some bioactive flavones include: aldose reductase inhibitors (apigenin 4'-methyl ether
{acacetin), apigenin 7-O-apioside (apiin), 5,7-dihydroxyflavone (chrysin) and luteolin); anti-
inflammatory 5-LOX inhibitors (5,6,7-trihydroxyflavone (baicalein), 5,6,3',4'-tetrahydroxy
7-methoxyflavone (pedalitin), 5,3",4'-trihydroxy 6,7-dimethoxyflavone (cirsiliol, 6-0-
methylpedalitin) and flavone); a COX inhibitor (flavone); iodothyronine deiodinase
inhibitors (acacetin, chrysin and luteolin); a NADH and succinate dehydrogenase inhibitor
(luteolin); millet-derived, goitrogenic inhibitors of thyroid peroxidase (flavone C-glycosides
orientin and vitexin); and protein kinase inhibitors (acacetin, apigenin, baicalein, flavone,
luteolin, 5,7,3",4",5"-pentahydroxyflavone (tricetin) and tricetin 3',4",5'-trimethyl ether).

A variety of flavones are anti-inflammatory (apigenin, apigenin 7,4'-dimethylether,
baicalein, 8-hydroxyluteolin and luteolin); insect feeding attractants (notably the C-
glycosides carlinoside, 1soorientin, isoscoparin, neocarlinoside, schaftoside and neoschafto-
side); oestrogenic (wogonin); and oviposition stimulants (luteolin 7-(6''-malonylglucoside)
and vicenin-2).

Biflavones. A number of biflavones are formed via C—C linkages, notably the cAMP
phosphodiesterase (cAMP PDE) inhibitory biapigenins agathisflavone (6,8''-biapigenin),
amentoflavone (3’,8"'-biapigenin), cupressiflavone (8,8'’'-biapigenin) and robustaflavone
(3',6"'-biapigenin). The 4'-C-O-6"'-C-linked biapigenin hinokiflavone is also a cAMP PDE
inhibitor.

Flavonols. The most common flavonols (3-hydroxyflavones) include kaempferol
(3,5,7,4"-tetrahydroxyflavone), quercetin (3,5,7,3',4’'-pentahydroxyflavone), myricetin
(3,5,7,3',4',5'-hexahydroxyflavone), quercitrin (quercetin 3-O-rhamnoside), isoquercitrin
(quercetin 3-0-glucoside), isorhamnetin (quercetin 3'-methyl ether) and rutin (quercetin
3-rutinoside). A large number of other flavonols variously have hydroxy, methoxy, isoprenyl,
O-glycoside and other substituents.

Some bioactive flavonols include: aldose reductase inhibitors (axillarin (5,7,3’,4"-tetrahy-
droxy-6-methoxyflavone), 2,3-dihydroquercetin (taxifolin), 6-hydroxykaempferol (galetin),
hyperin (quercetin 3-O-galactoside), isoquercetrin, morin (3,5,7,2',4'-pentahydroxy-
flavone), quercetin, quercitrin and rutin); anti-inflammatory 5-LOX inhibitors (fisetin
(3,7,3',4'-tetrahydroxyflavone), kaempferol, morin, myricetin, quercetin and rutin); a GOX
inhibitor (galangin (3,5,7-trihydroxyflavone)); iodothyronine deiodinase inhibitors (fisetin,
kaempferol and morin); NADH and succinate dehydrogenase inhibitors (fisetin and
myricetin); and protein kinase inhibitors (fisetin, galangin, isorhamnetin, kaempferide
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(kaempferol 4'-methyl ether), morin, quercetagetin (6-hydroxyquercetin), quercetin,
quercitrin and rutin).

Flavonols are variously good ROS scavengers (e.g. kaempferol and quercetin). Particular
flavonols are insect feeding attractants or stimulants (quercetin, quercetin 7-0-glucoside
{quercimeritrin}, isoquercitrin, quercitrin and rutin).

xii. Dihydroflavonoids. Dihydroflavonoids are flavonoids in which the 2,3 double
bond of the chromene ring has been reduced. Such compounds include the flavanones (2,3-
dihydroflavones such as naringenin or 2,3-dihydroapigenin) and 2,3-dihydroflavonols (such
as taxifolin or 2,3-dihydroquercetin). Related compounds include flavan-3-ols, 2,3-dihy-
drochalcones (1,3-diphenylpropan-1-ones) and flavans. Further, more complex flavan-based
compounds include the biflavans and biflavanones. The basic skeleton in each case can be
modified with hydroxyl, methoxy, glycosyl, isopentenyl (isoprenyl) and other groups. The
condensed tannins derive from G—C-linkage of flavan-3-ols such as afzelechin, (+)-catechin
and (—)-epicatechin and are considered separately in Section xiil.

Flavanones. Widespread flavanones (2,3-dihydroflavones) include the 2,3-dihy-
droflavones eriodictyol (5,7,3',4'-tetrahydroxyflavanone; 2,3-dihydroluteolin), naringenin
(5,7,4’-trihydroxyflavanone; 2,3-dihydroapigenin) and pinocembrin (5,7-dihydroxyfla-
vanone; 2,3-dihydrochrysin). Eriodictyol and eriodictyol 4'-methyl ether (hesperetin) induce
Rhuzobium nodulation gene expression; hesperetin and eriodictyol 3’-methyl ether are insect
feeding deterrents; and several hesperetin glycosides are oviposition stimulants. The 7-O-
neohesperidosides of naringenin, eriodictyol and hesperetin are bitter tasting. The flavano-
lignan flavanone derivatives silandrin, silybin and silychristin from Silibum marianum
{Asteraceae) are antihepatotoxic. Sanggenon G and sanggenon D bind to the phorbol ester
binding site on protein kinase G (PKC).

Dihydroflavonols. Widely distributed 2,3-dihydroflavon-3-ols include the antioxidant
2,3-dihydroflavonols aromadendrin (3,5,7,4'-tetrahydroxyflavanone; 2,3-dihydrokaempferol),
ampelopsin (3,5,7,3',4',5"-hexahydroxyflavanone; 2,3-dihydromyricetin), fustin (3,7,3’,
4'-tetrahydroxyflavanone; 2,3-dihydrofisetin) and taxifolin (3,5,7,3',4'-pentahydroxy-
flavanone; 2,3-dihydroquercetin). Some flavanols are sweet-tasting, notably 6-methoxy-
aromadendrin 3-0O-aceate, 6-methoxytaxifolin and taxifolin 3-O-acetate. Taxifolin and fustin
inhibit NADH and succinate dehydrogenases and taxifolin inhibits 5-LOX.

Flavans. A number of flavans are variously antimicrobial or dermatitic. The 1soprenyl
flavans kazinols A, Q) and R from Broussonetia species (Moraceae) are cytotoxic.

Biflavanoids. Biflavanoids are linked by C—C bonds. Biflavanones include isochamae-
jasmin (3,3'-binaringenin), kolaflavanone (3,8’ -binaringenin) and the aldose reductase
inhibitor manniflavanone (3',8'-bieriodictyol). The Camellia sinensis (tea) (Theaceae) bifla-
vanol theasinensin A (6”,6''-b1(5,7,3' 4’ ,5'-pentahydroxyflavan 3-O-galloyl ester), a theaflavin
precursor, Is apoptotic, cancer chemopreventative and an inhibitor of squalene epoxidase.

Flavan-3-ols. Flavan-3-ols include afzelechin (3,5,7,4’ -tetrahydroxyflavan), (+)-catechin,
(—)-epicatechin, (—)-epicatechin, (+)-catechin ((+)-3,5,7,3',4'-pentahydroxyflavan),
{(—)-epicatechin ((+)-3,5,7,3",4’-pentahydroxy-flavan), epigallocatechin (EGC; 5'-hydroxy-
epicatechin), epicatechin-3-0-gallate (ECG), (—)-epigallocatechin-3-0O-gallate (EGCG) and
(—)-gallocatechin-3-0-gallate (GCG). These polyphenols are variously antioxidant ROS
scavengers and the monomeric units of condensed tannins (see Section xiii). Enzymes
variously inhibited by these flavan-3-ols include squalene epoxidase, protein kinase, aldose

reductase, COX and 5-LOX.
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xiii. Tannins. The tannins are widely distributed defensive compounds in plants and
fall into two major categories, the condensed tannins and the hydrolysable tannins. The con-
densed tannins essentially derive from the polymerization of the flavan-3-ols (+)-catechin,
(—)-epicatechin and their derivatives via C—C links, thus generating flavan oligomers
(flavolans). The hydrolysable tannins, defensive compounds confined to dicots, involve a glucose
esterified to gallic acid (gallotannins) or ellagic acid-derived hexahydroxydiphenic acid
(ellagitannins). The multiplicity of phenolic hydroxy groups enables tannins to hydrogen
bond extensively with protein peptide links (FCO-INH-) and protonatable R groups, this
property being the basis of “tanning” animal skins to generate leather. Tannins have anti-
oxidant activity as ROS scavengers. Various condensed and hydrolysable tannins are cytotoxic
with antitumour activity. Notwithstanding the general avidity of tannins for polypeptides,
there are many examples of specificity in tannin-protein interactions.

Condensed tannins derive from the polymerization of flavan-3-ols such as (+)-catechin
(C; (+)-3,5,7,3" 4" -pentahydroxyflavan), (—)-epicatechin (E; (+)-3,5,7,3",4"-pentahydroxy-
flavan), EGC; 5'-hydroxyepicatechin) and ECG, this typically involving 4— 8 and 6— 8
C—C links. The condensed tannins are classified on the basis of the mauve- to red-coloured
monomeric anthocyanidin products produced by heating the tannin in acid, for example, as
indicated in parentheses as follows: procyanidins (product cyanidin, 3,5,7,3',4"-penta-
hydroxyflavylium), prodelphinidins (delphinidin, 3,5,7,3",4’,5"-hexahydroxyflavylium),
propelargonidins (pelargonidin, 3,5,7,4'-tetrahydroxyflavylium) and proluteolinidings
(luteolinidin, 5,7,3',4'-tetrahydroxyflavylium).

A variety of condensed tannins are antagonists of particular hormone receptors or
inhibitors of particular enzymes, most notably protein kinases.

Hydrolysable tannins involve a glucose esterifled to gallic acid {gallotannins) or ellagic
acid-derived hexahydroxydiphenic acid (ellagitannins). These complex structures can be
described simply in essence by representing galloyl (Phe), galloyl variants and hexahydroxy-
diphenoyl (Phe—Phe) as G, G" and H, respectively, noting that glucose has five hydroxy
groups that can potentially form ester linkages (X—CO—O—-Y) with these acids, diesters being
formed with H and monoesters with G and G’. Thus, pentagalloyl-B-D-glucose can be
represented as G3-glucose and casuarinin as Hy-glucose-G. The more complex coriariin A
can be represented as HGy—glucose—G'=G'—glucose—HG.

A variety of hydrolysable tannins have been shown to act as hormone receptor antago-
nists or inhibitors of particular enzymes. The inhibition of protein kinases by various
hydrolysable tannins becomes more potent as the number of phenolic groups increases.

xiv. Isoflavonoids. Isoflavonoids have a common structural element of a 3-phenyl
chromane which is thence modified by oxidation and substitution to yield the different classes
within this group, namely the isoflavones, isoflavanones, isoflavans, pterocarpans, rotenoids
and coumestans. The isoflavonoids are very largely confined to the legumes (Fabaceae) and
many such compounds have antifungal activity. Many isoflavonoids are phytoalexins, that is,
antifungal compounds synthesized in response to fungal infection of the plant. The structural
and functional complexity of the isoflavonoids is briefly sketched below.

Isoflavones arc derivatives of the parent compound isoflavone (3-phenylchromone;
3-phenylbenzopyran-4-one). The dietary isoflavone phytoestrogens (notably from soya bean)
that bind to the oestrogen receptor are the best known, namely: daidzein (7,4’ -dihydroxy-
isoflavone), genistein (5,7,4'-trihydroxyisoflavone) and glycitein (7-hydroxy-6-methoxy-
1isoflavone) and their respective “pro-phytoestrogen” 7-0-glucoside precursors daidzin,
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glycitin and genistin, respectively, that are inactive or poor as ligands for the oestrogen receptor
but which are hydrolysed to the active aglycones after ingestion. Formonetin (daidzein
4'-methylether) is also a “pro-phytoestrogen”. The further postprandial 2,3-dihydro products
dihydrodaidzein (equol), dihydroglycitein and dihydrogenistein are also active as oestrogen
receptor ligands. Isoflavone C-glycosides include the anti-atherosclerotic genistein 8-C-glycoside,
and daidzein 8-C-glycoside (puerarin). The isoprenylated isoflavones licoisoflavone A (5,7,2',4'-
tetrahydroxy-3’-isopentenylisoflavone), luteone (5,7,2",4’-tetrahydroxy-6-isopentenylisoflavone)
and wighteone (5,7,4’-trihydroxy-6-isopentenylisoflavone) are phytoalexins.

Isoflavanones are 2,3-dihydroisoflavones and a number of such compounds are antifungal
phytoalexins. Thus, kievitone (2',4",5,7-tetrahydroxy-8-isopentenylflavanone) and the related
compounds cyclokievitone, dalbergioidin and 5-deoxykievitone are antifungal phytoalexins
induced in Phaseolus vulgaris (bean) and other Fabaceae species by fungal infection.

Isoflavans are analogues of the isoflavanones that lack the 4-keto, that is, they are
3-phenylchromanes. The simple isoflavans sativan and vestitol from Lofus species (Fabaceae)
are antifungal phytoalexins. The pyranoisoflavans glabridin and hispaglabridin are anti-
microbials from Glyeyritiza glabra (liquorice) (Fabaceae) roots.

xv. Polycyclic isoflavan-related compounds (neoflavonoids). Ptercocarpans,
pterocarpenes, coumestans and rotenoids are polycyclic compounds related to isoflavans and
coumarins through the formation of an additional fused furan or pyran ring as a result of
introduction of an ether (C—O—C) link between the chromane ring and a 3-phenyl substituent.

Pterocarpans and pterocarpenes. Pterocarpans (Phe|C50[C40 |Phe) are
isoflavonoids involving a fusion of chromane and benzofuran rings, that is, they are isoflavans
in which a furan ring is formed through generation of an ether link between the chromane
and the 3-phenyl. Pterocarpenes are 2,3-dehydropterocarpanes. The phytoalexins anhydro-
glycinol and phaseollidin are examples of a pterocarpene and a pterocarpan, respectively.
Glyceollins I and II (C50 | Phe | C50 | G40 | Phe) from Giycine species (Fabaceae) and phase-
olin (Phe | C50 | G40 | Phe | C50) from Phaseolus species are pyranopterocarpan phytoalexins.

Coumestans are benzofuranocoumarins. Coumestrol (Phe|C50L|furan|Phe;
coumarin |furan | Phe) is a phytoalexin in Glycine max and Phaseolus species (Fabaceae).
Coumestrol is also oestrogenic as is the pyranocoumestan phytoalexin sojagol
{coumarin |furan | Phe | C50) from Glycine max.

Rotenoids have a basic structural element involving fused chromone and chromane
rings. The best-known rotenoid is the furanorotenoid rotenone (C50|Phe|pyran-
4-one | G50 | Phe) from Derris and Lonchocarpus species (Fabaceae), a potent inhibitor of the
mitochondrial electron transport chain NADH dehydrogenase (complex I).

xvi. Xanthones. Xanthones have a basic parent tricyclic ring structure, namely that
of xanthone (dibenzo-y-pyrone) (Phe | (4-keto)G4O | Phe). This structure arises from phenyl-
propanoid (Phe—Cs) and malonyl-coenzyme A (C;—CoA, ~O,CCHyCO-S—X) precursors
(Phe—Cj + 2C;04 — Phe—COy—Phe + 2CO,). Xanthones are grouped below into simple
xanthones, prenylated xanthones, xanthone-O-glycosides, xanthone-C-glycosides and pyra-
noxanthones. In addition, these compounds differ in hydroxy, methoxy, glucosyl, methyl and
alkyl substituents.

Simple xanthones include various mutagenic and antibacterial compounds such as
bellidifolin (3-methoxy-1,5,8-trihydroxyxanthone). A number of simple xanthones are
inhibitors of monamine oxidase A (bellidifolin, demethylbellidifolin, gentiacaulin, isogen-
tisin and swerchirin), protein kinase (norathyriol) and of xanthine oxidase (athyriol,
1soathyriol and norathyriol).
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Prenylated xanthones include a-mangostin (2,8-di-isoprenyl-1,3,6-trihydroxy-7-
methoxyxanthone) and y-mangostin from the fruit of Garcinia mangostana (Guttiferae).
a-Mangostin inhibits various protein kinases, Ca?" ATPase and HIV-1 protease and binds
to the oestrogen receptor and the histamine receptor. y-Mangostin inhibits HIV-1 protease
and various protein kinases.

Glycosylated xanthones include xanthone-0-glycosides such as the antibacterial
bellidifolin 8-0-glucose (swertianolin) and the widely distributed xanthone-C-glycoside
mangiferin (1,3,6,7-tetrahydroxyxanthone 2-C-glucoside).

Pyranoxanthones have a pyran ring fused with a xanthone, an example being the
antimicrobial isomangostin (C5O | Phe | (4-keto)C4O | Phe) that is structurally related to the
prenylated xanthone a-mangostin (2,8-di-isoprenyl-1,3,6-trihydroxy-7-methoxyxanthone)
through cyclization involving the 1-hydroxy and 2-isoprenyl. The furanoxanthone psoros-
permin (G40 | Phe | (4-keto)C4O | Phe) derives from cyclizing involving adjacent G5 side
chain and hydroxy substituents yielding a fused furan ring,

1.8 Plant terpenes

Terpenes are composed of isoprenyl (C;) units and are conveniently grouped as monoter-
penes (skeletal basis G, = 2X G3), sesquiterpenes (G5 = 3X Cj), diterpenes (Cyy = 4X Cj),
triterpenes (Cgy = 6X C5) and tetraterpenes (Cyy = 8X Cs). The structures of some repre-
sentative terpenes are shown in the Appendix (Section 3). Terpenes ultimately derive
biosynthetically from acetate (Cy) via the activated acetyl thioester (CH;—CO—-S—X)
acetyl-coenzyme A (acetylCoA; CHy—CO—-S—CoA) as outlined below (enzymes catalysing
key steps being indicated in parentheses).

3«

Acetate (Cy) is generated as a result of primary “catabolic” “energy metabolism” involving
glucose (Cg) oxidation to pyruvate (Cs) (by the enzymes of the ATP-yielding glycolysis path-
way) and subsequent pyruvate decarboxylation (loss of GOy, C;) and oxidation to yield
acetylCoA and reduced coenzymes. AcetylCoA (Cy) condenses with oxaloacetate (Cy) to
yield the tricarboxylic acid citrate (Cg) which is ultimately oxidized via a succession of Cg, G5
and C, intermediates to yield oxaloacetate (C,), COq (C{), ATP and reduced coenzymes
(catalysed by the enzymes of the tricarboxylic acid (or citric acid, Krebs) cycle). The reduced
coenzymes (NADH and FMNH,) are oxidized via the mitochondrial respiratory chain
(oxygen being the ultimate electron acceptor), this being coupled to the formation of the
“energy-rich” “cellular energy currency” ATP (catalysed by the ATP synthase (Fy—F))
complex of oxidative phosphorylation).

Excess acetate (Cy) can be converted to the “mobile” ketone body energy source aceto-
acetate (Gy) and thence its reduced form hydroxybutyrate (Cy) for transport throughout
the body. Excess acetate can be carboxylated (via acetylCoA carboxylase) to form
malonylCoA (Cjs), the donor for further Gy additions (with COj elimination) in the “ana-
bolic” synthesis of long chain fatty acids. Fatty acids are components of the phospholipids of
cellular membranes and are also stored as triacylglycerols (triglycerides) for subsequent
hydrolysis and “catabolic” fatty acid oxidation to yield reduced coenzymes and thence ATP
(see Chapter 2).

AcetylCoA (Cy) can also react with acetoacetylCoA (C,) to generate hydroxy-
methylglutarylCoA (HMGCoA) (Cg) and thence the isoprenoid precursor mevalonate (Cg).
Mevalonate (Cg) ultimately vyields the key Cj isoprenoids isopentenylpyrophosphate
(CH;C(=CH,)-CHy—CH,—O—-PO4—PO;) (IP-PP) and dimethylallylpyrophosphate (CH4—
CG(CH,)=CH-CH,—O-PO;—PO;) (DMA-PP), the immediate precursors of cholesterol and
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steroid hormones in animals and of a wide range of terpenes in plants. These reactions are
summarized below:
CH;CO-5—-CoA (Cy) + CH;COCH,CO—-S—CoA (C))
— TO0C-CH,—C(CH;,OH)-CH,—CO-S—CoA (HMGCoA) (Cg)
— ~O0C-CH,—C(CH;3,OH)-CH,—CH,OH (mevalonate) (Cy)
[via HMGCoA reductase + NADPH]
—> 3-phospho-5-pyrophosphomevalonate (Cg)
— CO, (C))+PO,?" (inorganic phosphate, P)) +
CH;C(=CH,)-CH,—CH,~O-PO4;—PO (IP-PP) (C;)
— (CH4—C(CH;)=CH-CH,~O-PO4-PO4) (DMA-PP).

IP-PP and DMA-PP can yield volatile C; hemiterpenes. At the other extreme, extensive
polymerization of the Cs;-pyrophosphates (with release of pyrophosphate, PP;) yields
the formation of the plant latex polymers such as cis-polyisoprenes (rubber) and frans-
polyisoprenes (gutta-percha). In between these extremes, a variety of monoterpenes,
sesquiterpenes, triterpenes and Gy, carotenes derive from these C5-pyrophosphate precursors.

Head to tail condensation of IP-PP (C;) and DMA-PP (C;) with release of PP; forms ger-
anylpyrophosphate: CH;—C(CH,;)=CH-CH,-CH,—C(CH;)=CH-CH,—O-PO3;—PO;,
that 1s, H{CH,—C(CH;)=CH-CH,),—O-PO;-PO; (C,,—PP), the starting point for plant
monoterpenes. Further, head-to-tail reaction of geranylpyrophosphate (C;;—PP) with
isopentenylpyrophosphate (G;—PP) yields farnesylpyrophosphate H{CH,—C({CH,)=CH-
CH,);—O—PO;—PO; (G,5—PP), the parent of plant sesquiterpenes. Head to tail condensation
of farnesylpyrophosphate (G,;—PP) with IP-PP (C;—PP) yields geranylgeranylpyrophosphate
H(CH,—C(CH;)=CH-CH,),~O-PO;-PO, (Cy;—PP), the parent of plant diterpenes.

Representing the PP-end as the “head”, head-to-head condensation of two geranyl-
geranylpyrophosphate (Cyy—PP) molecules ultimately yields phytoene (C,), that is, if one
represents the isoprenylpyrophosphate polarities as IP-PP and PP-PI, one could represent
phytoene as (IP),-(PL),.

Head-to-head condensation of two farnesylpyrophosphate (C;;—PP) molecules yields
a Cjj-cyclopropane (G3)—C), intermediate which is then reduced to yield squalene:
H(CH,—C(CH;)=CH-CH,),—~(CH,—~CH=C({CH)CH,); (Cy), that is, if one represents the
isoprene polarities as IP and PI, one could represent squalene as (IP)s—(PI);. Squalene is subse-
quently oxidized [via a squalene monooxygenase] to yield squalene 2,3-epoxide which is
cyclized to the tetracyclic sterol terpene lanosterol (Cy) [via squalene cyclase].

If as above we simply represent alicyclic rings sharing two Cs by a vertical line, then we
can represent the basic tetracyclic structure of lanosterol as C6[C6 | C6|C5 (noting that
there are two double bonds and various alkyl substituents and also a 3-hydroxyl on the first
of the alicyclic rings). Many subsequent reactions yield cholesterol, a major triterpene mem-
brane component that modifies the fluidity of animal cell membranes and is a precursor for
synthesis of animal bile acids (fat solubilizing amphipathic detergents); plant triterpenes; and
steroid hormones such as the corticosteroids cortisol and cortisone, the mineralocorticoid
aldosterone and the sex hormones testosterone and 17-f-oestradiol. The structure and
bioactivity of the plant terpenes is sketched below.

i. Monoterpenes. The monoterpenes (di-isoprenes) are typically strong smelling oils
and part of the so-called “essential oils” of odoriferous plants.

Non-cyclic monoterpenes are unsaturated, pleasant-smelling, G, aliphatic com-
pounds including aldehydes such as citronellal and citral (lemon-scented); the sweet-rose
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scented alcohols geraniol and nerol; esters such as geranyl acetate and linalyl acetate
(bergamol); and alkenes such as myrcene and B-ocimene.

Monocyclic monoterpenes include the fully saturated menthol (5-methyl-2-isopropyl-
cyclohexanol) (C6) (peppermint smell), the fully unsaturated analogue thymol (5-methyl-2-
isopropylphenol) (C6) (smell of thyme) and the partially unsaturated o-terpinene
(5,6-dihydro-4-isopropyltoluene) (C6) (lemon odour). Variants derive from different degrees
of unsaturation and substitution and from different functional groups (e.g. alkyl, hydroxyl,
aldehyde, peroxy and keto groups).

Bornane monoterpenes arc cxemplified by camphene (2,2-dimethyl-3-methylene-
bicyclo[2,2,1Theptane), a structure in which two fused cyclopentane rings share three Cs. We
can simply represent the camphene skeleton as a cyclohexane with a methylene (—CHy—)
cross-link (C6(—CHy—)). The keto derivative camphor (camphor smell), the ether eucalyptol
(eucalyptus smell) and the simple bornene a-pinene (pine smell) are familiar examples.

Tropolone monoterpenes include the antifungals B- and y-thujaplicin (4- and
S-isopropyltropolones, respectively, tropolone being 2-hydroxycyloheptatrienone (CG7)).
The antioxidant B- thujaplicin (hinokitiol) is an inhibitor of 5-, 12- and 15-LOXs.

Thujane monoterpenes are based on the bicyclic (C3 | C5) monoterpene thujane and
include umbellone (thujan-2-one) and the neuroactives a-thujone and B-thujone (thujan-
3-one isomers) that can cause convulsions. Thujones are GABA(A) receptor antagonists and
are the active constituents in oil of wormwood from Artemisia absinthium (Asteraceae) used
in the alcoholic drink absinthe that was eventually banned because of its deleterious neuro-
toxic effects.

Chrysanthemum carboxylic acid esters. Chrysanthemum monocarboxylic acid
(CMC) and dicarboxylic acid (CDC) esters include the toxic cinerins and pyrethrins from
Pyrethrum (Chrysanthemum) cinerarifolium (Asteraceae) namely cinerin I (CMC cineralone ester),
cinerin II (CDC monomethyl ester cinerolone ester), pyrethrin I (CMC pyrethrolone ester)
and pyrethrin II (CDC monomethyl ester pyrethrolone ester). The chrysanthemum
carboxylic acids are cyclopropane-based monoterpenes and cineralone and pyrethrolone are
cyclopentanone monoterpene alcohols. The pyrethrins (and their insecticidal synthetic
derivatives) are toxic to insects through keeping cell membrane voltage-gated Na™ channels
open and thus impairing neurotransmission.

ii. Iridoids. Iridoids are monoterpenes deriving biosynthetically from geranyl-
pyrophosphate (C;o) and are typically bicyclic hemiacetals (C5]C5OH) or lactones
(G5]C50L). The heterocyclic ring is typically a hemiacetal, ring closure deriving from
intramolecular reaction between an aldehyde (-CHO) and another aldehyde or a hydroxyl
(—OH) to yield a -CH(OH)—O-linkage in the iridoid (i.e. CG5|C50OH). Alternatively, hetero-
cyclic ring closure involves lactone formation involving reaction of a carboxyl (~COOH)
with an hydroxyl (-OH) to form an intracyclic ester or lactone linkage (—CO—O—-) as in
nepetalactone (C5]G5OL). The lactone and hemiacetal rings are denoted below as CrnOL
and CnOH, respectively, (where 7 is the number of C atoms in the ring). The hemiacetal
hydroxyl can be glycosylated. The hemiacetal structure is unstable and ring opening of the
aglycone (e.g. generated by acid hydrolysis) yields an aldehyde that is very reactive (yielding
coloured polymeric forms). In the seco-iridoids, the alicyclic C5 ring is opened or expanded
by oxygen insertion.

Simple iridoids are volatile iridoids of which the best known is the cat-exciting nepeta-
lactone (G5 | C5OL) from Nepeta cataria (catnip) (Lamiaceae). The lactone nepetalactone, the
hemiacetal neomatatabiol (C5|C50H), iridodiol (in the ring opened bi-aldehyde
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OHC-C5-CH(CH;)—-CHO) and ring-closed (C5]C50H) forms) and the ring-opened
bi-aldehyde dolichodial are volatile simple iridoids variously having insect repellent and
attractant activity. The iridoid hemiacetal valtratum from the roots of Valeriana (valerian) and
Centranthus 1s an anxiolytic psycholeptic and related valepotriates such as isovaltrate may also
contribute to the tranquillizing, anxiolytic and anti-insomnia effects of valerian (noting that
the baldrinal and homobaldrinal aldehyde products are mutagenic).

Iridoid glycosides include the bitter hemiacetal glucosides (C3 | C5 | C4OH—O—glucoside)
catalpol, harpagoside and loganin (loganoside). The hemiacetal glucoside aucubin (aucuboside)
is toxic because the aglycone G50H ring can open and thence react with proteins to form
imine adducts.

Seco-iridoids involve opening of the G5 ring and include the glucoside swertiamarin
(G5OL| C50OH-O—glucoside) (the aglycone of which, erythrocentaurin, is very bitter) and
oleuropein (aryl-C50OH—-O—glucoside) which can form covalent adducts with proteins
through reaction with a readily oxidized alkene side chain. Secologanin is similarly reactive
through the aldehyde and ethylenyl substituents on the residual heterocyclic ring and 1s
a precursor for particular alkaloids through reaction with amines.

Non-glycoside iridoids include aglycones stabilized through formation of a cyclic
ether ring involving the hemiacetal hydroxy, examples including the antimicrobials
plumericin and isoplumericin (C4OL*| G4O**’ | C5%:*" | C50%*") (where the superscripts
* and *' indicate that three Cs are respectively shared by the three rings thus denoted). The
tranquillizing iridoid hemiacetals didrovaltratum and valtratum from Valeriana officinalis
(valerian) (Valerianaceae) have isobutyric acid esterifled on the hemiacetal hydroxy and
another hydroxy.

iii. Sesquiterpenes. Sesquiterpenes derive from farnesylpyrophosphate (G, 5) having
three 1soprene units (C5) linked head-to-tail and occur in plant essential oils. Sesquiterpenes
include a huge variety of cyclic compounds as well as simple non-cyclic farnesyl derivatives.
The cyclic sesquiterpenes include monocyclic, bicyclic and tricyclic compounds and the
sesquiterpene lactones. The sesquiterpene lactones are a particularly large group and are
dealt with separately in Section iv.

Non-cyclic sesquiterpenes include the volatiles o- and B-farnesene (which have
alarm pheromone activity) and pleasant odorants from Cifrus sinsensis (orange) (Rutaceae),
namely a- and B-sinensal (mandarin peel odour) and nerolidol from orange flower oil (oil of
neroli). The epoxide JH III is produced by Cyperus iria (Cyperaceae) and acts critically on
insect development.

Monocyclic sesquiterpenes typically have an alkylated C6 ring but macrocyclic
examples include the insect antifeedant shiromodiol diacetate (G10) and the insect attractant
odorants a-humulene from Humulus lupulus (hops) (Gannabaceae) (C11 ring) and germa-
crene B from Citrus peel (C10 ring). Monocyclic sesquiterpenes with a C6 ring include:
juvabione (that has insect JH activity); the important plant growth regulator abscisic acid
(that regulates stomatal opening, bud dormancy and leaf abscission); the odorants curcum-
ene and zingiberene from the oil of both Curcuma aromatica (turmeric) and Lingiber officinale
(ginger); the sweet compounds hernandulcin and 4f3-hydroxyhernandulcin; the anti-
inflammatory bisabolol (that promotes wound healing); and the Viola (Violaceae) violet
scents, the a- and B-irone 1somers.

Bicyclic sesquiterpenes include a variety of bioactive compounds including: the
Solanaceae phytoalexins capsidiol (C6 | C6) from Capsicum frutescens {pepper) and the Solanum
tuberosum (potato) antifungals rishitin (G6 | C6) and solavetivone (C6-C5); the Ipomoea batatus
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(sweet potato) (Convolvulaceae) furanoid phytoalexin ipomeamarone (THfuran-furan); the
hepatotoxic furanoid sesquiterpenes dehydromyodesmone (C6—C5) and dehydrongainone
(THfuran-furan) from the toxic shrub Myoporum deserti (Myoporaceace); the piscicidal 5-LOX
inhibitors buddledin A, B and C (C4| C6); and the spasmolytic cAMP PDE inhibitor petasin
(C61CH).

Neuroactive bicyclic sesquiterpenes include the antifeedant cinnamodial (C6 | C6) (a vanil-
loid (capsaicin) receptor agonist), a-eudesmol (C6|C6) (a Ca?" channel blocker) and
valerenic acid (G5 | C6) (which inhibits GABA breakdown). Odorant bicyclic sesquiterpenes
include a-vetivone (C6 | C6) and B-vetivone (C6-C5) from Vetiwveria zizanoides (vetiver grass)
(Poaceae) roots. The anti-inflammatory antioxidants chamazulene (C5 | C7) and guaiazulene
(G5|C7) derive post-extraction from steam distillation of leaves of Matricaria chamomilla
(chamomile) (Asteraceae). The dialdehyde warburganal (C6 | C6) is toxic because of its reac-
tivity with thiols and the amino groups of proteins. The dimeric, bicyclic, sesquiterpene
phenolic aldehyde gossypol (Phe | Phe—Phe | Phe) from Gossypium hirsutum (cotton) (Malvaceac)
seed oil is a potent inhibitor of various protein kinases and of the Ca®*-dependent protein
phosphatase calcineurin.

Non-lactone tricyclic sesquiterpenes include the Funiper (Cupressaceae) odorants
a-cedrol and a-cedrene (G5 | G5 | C6); the Piper cubeba (cubeb fruit) (Piperaceae) flavours
a- and B-cubebene (C5]|C3|C6); and the fragrant patchouli alcohol (tetramethyl-1,6-
methano-octahydronaphthalene) (C6 | | C6(—CH(OH)~(CHy),—)) from Pogostemon patchouly
(Lamiaceae) patchouli oil. The carcinogenic DNA alkylating and breaking norsesquiterpene
pterosin B (G3-C6 | C5) occurs as a glucoside ptaquiloside in Peeridium aquilinum (bracken
fern) (Dennstaedtiaceae) (the fern “fiddlehead” sprouts are eaten in New Brunswick, Canada
and elsewhere in the region and are toxic if insufficiently cooked).

iv. Sesquiterpene lactones. The sesquiterpene lactones are a large class of C;-
based terpenes having a common five-membered y-lactone ring system (a tetrahydrofura-
none) involving cyclization through esterification of a carboxy with a y-hydroxy of the
precursor HO-CHX)-CH(Y)-CH(Z)-COO . Sesquiterpene lactones are typically unsatu-
rated di- or tri-cyclics and many have a reactive methylene (=CH,) substituent. Many of
these terpenes derive from Asteraceae (Compositae) plants and are variously bitter tasting,
insect antifeedants, cytotoxic and antineoplastic. These compounds can be grouped based
on the various fused ring structure arrangements. In summarizing, the sesquiterpene lactone
structures below the common G4 lactone ring element will be represented as G4OL and the
corresponding C5 lactone as C5OL. Similarly, the commonly occurring C4 and C5 cyclic
ethers are represented as C4O and G50, respectively. Where condensed rings share three
Cs, a double vertical line (|]) is used and remember that an asterisk (*) indicates that a ring is
part of a tricyclic structure in which all rings share one C.

Elemanolides. The clemanolide sesquiterpene lactones (C5OL|C6|C40L) are
exemplified by the antifeedants vernodalin (C5OL|C6 | C40OL) and vernodalol (C50OL | C6)
(in which the CG4OL lactone ring is opened and the carboxy methylated). Vernodalin con-
tributes to the bitter taste of Vernonia amygdalina (Asteraceac) ingested by parasite-infected
chimpanzees.

Eudesmanolide sesquiterpene lactones (C6 | C6 | C4OL) include a variety of variously
cytotoxic compounds. The antifeedants alantolactone and isoalantolactone (helenin being
a mixture of the two) (C6|C5|C4OL=CH,) are antimicrobial. The pro-apoptotic activity
of these compounds may derive from the reactivity of the a-methylene-y-butyrolactone ring
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(G40OL=CH,). Santamarin may form a covalent adduct in inhibiting transcription factor
NFkB binding to DNA.

Guaianolides (C5]C7|C40OL) include many cytotoxic and antineoplastic compounds.
Various guaianolides are bitter tasting and insect antifeedants. Zaluzanin inhibits bacterial
lipopolysaccharide-induced NFkB-mediated expression of iNOS by immune cells and
cynaropicrin inhibits similar induction of TNF-o expression through formation of a cova-
lent protein adduct. Costunolide, 7-hydroxycostunolide and 3,4-epoxydehydroleucodin act
in a similar manner to inhibit NFkB binding to DNA.

Other notable guaianolides include achillin, artabsin and matricin (that can be converted
on heating to the anti-inflammatory radical scavenger and COX inhibitor chamazulene);
the cytotoxic and antineoplastic chloroguaianolides eupachlorin, eupachlorin acetate and
eupachloroxin; the cytochrome P450 aromatase inhibitors 10-epi-8-deoxycumambrin,
dehydroleucodin and ludartin; and thapsigargin, thapsivillosin and trilobolide (inhibitors of
the transmembrane Ca’* pumping Ca’* ATPase).

Pseudoguaianolides (C5]C7 | C4OL) differ from the guaianolides in having a 5-methyl
substituent (at the junction of the G5 and C7 rings) and this group includes many insect
antifeedants and compounds with cytotoxic and antineoplastic activity. Ambrosin and
hymenin trigger apoptosis in leukaemia cells. The anti-inflammatory helenalin alkylates the
p65 subunit of NFkB, thereby inhibiting the function of this inflammation-related tran-
scription factor. Glutathione adducts of helenalin and 11e,13-dihydrohelenalin acetate
inhibit glutathione S-transferase and helenalin inhibits 5-LOX. 2,3-Dihydrohelenalin and
bis-helenalinyl malonate inhibit IMP dehydrogenase.

Germacranolides have a common bicyclic (G10]|C4OL) structure but some (e.g.
budlein A) have an additional fused furan ring through an ether linkage across the larger
ring. Many germacranolides are cytotoxic and antineoplastic. Parthenolide (C10]C4OL)
from the antimigraine herb Tanacetum (Chrysanthemum) parthenium (feverfew) (Asteraceae) is a
serotonin receptor (SH'T-R) antagonist. Parthenolide and costunolide inhibit the phosphory-
lation of IkB that is required for pro-inflammatory activation of NFkB.

Tutinanolide sesquiterpene lactones are epoxides having a common C6 | C5epoxide
bicyclic element to which is appended a five-membered lactone structure involving three Cs
of the C6 ring through an ester (-CO—O—) cross-link across the ring (this is denoted as a
(C40OL* | CG6*(—CO—-0O-) | C5*epoxide) structure). Important compounds of this kind
include the Menispermum occulus (Menispermaceae) GABA(A) receptor and glycine receptor
antagonists picrotin and picrotoxinin (C4OL* | C6*¥(—CO—-0O-)| C5*epoxide). Other excita-
tory tutinanolides that are GABA(A) receptor antagonists include coriamyrtin
(C6(—CO—-0—) | Ciepoxide) and tutin (2-hydroxycoriamyrtin) from Coriaria species
(Coriariaceae) and the Euphorbiaceae mellitoxin (G6(—CO—0O—)| CSepoxide) that also
derives from the honey of bees feeding on Coriara species.

Other sesquiterpene lactones include the toxic Asteraceae seco-pseudoguianolides
hymenoxyon (P|C7[C40L) (from the toxic Hymenoxys and Helenium species) that alkylates
DNA and vermeerin (C50L[C7| C4OL) (from the toxic Geigera species) that forms adducts
with protein cysteines; the seco-guaianolides (xantholides) (C7 | C4OL) xanthinin and xan-
thumin that have auxin antagonist and antifeedant activity, respectively; and the GABA(A)
receptor antagonist anisatin (C5 ] C6(-C30L) | G50L).

Artemisinin (quinghaosu) (3,12-peroxyC60* | C5OL* | C6*) from Artemisia annua
(Asteraceae) is of major importance as an antimalarial because of extensive resistance of
Plasmodium falciparum to antimalarials such as chloroquine. Artemisinin in has a 3,12-peroxy
{(=O—0O-) substituent spanning the G60 ring. Artemisinin alkylates and inhibits glutathione
S-transferase.
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v. Diterpenes. Diterpenes derive from the Gy, isoprenoid geranylgeranylpyrophos-
phate (four head-to-tail-linked isoprenes). Geranylgeraniol and the chlorophyll moiety phytol
are acyclic diterpenes (Section 3, Appendix). Cyclic diterpenes vary in the number, nature
and disposition of the ring structures. The core alicyclic skeleton of the various diterpenes
usually involves fused C3, C4, G5, C6 and C7 alicyclic rings that are typically (but not
always) completely saturated. Carboxy and hydroxymethyl groups (or carboxymethyl and
hydroxy groups) on adjacent Cs can cyclize to form a fused five-membered lactone ring
(C40L). A fused, reduced six-membered lactone ring (C5OL) derives from lactone formation
from, for example, carboxymethyl and hydroxymethyl groups on adjacent Cs. In addition,
epoxides can be formed from oxidation of double bonds.

The diterpenes are a structurally diverse group of natural products, of which many are
toxic or otherwise bioactive. In the following sketch, diterpene structural complexity has
been simplified as before by representing fused rings sharing two Cs as G| Cn. Ring systems
with more than two fused rings are mostly angular (cf. fully reduced phenanthrene) rather
than linear (cf. fully reduced anthracene). In some cases, furan and pyran rings are involved
that have different degrees of saturation. The different classes of diterpenes are dealt with
below in alphabetical order for ease of reference.

Abietane diterpenes (C6 | C6 | C6 with varying degrees of unsaturation) include the 5-LOX
inhibitor abietane, the GABA(A) receptor antagonist taxodione and the bitter tastant carnosol.

Clerodanes involve a (C6| C6) group variously linked to furan (unsaturated C40O), pyran
(unsaturated G50), methyleneoxy and methylenedioxy rings. Clerodanes include bitter
tastants and antifeedants as exemplified by the extremely bitter component columbin of the
bitter tonic made from roots of Jfateorkiza columba (columba root) (Menispermaceae).

Daphnanes (C5|C7|C6) include a variety of cytotoxic, irritant, inflammatory and toxic
compounds from the Thymelaeaceae and the Euphorbiaceae. Of particular note are the
highly inflammatory PKC activators resiniferatoxin and tinyatoxin from Euphorbia species
(Euphorbiaceae) and thymeleatoxin from Thymelea fursuta (Thymelacaceae). While the non-
ester resiniferonol is inactive, the ester (X—CO—O-Y) resiniferatoxin is both an anti-nociceptive
vanilloid receptor (capsaicin receptor) agonist and a PKC activator, as is the ester tinyatoxin.

Gibbanes have a complex (C6* | C4OL*| C5*' | C6*' | C5*') structure (noting that the
central G5*' shares a common C with both C6*| C4OL* rings and the C6*' | C5*' rings,
respectively). The gibbanes include a large number of plant growth regulators called
gibberellins of which the best known is gibberellic acid (gibberellin A; or GA3) which controls
growth and seed dormancy. Gibberellic acid is produced by the rice pathogen Gibberella

Sutkuror (Fusarium monmhforme) and causes greatly increased, spindly rice stalk growth.
Gibberellic acid is used to induce barley seed aleurone a-amylase production in malting
prior to brewing beer.

Ginkgolides (C40L|C5%" | C40L"(| C40%%% | C40LY™) | C5%™) (noting — in
the worst case you will encounter in this chapter — that the superscripts 3%, 3'* and 4* indicate
three separate G atoms shared by 3, 3 and 4 rings, respectively, as denoted). Ginkgolides are
anti-inflammatory, bitter antifeedants from Ginkgo biloba (Ginkgoaceae). Ginkgolide A is
a PAF antagonist and consequently anti-inflammatory.

Grayanotoxins (C5 | C7*%| C6*|| C5¥) are highly toxic Ericaceae compounds of which
grayanotoxin 1 is the best known. Grayanotoxin I opens voltage-gated Na™ channels from
the inside of the cell thus causing depolarization, impairment of neurotransmission and
interference with proper cellular signalling.

Ingenanes (C5%| C7*]| C7*| C3) include irritants and secondary tumour promoters (co-
carcinogens) from Euphorbia species (Euphorbiaceae) that activate PKC. While the non-ester
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precursor ingenol is active, 17-hydroxyingenol 20-hexadecanoate, ingenol 3-benzoate,
ingenol 3,20-dibenzoate and ingenol 20-hexadecanoate all interact with PKC.

Jatrophanes (G5 |C12) are cytotoxic, antitumour compounds from Fatropha species
(Euphorbiaceae). Jatrophone binds to DNA and also has activity as a glutamate receptor
antagonist.

Kauranes (common structural element C6|C6*| C6*|| C5*) and related compounds
include natural products that are variously antifeedants, bitter and otherwise bioactive.
Thus, the glycoside toxin atractyloside inhibits the mitochondrial ADP/ATP translocator,
the sweet glycoside stevioside blocks Ca’* channels and the antifeedant inflexin inhibits
aromatase. Some kauranes having a fused furan ring (i.e. skeletal structure
furan | C6 | C6* | C6* || C5%) include the very bitter glycoside mascaroside and the coffee
components cafestrol (cafesterol) and kahweol (Al*-cafestrol). Cafestrol and kahweol (pre-
sent in boiled (unfiltered) coffee) raise plasma low density lipoprotein (LDL)-associated
cholesterol (by decreasing expression of LDL receptors) but are also chemopreventative
by decreasing expression of the cytochrome P450-linked CYP oxygenases that generate
genotoxic metabolites from precursors (e.g. genotoxic aflatoxin B1-8,9-epoxide from
the consumed Aspergillus flavus (fungal) coumarin procarcinogen aflatoxin B1).

Labdanes (core C6|C6 linked to variously reduced furan or pyran moieties) include
the Lamiaceae (Labiatae) diterpenes forskolin (C6|C6 |pyran) (that activates adenylyl
cyclase, the enzyme catalysing cyclic AMP formation from ATP) and premarrubiin
(C40OL*| C6*| C6*furan-furan) that converts to the bitter non-opiate antinociceptive
marrubiin (C4L* | C6* | C6*—(CH,),-furan).

Tigliane (C5|C7]C6]C3) diterpenes include the highly irritant, toxic, co-carcinogenic,
PKC activating phorbol esters from Euphorbiaceae plants. While not being activated by the
parent compound phorbol, PKC is activated by plant-derived esters of phorbol, 4-deoxyphor-
bol and 12-deoxyphorbol (e.g 12-O-palmitoyl-16-hydroxy-phorbol 13-acetate, 12-deoxyphorbol
13-benzoate, 12-deoxyphorbol 13-phenylacetate, 12-deoxyphorbol 13-phenylacetate-20-
acetate, sapintoxin A (4-deoxyphorbol 12-(2-methylamino)benzoate-13-acetate) and
12-tetradecanoylphorbol 13-acetate (TPA)), as well as by synthetic phorbol esters.

Other diterpenes include the antifungal phytoalexin casbene (C3|C14); the PKC-
binding dihydroxyatisanone and trihydroxyatisane (C6 | C6 | G6 | C6); the toxic totarane
diterpenes hallactones A and B (C4OL* | C6* | C6* | C50L); the pimarane pimaric acid
(C6]C6]C6); the labour-inducing oxepane macrocyclic ethers montanol and zoapatanol
(G70); portulal (G7 ]| C5); lathyrol (C5]C11|C3) and the macrocyclic insect trail pheromone

neocembrene (C14) that is also found in certain plants.

vi. Triterpenes. Triterpenes derive from cyclization of the linear Gy, precursor squa-
lene, remembering that if we denote isoprene (Cj5) as IP (to indicate structural head and tail
polarity) then squalene has the structure (IP);—(PI);. Triterpenes are polycyclic and often
glycosylated. The non-glycosylated aglycones usually have about thirty Cs, but some have
more or fewer G atoms. Thus, one can distinguish between the Gy triterpenoid sapogenins
(saponin aglycones), the cucurbitacin aglycones and other Gy triterpenes as opposed to the
Cy; spirastane-based steroid sapogenins, Gy, bufadienolides, Gy cardenolides, nortriter-
penoid Cyg limonoids and G 4—Cy quassinoids. Further, the phytosterols are structurally
very similar to cholesterol (Cy7) but the major phytosterols have 1-2 more Cs in the side
chain furthest removed from the 3-hydroxy. The structural and functional complexity of the
terpenes is briefly sketched below.



1. Plant defensive compounds and their molecular targets 41

Cs3g triterpenoid saponins and sapogenins. Saponins are terpenoid amphipathic
compounds having water-soluble sugar residues linked (via glycosidic links formed between
the sugar hemiacetal and terpenoid OHs) and a relatively hydrophobic (water repelling)
triterpenoid aglycone part. Amphipathic compounds (i.e. compounds having both
hydrophilic and hydrophobic regions) typically foam (by accumulating at an air-water interface)
and can act as detergents (by solubilizing hydrophobic compounds such as phospholipids).
Accordingly, saponins have detergent properties and can be haemolytic through solubilizing
the cell membrane of red blood cells.

The Cg sapogenins (the aglycone moieties) typically have a non-linear (i.e. reduced
phenanthrene-like) 3-OH-C6 | C6| C6 | C6 | C6 skeletal structure with glycosylation often at
the 3-OH but also occurring at OHs more distal to the 3-OH. Unless indicated otherwise,
the compounds discussed below have this skeletal structure. An illustrative exception is
the nucleoside transport inhibitor cimicifugoside which has a 3-O-glycosyl (Glyc)-
C6]C6|C6| C5|pyran-furan-epoxide structure.

Some triterpenoid saponins are bitter tastants (e.g. helianthoside A) and others are sweet
tasting, most notably the 3-O-glycosides abrusosides A-D (C6]C6|C6 | C5—CH(CH4)-C5L
3-0O-glycosides) from Abrus species (Fabaceae) and glycyrrhizin (glycyrrhizic acid) from the
rhizomes and roots of Glycyrrhiza glabra (licorice) (Fabaceae). In contrast, the 3-O-glycoside
gymnemic acid, the 3-O-glycoside of barringtogenol (from tea) and jegosaponins A-D have
antisweet activity (1.e. abolish a sweet tastant response) (Chapter 10).

Glycyrrhetinic acid (glycyrrhetic acid) {the aglycone of glycyrrhizic acid) inhibits 118-hydrox-
ysteroid dehydrogenase (thus impairing cortisol oxidation to cortisone and causing hyper-miner-
alocorticosteroidism when licorice is taken in excess). Glycyrrhetinic acid, oleanolic acid and
ursolic acid inhibit protein kinases. Gypenosides (C6 | CG6[C6 | G5 glycosides) and satkosaponin
A inhibit the Na® pump (Na*, K*-ATPase). a-Hederin (sapindoside A) and oleanolic acid
inhibit chitin synthetase II. Oleanolic acid and ursolic acid inhibit DNA polymerase.

Other Cj3 triterpenoids have been shown to interact with specific biochemical targets.
Such triterpenes are classified in terms of their skeletal arrangement, for example, cycloar-
tanes, friedelanes, oleane, taraxanes and ursanes (G6 [ C6|C6 | C6 | C6), fernanes, hopanes
and lupanes (G6|C6 | C6 | C6|C5), dammaranes and euphanes (CG6|C6 | C6 | C5—Cy), and
protolimonoids (G6 | C6 | C6 | C5—P). The friedelane tingenone binds to DNA and inhibits
DNA-dependent RNA and DNA synthesis. The ursane a-amyrin, the lupane lupeol and
fatty acid esters of these triterpenes inhibit cyclic AMP-dependent protein kinase (PKA) and
the serine proteases trypsin and chymotrypsin. A range of Asteraceae cycloartane,
dammarane, oleane and taraxane triterpenoids that inhibit phorbol ester-induced inflam-
mation are also inhibitors of trypsin and chymotrypsin.

Steroid saponins are glycosides of spirostane triterpenoid sapogenins that have a basic
3-OH-C6|C6]C6|C5 | THfuran THpyran skeleton. Steroid saponins are in general non-
toxic but have a foaming and detergent propensity. The steroid glycoside digitonin and its
aglycone digitogenin derive from seeds of Dugitalis purpurea (foxglove) (Scrophulariaceae).
Digitonin is widely used in biochemical investigations as a “gentle” non-ionic detergent to
solubilize membranes, for example, to prepare submitochondrial particles from the mito-
chondrial inner membrane. The steroid glycoside officinalisnin I from the roots of Asparagus
offwinalis (asparagus) (Liliaceae) is bitter whereas the glycoside osladin is sweet. The steroid
glycoside gitonin from foxglove leaves is a cyclic AMP phosphodiesterase inhibitor.

Cucurbitacins are oxygenated triterpenes (Cgo; typical skeletal structure
Co6]C6 | Co| C5—Cy) that can be glycosylated. Cucurbitacins are typically bitter tastants and
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antifeedants present in plants of the Cucurbitaceae in particular as well as having been
found in some other plant families. Cucurbitacins are in general bitter tastants and
antifeedants. However, some cucurbitacins such as the glycosides bryodulcoside and
carnosifloside VI are sweet tastants. The aglycones cucurbitacins B and D are ecdysone
antagonists and can act both as antifeedants and as insect attractants. Gucurbitacins can be
toxic and cytotoxic. The aglycone cucurbitacin E disrupts the cellular actin cytoskeleton.
Some cucurbitacin glycosides from Picria fel-terrae (Scrophulariaceae) inhibit both the classi-
cal and alternative pathways of the complement system.

Phytosterols are structurally very similar to cholesterol and the major phytosterols
{(campesterol, sitosterol and stigmasterol) have the same kind of membrane viscosity modu-
lating function in plants that cholesterol (Cy7; 3-OH-C6|C6|C6|C5-Cg) has in animals.
Campesterol (24-methylcholesterol), sitosterol (24-ethylcholesterol) and stigmasterol (A%,
24-ethylcholesterol) are widespread phytosterols. The “animal” sterols lanosterol and choles-
terol are present in particular plants. Phytosterol esters reduce cholesterol absorption and
lower LDL-cholesterol.

The insect moulting hormones ecdysone and 20-hydroxyecdysone (2,3-
OH-C6|C6|C6| C5—Cy) are elaborated by particular plants as are a large number of struc-
turally very similar phytoecdysones that mimic ecdysone action in insect metamorphosis.
The C|¢ animal androgens androstenedione and testosterone (3-keto-C6 |C6|C6|C5) are
present in Pinus sylvestris (Pinaceae) and the G5 oestrogens 17B-oestradiol, oestriol and
oestrone are elaborated by particular plants. The elaboration of phytoecdysones and testos-
terone and oestrogen receptor agonists would potentially perturb the development of herbivore
pests. The plant growth regulator brassinolide (2,3-OH—-C6|C60L|C6|C5—Cg) is also
active as an ecdysone antagonist.

Cardenolides, cyclic bridged cardiac glycosides and bufadienolides are
extremely toxic triterpenoids that are Cy; and Gy, respectively, as aglycones and derive from
a Gy triterpene precursor. The cardenolides (3-OH—-C6 | C6 | C6 | C5—C40OL) (fused rings
successively denoted A, B, C and D) can have a cis-configuration at the junction of the A and
B rings (5B-cardenolides such as digoxigenin) or a frans-configuration (5a-cardenolides such
as aspeciogenin from Asclepras species (Asclepiadaceae)). The cardenolides are typically gly-
cosylated and the cardiac-active compounds are referred to as cardiac glycosides. The
cardiac glycosides inhibit the Na™ pump (Na*, K" -ATPase) that is responsible for maintaining
a low cytosolic Na* and high cytosolic K* concentration critical for cell excitability, main-
tenance of low cytosolic Ca?* concentration and for neurotransmission.

Among the best-known cardenolide glycosides (aglycones in parenthesis) are digitalin
(gitoxigenin), gitoxin (gitoxigenin), digitoxin (digitoxigenin) and digoxin (digoxigenin) from
Digitalis species (Scrophulariaceae), notably Digitalis purpurea (foxglove). The foxglove leaf
extract (digitalis) has been used for several centuries for cardiac insufficiency, inhibition of
the Na* pump successively lowering the Na* gradient across the cell membrane, decreasing
Na*-dependent Ca?* pumping out of the cell, increasing cytosolic Ca®* concentration and
Increasing cardiac muscle contraction. Other important cardiotonic cardiac glycosides
(aglycones in parenthesis) are ouabain (ouabagenin) and strophanthin-K (strophanthidin)
from Strophanthus species (Apocynaceae). Ouabain has been found to be an endogeous Na™*
pump regulator and signalling compound in animals.

Various Asclepiadaceae Sa-cardenolides (Coy; 2,3-di-OH—-C6 | C6 | C6 | C5—C40OL) form
cyclic bridged glycosides linking the sugar via the 2- and 3-hydroxyls of the aglycone, an
example being asclepin from Asclepias species. Bufadienolide (Cy,; 3-OH—-C6]C6 | C6| C5—
C40L) glycosides include (aglycone in parenthesis) scillaren A (scillarenin) from Scilla maritima
(Liliaceae) and hellebrin (hellebrigenin) from Helleborus niger (Ranunculaceae).
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Limonoids are Gy nortriterpenoids deriving from a Cy triterpene precursor. The best
known limonoids are the Azadirachta indica (neem tree) antifeedant azadirachtin
(G50L*| C40* | C6*—C60(epoxide; methylene cross-link) | furan) and the Gitrus species
(Rutaceae) bitter antifeedant limonin (C50OL*| C40*| C6*| C6 | C5OL{epoxide)-furan).
Limonin gives a delayed bitter taste to Citrus fruit. The limonoids are typically bitter com-
pounds with insect antifeedant activity.

Quassinoids are typically Cg and Gy nortriterpenoids deriving from processing of a
Cy triterpene precursor. These compounds typically have a basic C6|C6*|C6* || C40¥*|
C50L*| skeleton as typified by the cytotoxic bruceines from Brucea species (Simaroubaceac).
Other quassionoids include the very bitter tastants quassin (C6]C6* | C6* | C5OL*) from
Quassia amara (Simaroubaceae) and nigakihemiacetal A (C6|C6* | C6*| CSOH*). Many
quassinoids are bitter tastants and cytotoxic. Chaparrinone and related quassinoids from
Hannoa species (Simaroubaceae) are antimalarials.

vii. Carotenes. Carotenes derive from geranylgeranylpyrophosphate
H(CH,—C(CH3)=CH-CH,),—O-PO3—PO4 (Cy;—PP). Representing the PP-end as the
“head”, head-to-head condensation of two geranylgeranylpyrophosphate (Coy—PP) molecules
ultimately yields phytoene (C,p), that is, if one represents the isoprene polarities in
isopentylpyrophosphate (IP-PP) as IP (tail-head) and PI (head-tail), one could represent
phytoene as (IP);—(PI);. Because of the extensive conjugated double bond systems (i.e.
(—-C=C-C=C-),) the carotenes are coloured, the colour ranging from yellow to red.
Accordingly, carotenes are important for pollination (attracting insects to flowers) and seed
dispersal (attracting herbivores to fruit).

The most abundant carotene is B-carotene which after ingestion gives rise to vitamin A
(all-trans-retinol) (Cyp) that is involved in proper development (via the cytoplasmic retinoid
receptors that switch on expression of specific sets of genes). The aldehyde derivative retinal
1s involved in vision as the chromophore covalently linked to opsin proteins and which initi-
ates a G protein-linked signalling pathway after undergoing light-dependent isomerization.
The signalling pathway in vision successively involves conformational change of the
opsin—retinal complex (rhodopsin), release of Gat-GTP from the G protein complex, acti-
vation of cyclic GMP phosphodiesterase by Gat-GTP, decreased cyclic GMP, closure of
cyclic GMP-gated Na™ channels and transmembrane potential hyperpolarization (see
Chapters 3 and 5). Vitamin A ((all £)-2,3,7-dimethyl-9-(2,6,6,-trimethyl)-1-cyclohex-1-yl)-2-
4,6,8-nonatetraen-1-ol) can be simply represented as cyclic (IP),—(IP),~OH and B-carotene
as cyclic(IP)y—(IP)y—(PI)y-cyclic(PI)y. Accordingly, oxidation of B-carotene yields two mole-
cules of vitamin A.

In addition to B-carotene there are a variety of other C,; pro-vitamin A carotenes that
differ from B-carotene in the nature of the terminal cyclic moieties. Thus, representing the
“right” cyclic moiety as X, we can represent B-carotene as X—(IP),—(PI),—X that yields two
molecules of vitamin A or X—(IP),—OH. Carotenes can have different cyclic moieties X’
{(where X'# X) or no cyclic isoprene dimer moieties. Other G, pro-vitamin A carotenes that
yield only one vitamin A molecule on oxidation include a-carotene, B-cryptoxanthin,
B-carotene epoxide, echinenone and mutachrome (generalized structure X—(IP)y—(PI}),—X")
and y-carotene and torulene (X—IP),—(PI),).

A variety of Cy carotenes do not yield vitamin A on oxidation and these variously have
altered cyclic groups or no cyclic groups at all and can be variously oxidized or reduced. Good
examples are the widespread lutein (X'—(IP),—(P1}y—X") (yellow) and the non-cyclic carotenes
lycopene (W,W-carotene; the orange—red colour of tomatoes and other fruits), {-carotene
(7,8,7',8 -tetrahydro-y,y-carotene; yellow) and lycoxanthin (y,y-caroten-16-ol; yellow).
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Crocetin (Cyy) is a yellow (IP)y—(PI)s-derived dicarboxylic acid (generalized structure
—0O0C-C 5~ COO-) from the styles of Grocus sativus (Iridaceae) (the saffron of Indian cooking
and Buddhist robes). Crocin, the digentiobiose ester of crocetin, is water soluble, unlike other
carotenoids which are lipophilic (fat soluble). Crocetin is a protein kinase inhibitor. Excess
vitamin A {(or excess pro-vitamin A) ingestion Is toxic (dog liver consumption having caused
the death of Sir Douglas Mawson’s explorer companions in the Antarctic by this mechanism).

1.9 Other plant compounds

A variety of other plant compounds are bioactive as toxins, pro-toxins, sweet or bitter tas-
tants, odorants, semiochemicals, enzyme inhibitors, receptor agonists, receptor antagonists
or psychoactive agents. The structure and bioactivity of non-alkaloid, non-phenolic and
non-terpenoid plant compounds is briefly reviewed below. Some selected structures of cyclic
compounds in this category are shown in the Appendix (Section 4).

i. Sugars. Sugars such as monosaccharides (e.g. glucose and fructose) and disaccharides
{e.g. sucrose) are typically sweet tastants, this pleasant animal perception having been
selected evolutionarily because of the energy-rich, catabolizable nature of sugars. However,
sugars are often linked to toxic defensive compounds as glycosides and such compounds can
be bitter. Sugars can have a general structure of HOCH,—(CH(OH)),~CHO (aldoses) or
HOCH,—(CH(OH)),-CO-CH,OH (ketoses). A C atom having four different substituents
can give rise to two possible mirror image isomers (stereoisomers) that as configurational iso-
mers can only be interconverted by breaking and re-forming bonds. The stereoisomers of
sugars due to these C atom “chiral centres” were detected by differential “optical activity”
(rotation of the plane of polarization of plane polarized light in a polarimeter) and the
absolute configurations have been established. Most of the sugars of living organisms
have a so-called D configuration (as with the key metabolite D-glucose) as opposed to an 1.-
configuration (as with the 5-carbon sugar I.-arabinose).

Sugars are further classified by the number of carbons. Thus, aldoses include aldotrioses
(Ggy; D-glyceraldehyde, HO-CH,—CHO), aldotetroses (C,; D-erythrose); aldopentoses (Cs;
D-ribose, D-arabinose, D-xylose) and aldohexoses (Gg; D-glucose, D-mannose, D-gulose,
D-galactose). Ketoses include ketotrioses (Cy; dihydroxyacetonephosphate, HO-CH,—CO—
CH,OH), ketotetroses (Cy; D-erythrulose), ketopentoses (C3; D-ribulose, D-xylulose) and
ketohexoses (Cg; D-fructose).

Aldose sugars (such as glucose) can exist in an open chain form as described above but in
aqueous solution largely condense to form cyclic hemiacetals, the ring closure linkage being:
—CH(CH,OH)-O—-CH(OH)—. Similarly, ketose sugars (such as fructose) condense to form
a hemiketal, the ring closure linkage being: -CH{CH,OH)-O-C(OH, CH,OH)—-. Glucose
forms a six-membered ring containing five Cs and one O and is called a glucopyranose form
after the cyclic ether tetrahydropyran (C50). Fructose forms a five-membered ring containing
four Cs and one O and 1s called a fructofuranose after the cyclic ether tetrahydrofuran (CG40O).

If D-glucopyranose is drawn with the hemiacetal O going into the plane of the paper and
the G-6 CH,OH group pointing above the chain, then the C-1 hemiacetal OH can either
point up (in the B anomer) or point down (in the a-anomer). Hence, we can either have 3-1-
glucopyranose or a-D-glucopyranose and the same anomeric possibilities exist for other
sugars, for example, B-D-fructofuranose or a-D-fructofuranose (Section 4, Appendix).
Hemiacetal and hemiketal OHs can react with OH groups on other molecules (HO-X)
with the elimination of HyO to form a glycosidic link: G-1-O—X, noting that this is either
an a- or B-glycosidic link, for example, quercimeritrin (in which a glucoside is formed
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via reaction of the hemiacetal glucose with the 7-OH of the flavonol quercetin) is quercetin
7-0-B-p-glucoside.

Monosaccharides can link together through glycosidic links and thence to form oligosac-
charides and ultimately polysaccharides (such as starch, glycogen, cellulose and callose) (see
Chapter 2). Thus, maltose (x-D-glucopyranosyl-(1 — 4)-D-glucopyranose or a-»>-Gle-(1 — 4)-
-Glc derives from the reaction of two glucopyranoses to form an “o(l — 4) bond” with the
elimination of HyO (HO-H, with OH coming from the hemiacetal C-1 OH of one glucose
and H from the alcohol 4-OH of the second glucose). Note that mutarotation means that
the second glucose moiety in maltose still has a hemiacetal OH (a “reducing end” because it
can react with an oxidant) and could exist in either an a- or B-form.

Lactose (B-»-galactopyranosyl-(1 — 4)-B-D-glucopyranoside; B-D-Gal-(1 — 4)-D-Glc)
involves a “B(1 —4) bond”, noting that lactose has a “reducing end”, that is, G-1 of the
glucose part. Sucrose (a-D-glucopyranosyl-(1 — 2)-B-D-fructofuranoside; a-D-Gle-(1 — 2)-
B-D-Fru) does not have a reducing end, the reducing ends of both the constituent mono-
saccharides being involved in glycosidic bond formation (Section 4, Appendix). Maltose, lactose
and sucrose are sweet tasting, Other sweet tasting sugars include: melibiose (3-D-Gal-(1 — 6)-
D-Glc); the sulfated fucose polymer fucoidan from brown algae; the sugar alcohols
(H(CH-OH),CH,OH) glycerol (C3), erythritol (C,), D-arabitol (Cj), dulcitol (Cg), D-mannitol
(Gg), D-sorbitol (Cg) and sedoheptitol (C5); and the cyclohexanchexols (cyclitols; G6(OH)g)
inositol and quercitol. Gentiobiose (B-D-Gle-(1 — 6)-D-Glc) is a bitter tastant and the
sulfated galactose polymer carageenan from red seaweed can induce gastric inflammation
and oedema in mammals.

ii. Other aliphatics. In addition to the compounds outlined above, plants variously
produce numerous aliphatic carboxylic acids, alcohols, aldehydes, fatty acids, sulfides and
hydrocarbons that are variously bioactive. The structure and bioactivity of these other
aliphatic plant natural products are outlined below.

Carboxylic acids. Aliphatic carboxylic acids (R—COOH) are deprotonated at physi-
ological pH (pH 7) and are therefore represented as R-COO™. Thus, acetic acid
(CH3;—COOH) exists as acetate (CH;COO ™) at pH 7. A variety of short chain mono-, di-
and tricarboxylic acids are important intermediates in metabolism and may be present at
low concentrations in all cells either as the acid or as a covalent adduct. Thus, acetate (Cy) and
malonate (Cs) can exist as the key acyl-coenzyme A thioester intermediates acetylCoA and
malonylCoA, respectively. Phosphoenolpyruvate (Cs), 1,3-bisphosphoglyceric acid (Cs)
and 3-phosphoglycerate (Cs) are key metabolic intermediates.

Major monocarboxylic acids include formate (C;; HCOO™), glycolate (Cy;
HO-CH,—COO7), glyoxylate (Cy; OHC-COO ™), acetate (Cy; CH;—COO™), pyruvate
(Cy; CH;—CO-COO0 ), lactate (Cy; CH4—C(H,OH)-COO ™), mevalonate (Cg), shikimate
(Gy; 38,4,5-trihydroxycyclohexenecarboxylate, an intermediate in aromatic compound
biosynthesis) and quinate (Cy; tetrahydroxycyclohexanecarboxylate). Dicarboxylic acids
include oxalate (Gy; ~OOC—COO ™), malonate (Cy; ~OOC-CH,—COOQO7), tartrate (Cy;
“O0C-CH,OH)-CGH,OH)-COO™) and the successive TCA cycle intermediates
a-ketoglutarate (C3; ~OOC—CO-CHy—CH,—COO™), succinate (Cy; ~OOC-CHy—CHy—
COO7), fumarate (C;- OOC— CH=CH-COO™), malate (C4; “OOC-CH,—CH(OH)—
COO™) and oxaloacetate (Cy; ~OOC-CH,—CO-COO™). Tricarboxylic acids include the
successive TCA cycle intermediates citrate (Cg; - OOC-CHy—C(H,COO ) —-CH,—COO ™),
as-aconitate (Gg; ~OOC-CH=C(H,COO -CH,—COO") and isocitrate (Cg;; ~OOC-
CH,OH)-CH,COO™)- CHy~COO™).
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Some organic acids (notably citrate and malate) may be present at high concentrations in
the acid vacuoles of plant cells. Thus, in particular, desert plants having so-called
Crassulacean acid metabolism (CAM plants) there is a water-saving adaptation that involves
fixing COy as malate [via PEP carboxylase] during the night (with leaf stomata open) and
then releasing the CO, intracellularly for photosynthetic GO, fixation during the day (with
leaf stomata closed and thereby minimizing Hy,O loss). Thus, malate concentration
increases during the night. Some fruits have a high level of organic acids such as malate,
notably Malus species (apples) (Rosaceae).

Organic acids are sour tastants and particular organic acids accumulated in acid vacuoles
contribute to the sourness of fruit, including malic acid and quinic acid (apple, apricot, pear,
peach and banana fruit), citric acid {citrus fruits) and tartaric acid (grapes). Isovaleric acid
(isopropylacetic acid) has a rancid smell but organic acid esters can have very pleasant smells
(e.g. that of ethylbutyrate, the smell of apples). Oxalic acid is neurotoxic by chelating Ca**
and malonate is a competitive inhibitor of succinate dehydrogenase. Fluoroacetic acid
(FCH,—COO™) is toxic because of its conversion to fluorocitrate, a potent inhibitor of the
enzyme aconitase that catalyses the conversion of citrate to isocitrate in the TCA cycle
(Krebs cycle, Citric acid cycle). Ascorbic acid (vitamin C) is a tetrahydroxylactone
co-enzyme for collagen hydroxylation and is readily oxidized to dehydroascorbic acid.
Vitamin G must be derived from plants by humans and its absence causes scurvy.

Long chain fatty acids (general structure of a saturated fatty acid:
CH;—(CH,),~COOH) are key components of all living things. Fatty acids form esters
(X—CO-0-Y) with glycerol (trthydroxypropane; CHy(OH)-CH(OH)-CH,OH) to form
monacyl-, diacyl- and triacylglycerides as high density “energy stores” in animal fatty tissue
and in plants, notably in the oil-rich seeds of cotton, sunflower, linseed, coconut, peanut,
soya bean and canola (rapeseed). 3-Phosphodiacylglycerol (phosphatidic acid) is the parent
compound for phosphodiester phospholipids {e.g. phosphatidylinositol, phosphatidylcholine,
phosphatidylserine and phosphatidylethanolamine) that are the bulk components of the
molecular bilayers making up biological membranes. Plant fatty acids are typically unsatu-
rated and membranes having a higher degree of unsaturated fatty acids in the phospholipids
are more fluid (1.e. less viscous) and “freeze” at lower temperatures than membranes with
more saturated fatty acyl components.

Unsaturated fatty acids generally have a cs-configuration of the double bonds, an exception
being vaccenic acid (trans-11-octadecenoic acid). The most common plant saturated fatty
acids are palmitic acid (G4; CH3—~(CH,),,~COOH; n-hexadecanoic acid) and stearic acid
(G g; CH43—(CH,),,—GOOH; n-octadecanoic acid). Common plant unsaturated C g fatty
acids include oleic acid (cis-9-octadecenoic acid; cis-A%-octadecenoic acid), linoleic acid
(cis-A%12-octadecadienoic acid), a-linolenic acid (cis-A%!*!P-octadecatrienoic acid) and
y-linolenic acid (¢is-A%%!2-octadecatrienoic acid). Ricinoleic acid (12-hydroxyoleic acid) is
abundant in castor oil. Arachidonic acid (Cyp; cis-A*®! ! -eicosatetraenoic acid) is absent in
higher plants but is the precursor for the pro-inflammatory oxidized prostaglandins, throm-
boxanes and leukotrienes in animals.

Some plant fatty acids are notably bioactive such as erucic acid (Cyo; ¢is-A*-docosenoic
acid) which was greatly reduced by breeding in canola rapeseed because of indications of
negative effects in animals (e.g. myocardial fibrosis in long-term dietary experiments with
rats). “Lorenzo’s oil” (a 4: 1 mixture of glyceroltrioleate and glyceroltrierucate) apparently
does not assist X-linked adrenoleukodystrophy progression in symptomatic patients but may
help pre-symptomatic patients. Chaulmoogric acid {(S)-13-(cyclopent-2-enyl)tridecanoic
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acid) inhibits the growth of the leprosy-causing Mycobacterium leprae. The cotton seed oil fatty
acids sterculic acid (8-(2-octyleyclopropenyljoctanoic acid; Cg—C3—C,—COOH) and
malvalic acid (7-(2-octyleyclopropenylheptanoic acid; Cg—CG3—Cyg—COOH) inhibit fatty
acid desaturase.

Acetylenes. Plants elaborate various acetylenes having the general structure
R—-C=C-),, where R is an alkyl, aryl or heterocyclic group (e.g. pyran, furan, thiophene or
cyclic disulfide) and other functional groups include carboxyl, alcohol, amide, ester, aryl and
keto groups. The plant alkynes are often toxic and antifungal. Thus, the alkynes dehydro-
safynol (Cy3), safynol (C3), mycosinol (C3), falcarindiol (C,4), falcarinone (C,4), wyerone
acid (Cy) and wyerone acid methyl ester (C3) are antifungal phytoalexins the synthesis of
which is induced by fungal pathogen infection. The cytotoxic, antineoplastic toxins virol A,
virol B and cicutoxin (G;5) from Gicuta virosa (water hemlock) (Apiaceae) are acutely toxic
through binding to the GABA(A) receptor chloride (C17) channel. Crepenynic acid (Cg) is
a COX inhibitor and the phytoalexins falcarindiol (C;) and falcarinone (C};) inhibit
pro-inflammatory iINOS induction.

The arylacetylene phenylheptatriyne (Phe—-C=C-C=C-C=C-CHy) from Bidens, Dahlha
and Coreopsis species (Asteraceae) has phototoxic antimicrobial activity as have 5-(3-buten-1-
ynyl)-2,2"-bithienyl (thiophene—thiophene—C=C-C=CH,) and the cyclic disulfide
acetylenes thiarubrine A (C5—~(C4,5-5S)—C) and thiarubrine B (C5—(C4,5-S)-C,). The photo-
activation of acetylenes derives from light absorption by these conjugated systems and ready
reaction with oxygen to form reactive intermediates.

Alkyl sulfides and thiols. Some alkyl thiols and sulfides, notably those from commonly
ingested Allium satioum (garlic) and Allium cepa (onion) (Alliaceae), are variously bioactive as
odorants and antimicrobials. Propanethial S-oxide (CHy—CH,—CH=S=0) is a lachrymatory
irritant principle of onion. Allicin (S-oxodiallydisulfide; CHy=CH-CH,—SO-S—-CH,y—
CH=CH,), diallyldisulfide (CH,=CH-CH,—S-S—-CH,—CH=CH,) and diallylsulfide
(CHy=CH-CH,—S-CHy~CH=CHy,) are major odorants of garlic that are reactive and irritant
because of the allyl groups. Dimethyl disulfide (CH;—S—S—-CHj), dipropyl disulfide
(CH;—CH,—CH,—S-S-CH,—CHy—CHs;), methyl allyl disulfide (CH3—S-S—-CH,—CH=CH,)
and propane-1-thiol (CH;—CH,—CH,—SH) are further Alium odorants. Methane thiol (methyl
mercaptan; CH3—SH) is a widespread plant volatile and notably derives from anacrobic
bacterial degradation of cysteine as in human flatus and bad mouth odour. The aliphatic
disulfides allicin and ajoene inhibit proinflammatory expression of iNOS.

Other aliphatics. In addition to the compounds described above, plants generate
a variety of hydrocarbons and other aliphatic compounds ranging from low molecular
weight volatiles to high molecular weight alcohols, acids, ketones and esters found in the waxy
external cuticle of leaves and fruit.

In addition to the monoterpene and sesquiterpene volatiles described earlier and the
thiols and sulfides outlined above, many other low molecular weight volatiles are produced
by plants that variously have attractant, repellant or other signalling functions. Gucurbic
acid (G;—C5—CH,—COOH) is a volatile plant growth regulator as is jasmonic acid
(G5—C5—CH,—COOH), a major volatile that signals tissue wounding in plants. Volatile
plant wounding signals enable herbivore damage to one plant to be communicated to an
otherwise untouched plant. Leaf alcohol (cis-hex-3-en-1-ol; ¢s-CH3—CH,—CH=
CH-CHy,—CH,OH) and leaf aldehyde (trans-hex-2-enal; trans-CH;—CHy—CH,—CH=CH-
CHO) are major green leaf odorants. Nona-2,6-dienal (CH;—CH,—CH=CH-CHy—
CHy—CH=CH-CHO) and jasmone (G,—C5—C;) are the characteristic odorants of cucumber
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and jasmine, respectively, and octan-1-ol is a major orchid flower (Orchidaceae) bee attractant
(Chapter 10).

Higher molecular weight tastants include the peachy flavour y-undecalactone (G ;
4-hydroxyundecanoic acid lactone; C,-C4OL) and the coconut flavour y-nonalactone (Cg;
4-hydroxynonanoic acid lactone; C;-C4OL). Very high molecular weight aliphatics include
long chain fatty acids, alcohols, esters, ketones and hydrocarbons, for example, the plant
growth regulator triacont-1-ol (Csy; CH3y—~(CHy)gs—CHyOH), the Crassulaceae cuticle wax
component tritriacontane (Cy4; CH3—~(CHy)31—CHj and Eucalyptus wax (Cys; tritriacon-
tane-16,18-dione).

iii. Amino acids and other non-alkaloid amines. The structures of the twenty
I-amino acids found in proteins are dealt with in detail in Chapter 2. The diversity of
I-amino acids and structurally related non-alkaloid plant amines is briefly outlined below.

a-Amino acids have the general structure “OOC~C(H,R)-NH;*. The C carrying the
so-called “R group” is the a-C and 1s a chiral centre (optical activity centre) in all amino
acids in which its four substituents are different (glycine in which R=H is not optically
active). The other amino acids found in proteins are exclusively I-stereoisomers but D-amino
acids can be generated (i.e. through racemization) by heating plant material. D-amino acids
are also present in various toxic microbial peptides. The presence of D-amino acid oxidase in
animal peroxisomes indicates a need for detoxification of D-amino acid xenobiotics. D-histidine,
D-asparagine, D-glutamine and D-phenylalanine are sweet tastants. A-Malonyl-D-alanine is
present in pea seedlings.

L-Aminoacid analogues such as azetidine 2-carboxylic acid {the G4 ring analogue of
the C5 ring L-proline) and L-canavanine (2-amino-4-(guanidinoxy)butyric acid, an analogue
of L-arginine) are plant defensive amino acids that are incorporated into protein by
the pathogen or herbivore with resultant toxic or debilitating protein mis-folding.
I-Homoarginine and y-hydroxyarginine are also L.-arginine analogues.

L-amino acid analogues elaborated by plants inhibit particular enzymes. Thus, [-albizziine
(a L-glutamine analogue) inhibits glutamine-dependent asparagine synthase. y-Hydroxy-
arginine (a L-arginine analogue) inhibits arginase (the enzyme that catalyses the critical urea
cycle detoxifying reaction: arginine (- OOG-CH(NH;*)~(CH,);— NH-C(=NH)-NH; ") +
H,0 — ornithine (T OOC-CH(NH; ") ~(CH,);~NH; ) + urea (HoN-CO-NH,)). 1-Canaline
(TOOC-CH(NH*"~CH,~CHy~O-NH;"), an analogue of the non-protein-derived
I-amino acid ornithine, inhibits ornthine transcarbamoylase, a key enzyme involved in the
ammonia detoxifying urea cycle.

A varlety of plant amino acids are neuroactive or neurotoxic including: GABA
{(y-aminobutyric acid=4-aminobutyric acid; GABA receptor agonist); B-alanine (3-amino-
propionic acid; GABA receptor agonist); glutamate receptor agonists, including glutamate,
isowillardiine, willardiine, the Fabaceae neurotoxic, neurolathyrism-inducing compounds
l-a-amino-y-oxalylaminobutyric acid, L-a-amino-y-oxalylaminopropionic acid and
3-cyano-L-alanine and the cycad neurotoxin L-f-methylaminoalanine; L.-dopa (3,4-dihy-
droxy-L-phenylalanine) (the dopamine precursor used to treat Parkinsonismy); L-tryptophan
and 5-hydroxytryptophan (antidepressive serotonin precursors); and L-o,y-diaminobutyric
acid (a GABA transport inhibitor).

Some further toxic plant amino acids include the Amethylpyridinone mimosine (DNA
binding and damaging) and 2-methylenecyclopropylalanine (hypoglycin) and 2-methyl-
enecyclopropylglycine that, respectively, yield 2-methylenecyclopropylacetylCoA and
2-methylenecyclopropylformylCoA (inhibitors of acylCoA dehydrogenases). The cancer
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chemopreventative, pro-apoptotic and selenosis-inducing toxic seleno-amino acids
Se-methylselenocysteine, I1.-selenocysteine and L-selenomethionine (from selenium accumu-
lating plants growing on seleniferous soils) yield antimitotic methylseleninic acid
(CH;3—Se(=0)-OH), dimethyldiselenide (CH35—Se—Se—CHs) and methylselenol (CH;—SeH)
(which generate apoptotic superoxide Oy} and SeOj (a pro-apoptotic inhibitor of PKC).

Other plant bioactive amines include a variety of neuroactive compounds and
polyamines. Notable polyamines include cadaverine (1,5-diaminopentane), putrescine (1,4-
diaminobutane), spermidine (NH,—~(CHy),—NH—(CH,);—NH,), spermine (NHy,—(CHy)s—
NH—-(CH,),~NH—(CH,);—NH,) and agmatine (NH,—C(=NH)~(CH,),~NH,).

The following phenethylamine (Phe-GH,~CH,—NH;") derivatives are neuroactive
(hormone/neurotransmitter receptor interaction in parenthesis): dopamine (dopamine
receptor); norepinephrine, phenethylamine, Catha edulis (khat) (Celastraceae) D-cathine and
D-cathinone and Ephedra species (Ephedraceae) ephedrine and pseudoephedrine (B-adrenergic
receptor agonists); Lophophora williamsu (Cactaceae) (peyote) hallucinogens mescaline and
N-methylmescaline (serotonin (5-hydroxytryptamine) 5SHT?2 receptor agonists).

iv. Cyanogenic and other toxic glycosides. Cyanogenic glycosides have the gen-
eral structure glycosyl-O—C(X,Y)~CN and are inactive in themselves but break down (either
spontanecously in acid conditions or in hydrolytic reactions catalysed by B-glycosidases) to
generate cyanide (CN 7). CIN™ is a potent inhibitor of cytochrome oxidase that catalyses the
final transfer of electrons to molecular oxygen in the mitochondrial respiratory (electron
transport) chain. Many cyanogenic glycosides derive biosynthetically from amino acids
which have the general structure “OOC—C(H,R)-NH;" where R is an alkyl, aromatic or
heterocyclic group (see Chapter 2).

The best known cyanogenic glycosides are those occurring in plants of economic
importance including: amygdalin (gentiobiosyl-O—C(H,Phe)-CN) from Prunus amygdalis
(almond) (Rosaceae) seeds; dhurrin (p-hydroxymandelonitrile glucoside; glucosyl-O—C(H,
p~OH-Phe)-CN) from Sorghum species (Poaceae); linamarin (manihotoxine)
(glucosyl-O—C(CH;,CH3)~CN) from Linum usttatissimum (flax) (Linaceae) seedlings and in
Manihot esculentum (cassava) (Euphorbiaceae); linustatin (gentiobiosyl-O—C(CH;, CH3)—CN)
and neolinustatin (gentiobiosyl-O—C(CH;, CHyCH4)—CN) from flax seeds; prunasin
(glucosyl-O—C(H,Phe)—CN) from bark of Prunus species (Rosaceae); lucumin (xylosyl-(1 — 6)-
glucosyl —O —C(H,Phe)—CN) from seeds of Calocarpum sapota (sapote) (Sapotaceae); lotaus-
tralin (glucosyl—O—C(CH;,CH,CH3)—CN) from Lotus australis and Trifolium repens (clover)
(Fabaceae), flax and Triticum species (Poaceae); and vicianin (vicianosyl—O —C(H,Phe)— CN)
from seeds of Vicia species (vetches) (Fabaceae).

Variants on the above theme are provided by cyanogenic glycosides in which the nitrile
(GN) group is attached to an O-glycosylated C within a cyclic structure, for example, a
cyclopentene as in gynocardin from Gynocardia odorata (Flacourtiaceae) seeds and a dihy-
dropyridone as in acalyphin from Acalypha indica (Euphorbiaceae) seeds. An interesting
exception to the above structural generality is p-glucosyloxymandelonitrile
(glucosyl-O—Phe—C(H, OH)-CN) from Goodia latifolia (Fabaceae) which can generate CIN™
without cleavage of the glycosidic link.

Other toxic glycosides include the 3-nitropropanoyl glucosides cibarian and coronar-
1an from Astragalus species (Fabaceae) and the Gyeas species (cycad sago palm) (Cycadaceac)
cycasin  (methylazoxymethanol-B-D-glucoside; CH3~N*(O7)=N-CH,~O-glucose).
Deglycosylation of cycasin and related Gycas azoxyglycosides yields methylazoxymethanol
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(CHs~N"(O7)=N-CH,~OH), a DNA-damaging, genotoxic, mutagenic, toxic and teratogenic

compound.

v. Glucosinolates. Glucosinolates are thioglucosides having the general structure
B-D-glucosyl-S—CG(R)=N-O-SO; . Thus, R=Phe—CHy— in benzylglucosinolate. The
glucosinolates derive biosynthetically from amino acids (general structure: (T OOC—
C(H,R)-NH; ") as can be seen by comparing the structure of benzylglucosinolate (glucosyl—
S—C(CHy—Phe)=N-O-SO; ) with that of the amino acid phenylalanine (R=CHy—Phe)
(TOOC—C(H,CHy—Phe)-NH; ). Myrosinase (thioglucosidase) present in the glucosinolate-
producing plant catalyses R-glucosinolate hydrolysis when the plant material is crushed {(e.g. by
herbivores) with resultant production of the corresponding isothiocyanate R—-N=C=S,
together with minor by-products, namely R—-S=C=N" (R thiocyanate) and R-CN (R
nitrile). The Brassicaceae are a major source of glucosinolates which function as insect
deterrents and antifeedants. Isothiocyanates (R—-IN=C=S) are chemically reactive and can
react with thiol and amino groups of proteins.

Glucosinolates are found in familiar Brassica species (broccoli, Brussel’s sprouts, cabbage,
chinese cabbage, cauliflower, mustard, rape cress, swede) as well as in other familiar
Brassicaceae species such as Rapahanus satvus (radish), Armoracia lapathifolia (horseradish) and
Lepidium sativum (garden cress). Glucosinolate breakdown during cooking and ingestion gives
rise to isothiocyanates with characteristic flavours and properties. Thus, methylglucosinolate
{(glucocapparin) yields methylisothiocyanate that is responsible for the pungent flavour of
horseradish and various glucosinolate breakdown products give rise to the characteristic
odour of boiled cabbage so intimately redolent of British establishments.

The various substituents (R) of glucosinolate (R-glucosinolate) compounds include alkyl,
hydroxyalkyl, aryl (e.g. Phe—CH,, p-HO—-Phe, Phe—(CH,)y), indol-3-yl (Phe|pyrrole),
methylsulfonyl alkyl (CH3—SO,—(CHy),), methylsulfinylalkyl (CH3—SO—(CH,),) and
methylthioalkyl (CH3—S—(CHs),) groups. These give rise to the corresponding isothio-
cyanates (R-IN=C=S) that can have particular bioactivities such as insect attractant, insect
deterrent, cytotoxic, lachrymatory, tastant and odorant activities.

Of particular note are goitrogenic glucosinolates such as benzylglucosinolate
{(glucotropacolin), 3-(methylsulfinyl)propylglucosinolate (glucocheirolin) and progoitrin
(2-hydroxybut-3-enylglucosinolate) that yield goitrogenic products that impair thyroid
hormone production. Goitrin ((R)-5-vinyl-2-oxazolidinethione) is a potent goitrogen and
decreases thyroid hormones T3 and T4. Goitrin also induces glutathione S-transferase activ-
ity and increases aflatoxin detoxification. Accordingly, moderate Brassica consumption is
advocated because of the chemopreventative, anticarcinogenic effects of glycosinolate
decomposition products.

Other examples of Brassica species glucosinolate (R—G) compounds include prop-2-
enylG (prop-2-enylglucosinolate) (sinigrin), 4-(methylsulfinylbutylG (glucoraphanin),
3-(methylsulfinyl)propylG (glucoiberin), 4-(methylsulfinyl)pentylG (glucoalyssin), 4-(methyl-
sulfonyl)butylG (glucoerysolin), 5-(methylthio)butylG (glucoerucin), 5-(methylthiojpentylG
{(glucoberteroin), indol-3-ylmethylglucosinolate (glucobrassicin), MN-methoxybrassicin
{neoglucobrassicin) and p-hydroxybenzylG (sinalbin).

vi. Proteins. Plants produce a number of different kinds of defensive proteins. The
most complex of these are polysaccharide hydrolases such as glycan hydrolases (that can
hydrolyse the cell walls of invading plant pathogenic fungi), chitinases (that can damage the
chitin of the insect digestive system), monosaccharide/oligosaccharide-binding proteins
called lectins ({that can be potent mitogens), ¢. 40 kDa polygalacturonase-inhibiting proteins
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(Chapter 12) and ¢. 20kDa Kunitz serine protease inhibitor proteins (Chapter 13).
Ribosome-inactivating proteins having purine aminoglycosidase activity can be extraordi-
narily toxic when associated with a lectin subunit enabling entry into the target cell, ricin
from seeds of Ricinus commums (Euphorbiaceae) being the best known example of such toxic
proteins (Chapter 9). Plant thiaminase in ingested plant material degrades thiamine (vitamin
By) and can consequently cause beriberi from vitamin B, deficiency. Thiaminase in insuffi-
ciently leached nardoo seed flour (flour made from the sporocarps of the nardoo fern
Marstlea drummondir) caused peripheral neuropathy in the starving members of the Burke and
Wills expedition that crossed Australia from south to north in 1860-1861. Robert O’Hara
Burke, William John Wills and Charles Gray died but the sole survivor John King had
permanent peripheral neuropathy. Thiamine deficiency disease is also exhibited by livestock
feeding on nardoo in “outback” western New South Wales.

Plants also produced a variety of relatively small (3—15kDa), disulfide-rich, stable defen-
sive proteins that are variously protease and a-amylase inhibitors (thereby inhibiting herbi-
vore digestion and feeding activity) (Chapter 13) or membrane-active entities (such as lipid
transfer proteins, defensins, thionins, napins, osmotins and thaumatins) that can damage the
cell membranes of pathogenic fungi. The squash family protease inhibitor proteins are
among the most potent protease inhibitors known with dissociation constants for the target
enzyme-inhibitor complexes of about 10 pM (Chapter 13).

Not dealt with specifically in this book are the plant proteins of importance to humans
because of their immunogenicity. Various seed proteins have been shown to cause immuno-
logical hypersensitivity after ingestion or inhalation. Thus, a napin protein from rapeseed
flour (Chapter 12) causes allergic reactions. The gliadins of wheat flour gluten and the
prolamins of barley and rye flour are immunogenic and resultant inflammatory responses
affecting the small intestinal mucosa of genetically susceptible people give rise to coeliac dis-
ease. Grass pollen is a major outdoor cause of hay fever and allergic asthma and the culprits
are protein allergens associated with pollen starch grains (allergenic starch grains released
from hydrated pollen being responsible for thunderstorm-associated asthma epidemics).
Hevein, a defensive chitin-binding protein present in rubber tree latex, causes allergy to rubber
products (Chapter 13).

Chapter 2 deals in part with the structure and function of proteins, including plant defensive
proteins and the proteins that are the principal targets of plant defensive compounds.



2 Biochemistry — the chemistry of life

2.1 Introduction — water-based life

We can define living organisms as self-replicating systems. Life on earth is water-based and
involves membrane-bound cells that are self-repairing and self-replicating. These highly
ordered cells exist in a universe that is inexorably randomizing and do so by “feeding” on
available free energy to enable the energy-requiring synthesis, maintenance and replication
of highly ordered structures in an increasingly disordered universe. These relations are “gov-
erned” by the first and second laws of thermodynamics that respectively state that (a) the
energy of the universe is constant and (b) the disorder (or entropy) of the universe inex-
orably increases.

The bulk constituent of cells is water (HyO). The cell membrane or plasma membrane
(PM) that encloses the living cell is basically composed of a phospholipid bilayer, a 0.01
micrometre (um) (10 nm) thick bimolecular layer of hydrophobic (or water repelling) fatty
molecules. In eukaryotes (organisms having a nucleus) there is a phospholipid bilayer PM
enclosing the cell. Similar membranes bound specialized intracellular organelles, namely the
endoplasmic reticulum (ER), ER-associated Golgi vesicles, lysosomes, vacuoles, peroxi-
somes, nucleus and mitochondria (and, additionally, the chloroplasts in plant cells).

The fidelity of cellular repair and reproduction is determined by a coding system based
on polynucleotides — deoxyribonucleic acid (DINA) and ribonucleic acid (RINA). In general
(with some inevitable exceptions of course), the information flow is from DNA molecules
{(genes) which are “transcribed” to yield RNA molecules which in turn are “translated”
on complex macromolecular protein—RINA assemblies called ribosomes to yield proteins
{(polymers of amino acids linked by peptide bonds).

The repair and replication of cells involves “metabolism” — interconversions of hundreds
of low molecular weight metabolites that ultimately yield the precursors for much larger,
more complex macromolecules such as phospholipids (based on phosphatidic acids or long
chain fatty acid esters of glycerol phosphate), polynucleotides such as RNA and DNA (poly-
mers of nucleotide monomers), proteins (polypeptides or amino acid monomers linked by
peptide bonds) and polysaccharides (polymers of simple sugars or monosaccharides).

Crucially, metabolism conserves chemical energy in the form of the “high energy com-
pound” adenosine 5'-triphosphate (ATP) to “drive” the energy-dependent synthesis of the
macromolecular constituents. These macromolecules exist in an aqueous environment and
their synthesis involves “dehydration” or elimination of HyO in the formation of ester
bonds (as in fatty acid esters of glycerol), glycosidic linkages (between monosaccharides to
form polysaccharides), amide peptide bonds (linking the amino acid monomers in polypep-
tides) or phosphodiester linkages (between nucleotide or nucleoside 5'-monophosphate
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monomers of polynucleotides). The ultimate tendency of these macromolecules in an
aqueous environment is to react with HyO and thus to be “hydrolysed” back to the
monomeric constituents.

The interconversions of specific metabolites must occur at rates consistent with the overall
operation (imagine an industrial production system not merely producing one particular car
model but indeed every manufactured product of a high technology society in an integrated
fashion). Accordingly specific catalysts are required to suitably “speed up” these chemical
reactions. However three major requirements must be satisfied. First, catalysts are required
for thousands of specific reactions and accordingly there is a need for an immense functional
diversity of catalysts. Second, there has had to be an evolutionary mechanism to select use-
tul catalysts. Third, the reactions are typically occurring in an aqueous environment and
hence in a restricted temperature range of about 0 °C (the freezing point of HyO) to 100°C
(the boiling point of HyO). These requirements have been met by using protein (polypeptide)
catalysts (known as enzymes): there is an immense potential polypeptide structural diversity;
the encoding of proteins by mutable DNA has provided an evolutionary selection mecha-
nism; and proteins can be stable within the required temperature range.

2.2 Protein structure

a. Amino acid monomers

Proteins are polymers composed of a-amino acid monomers having a common general
structure (HoN-CH(R)-COOH) involving a carbon atom (Ca) linked to an amino group
(NH,), a hydrogen (H), a carboxyl (COOH) and a further specific group (the R group) that
provides the characteristic properties for each amino acid. Thus the amino acid glycine
(literature shorthand Gly or G) has R = H and alanine (Ala, A) has R = CHjy (methyl).

If the four entities covalently linked to a (tetravalent) carbon atom are different, “mirror
image” stereoisomers are possible and the stereoisomers can have different physical properties
(notably “optical activity” or rotation of the plane of polarization of plane polarized light).
Gly, having two identical Ca substituents, does not have stereoisomers. However alanine can
be either of two “mirror image” stereoisomers (so-called L. or D forms) that are only intercon-
vertible by breaking and re-forming covalent bonds (i.e. they are configurational isomers).
The amino acid stereoisomers found in proteins are the L-isomers. However “mirror image”
amino acid D-isomers nevertheless occur in nature as defensive natural products or as con-
stituents of defensive natural products. It should be noted that the “classical” nomenclature
of L. and b stercoisomers is still widely applied to amino acids (and carbohydrates) rather
than the generally used R and S nomenclature. Thus I.-alanine is (§)-2-aminopropanoic acid.

There are 20 common amino acids that can be grouped depending upon the nature
of the R group (bearing in mind the typical cellular context of an aqueous solution at
about pH 7).

i. Nonpolar aliphatic R groups. Glycine (Gly, G) [R = —H], alanine (Ala, A) [R =
methyl = -CHy], wvaline (Val, V) [R =isopropyl = l-methylethyl = -CH(CHjy),],
leucine (Leu, L) [R = 2-methylpropyl = ~-CH,CH(CHj),], isoleucine (Ile, I) [R = I-methyl-
propyl = -CH(CH;)CH,CH4] and methionine (Met, M) [R = 2-methylthioethyl =—
CH,CHy,—S-CHjs]. These R groups are hydrophobic (water repelling) but range from
being very small (with Gly and Ala) to very bulky (with Leu, Ile, Met and Val), these

differences being of major importance in protein structure.
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ii. Polar uncharged R groups. Scrine (Ser, S) [R = hydroxymethyl = -CH,OH],
threonine (Thr, T) [R = 1-hydroxyethyl = -CH(OH)CHj], cysteine (Cys, C) [R = thiol-
methyl = -CH,SH], asparagine (Asn, N) [R = amidocarboxymethyl = -CH,CGO-INH,],
glutamine (Gln, Q) [R = amidocarboxyethyl = -CH,CH,~CO-NH,] and proline (Pro, P)
[the R group of this cyclic imino acid is (GHy)s linking the Cea and the o-INH (a-imino), that
is, Pro = (§)-2-pyrrolidinecarboxylic acid]. These uncharged but polar R groups can
be solvated by HyO and interact with other polar groups through “hydrogen bonding” in
which a hydrogen atom is “shared” between electronegative atoms, for example,
X~-O-H:--O=C-Y. Cys (R = -CH,SH) residues in proteins can form intra- and interchain
disulphide (S-8) linkages thus: X-SH + HS-X + Y (oxidant) — X-S-S-X + YH,.

iii. Aromatic R groups. Phenylalanine (Phe, ') [R = benzyl, phenylmethyl =
—CH,Phe], tyrosine (Tyr, Y) [R = p-hydroxyphenylmethyl = ~CH,-p-OH-Phe] and trypto-
phan (Trp, W) [R = 3-indolylmethyl = ~CHy—indole]. Such R groups are hydrophobic and
planar.

iv. Negatively charged R groups. Aspartic acid (Asp, D) [R = carboxymethyl, —
CH,~COOH), glutamic acid (Glu, E) [R = carboxyethyl, -CH,CH,~COOH]. At neutral
pH (pH 7) the carboxyls of Asp and Glu are deprotonated (i.e. X—-COOH —X-COO™ +
H*) and the deprotonated amino acids are referred to as aspartate and glutamate, respec-
tively. These negatively charged R groups can hydrogen bond with other electronegative
entities and can form ionic (electrostatic) links with positively charged groups.

v. Positively charged groups. Lysine (Lys, K) [R = 4-aminobutyl, (CH,),—NH,],
arginine (Arg, R) [R = 4-guanidinylpropyl = «(CHy)s~INH-C(=NH)-NH,] and histidine
(His, H) [R = 4-imidazolylmethyl = — CHy-imidazole]. At pH 7 the amino R group of Lys
and the guanidinyl R group of Arg are protonated and hence positively charged. The pK
(see section on “Protonic equilibria of amino acids and proteins”) of the imidazole R group
of His is about 6 so that at pH 7 about 10% of His R groups are positively charged. These
positively charged R groups can interact electrostatically with negatively charged groups and
form hydrogen bonds with electronegative entities.

b. Protonic equilibria of amino acids and proteins

Before proceeding further it 1s useful to briefly review protonic equilibria. The tightness of
binding of a proton (H*) to a weak acid (HA) can be described by a dissociation constant (k')
where:

HA<=H'+A~ and K=[H'|[A7]/[HA]

where [H*], [A™] and [HA] are the concentrations of the indicated species at equilbrium.
From this we derive the Henderson—Hasselbalch relation:

pH =p&+log)y [A7]/[HA]
or (more generally stated):

pH = pA'+log), [deprotonated]/ [protonated]

where pA'= —log; 4.

The pK'value for an a-amino (-NHy) is about 9.5 and from the above equation we can see
that at pH 7 nearly all the a-amino groups will be in the protonated (-NH; ") form. Similarly
the p&'value for an a-carboxyl (-COOH) is about 2.3 and accordingly at pH 7 virtually all
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of the a-carboxyls will be in the deprotonated form (~COO™). The p& values for the R
group carboxyls of Asp and Glu are about 4 and accordingly these are overwhelmingly in
the deprotonated form (-COO™) at pH 7. The pK values for the R group g-amino of Lys
and the guanidinyl group of Arg are 10.5 and 12.5, respectively, and thus these groups are
overwhelmingly protonated at pH 7. However the p& of 6 for the His R group imidazolyl
means that only about 10% of these residues are protonated at neutral pH. Accordingly the
charged residues of a polypeptide at neutral pH include the N-terminal amino that is proto-
nated (-INH3 ™), the carboxyl terminal carboxyl which is deprotonated (-COO™) and any R
groups that can be protonated (positively charged) or deprotonated (negatively charged) at
pH 7. The peptide bond amide nitrogens of the polypeptide are not protonated.

¢. The peptide bond

Amino acids can form peptides with the elimination of Hy,O as follows (with amino acids

represented as NH; T-X-COO™):
NH;"-X-COO~ + NH3*-X-COO~ — NH;3;*-X-CO-NH-X-COO~ + H,0

The resultant dipeptide in the above example has a positively charged amino terminus (N-
terminus) and a negatively charged carboxy terminus (G-terminus). Extending this process
we can see that a polypeptide has the following general structure:

NH, *-X,~CO-NH-X,~CO --- NH-X,, _ —-CO-NH-X,~COO~

The polypeptide structure is comprised of an N-terminal amino acid residue, a C-terminal
residue and intervening amino acid residues, all of these being successively linked by peptide
bonds. A critical property of the peptide bond (CO-INH) is that it has considerable double
bond character (i.e. ~C(O7)=NH"-) and accordingly no rotation occurs around this bond
between the keto C and the amide N.

d. Primary structure of proteins

The primary structure of a protein is simply its linear amino acid sequence and by con-
vention it is represented left to right, from the N-terminus to the C-terminus:
N-terminus—aa;—aay---aa, — —aa,~C-terminus. Thus the amino acid sequence of the
endogenous peptide opiate hormone and neurotransmitter Met-enkephalin is Tyr—Gly—
Gly-Phe—Met (o, in the one-letter code, YGGFM). We can consider the potential polypep-
tide sequence possibilities: there are 20 common amino acids that are encoded by the
Genetic Code (and added to the elongating peptide in the process of protein synthesis or
“translation” carried out on ribosomes) and accordingly there are 20 possibilities for position
1, 20 for position 2 and so on. Thus there are 20!’ possible sequences 100 amino acids long,
However the extant proteins — the proteins actually present in living cells — have been evolu-
tionarily selected for specific ligand binding or catalytic functions. These considerations will
greatly reduce the “functional” protein possibilities but there nevertheless still remains a
huge potential complexity. A further major constraint is that proteins exist typically in an
aqueous environment and must fold up in three dimensions in a compact fashion as
described in the section on “Tertiary structure of proteins” so that hydrophobic R groups
are located away from water.
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e. Secondary structure of proteins

The secondary structure of elements of a polypeptide describes the regular folding of such
sections of the polypeptide chain. The conformation of elements of the polypeptide chain
is constrained by the double bond character of the peptide linkages and the nature
of the R groups. If we represent the link between two successive amino acids as
Ca,, | —"CO-NH—Cq,

the amide N but rotation is possible around the Ca

no rotation is possible around the peptide bond between the keto G and

»— 1~ keto C single bond and around the
amide N-Ca,, single bond (the angles of rotation being defined as §s and ¢ angles, respec-
tively). These angles of rotation are constrained by the size of the R groups associated with
the Cas, steric overlap between the various atoms being prohibited.

Two major kinds of secondary structure found in proteins are the a-helix (conventionally
represented as a cylinder) and the B-strand (represented as a flat sheet with an arrow head
indicating the N- to C-terminal direction). The a-helix can be envisaged as a tightly coiled,
compact spring whereas the B-strand is like a spring that has been stretched out.

In the a-helix the polypeptide Coa—~CO-NH-Ca “backbone” coils in a “right handed” fash-
ion (imagine thumbing a lift using your right hand) and is stabilized by hydrogen bonds
between a keto (C=0) oxygen and an amide NH about three amino acid residues further
along the polypeptide, these hydrogen bonds (-CO---HN-) being oriented parallel to the long
axis of the a-helix. The R groups associated with the Ca atoms are oriented outwards, away
from the a-helical cylinder, and accordingly this type of secondary structure is favoured by
sequence elements containing amino acids with large, bulky R groups (e.g. Leu and Ile). The
unusual imino acid Pro perturbs this regular structure and acts as an a-helix “breaker”.

The B-strand sequences are “stretched out” conformations of these polypeptide sections
and are typically stabilized by inter-strand hydrogen bonds between keto (CG=0) oxygens
and peptide bond NHs, the strands being arrayed in an antiparallel fashion. This type of
secondary structure is favoured by amino acid residues with small R groups (such as Gly, Ala
and Ser) that minimize steric overlap between chains. Thus a well-known protein having this
type of secondary structure is silk fibroin that has a high proportion of repeated sequences
involving Gly, Ala and Ser and an extensive antiparallel “B-pleated sheet” structure. The
macroscopic properties of silk fibroin (flexibility but lack of stretchability) reflect this type of
secondary structure at the molecular level.

The above description is a considerable simplification of protein secondary structure pos-
sibilities. Thus a number of helix types are possible in addition to the a-helix. Further, par-
ticular structured “B-turns” exist that are stabilized by hydrogen bonding and link other
secondary structure elements. Relatively unstructured coils, loops and “random coils” can
also link ae-helical and B-strand elements.

| Tertiary structure of proteins

The tertiary structure of a protein is the overall three-dimensional structure of a protein. The
three-dimensional structures of many proteins have been determined by X-ray crystallogra-
phy and by nuclear magnetic resonance (NMR) spectroscopy. Such structures represented
with space-filling atoms appear formidably complex. However “deconvolutions” of such
structures as “ribbon diagrams” showing the arrangement of linked secondary structure
elements are much more comprehensible. Some proteins have a high proportion of B-strands
whereas others may have a high proportion of a-helices with all kinds of combinations and
arrangements in between. While some specialized filamentous proteins (e.g. collagen, silk
fibroin and hair a-keratin) are rope-like, most soluble proteins are “globular”.
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A typical globular protein adopts a unique minimum energy conformation that is
compact with few or no internal water molecules. Hydrophobic (nonpolar) R groups tend to
be on the inside (away from water) and most hydrophilic (polar) R groups tend to be on the
outside where they can be solvated by hydrogen bonding with HyO. In the case of enzymes
(proteins that catalyse specific chemical reactions) there may be special structural features of
which the best known are “active site” depressions or grooves on the surface that bind the
chemical substrates of the enzyme-catalysed reaction.

The major driving force for a polypeptide to adopt (and remain in} its unique three-
dimensional conformation are hydrophobic interactions that keep nonpolar R groups away
from H,O. However other interactions include hydrogen bonding, electrostatic interactions,
dipole—dipole interactions and weak, interatomic Van der Waals forces (e.g involving packed
hydrophobic aliphatic chains in the protein interior). In addition, disulphide bonds (S-S
bonds from the oxidation of cysteines (Cys)) can provide covalent linkages between different
parts of the polypeptide chain. Disulphide links are of major importance for the stability of
ectoproteins, proteins functioning outside the reducing environment of the cytosol. Indeed
many small, extracellular plant defensive proteins are extraordinarily stable to heat, acid and
organic solvents because of a high incidence of intra- and interchain disulphide bonds (see

Chapters 12 and 13).

& Quaternary structure of proteins

The quaternary structure of proteins is the subunit complexity. Proteins can be monomeric,
that is, they are composed of only one polypeptide. Homodimers are composed of two iden-
tical polypeptides while heterodimers are composed of two non-identical subunits. The
oxygen-transporting haemoglobins are heterotetrameric proteins with a subunit complexity
summarized as ayfy. Very large multienzyme complexes include fatty acid synthase, mito-
chondrial pyruvate dehydrogenase, the mitochondrial ATP synthase and the mitochondrial
electron transport chain. Extremely large multienzyme complexes are the small and large
ribosomal subunits (that are composed of particular RNA molecules together with numerous
ribosomal proteins) and the tobacco mosaic virus (TMYV, that involves an RINA core encap-
sulated by a complex of 2200 identical coat protein subunits).

h. Protein complexity

Most of the targets of plant defensive compounds are proteins and indeed many plant
defensive agents are also proteins. Accordingly it is useful to briefly outline the various types
of proteins encountered. Most proteins are water soluble but some function associated with
membranes. The membrane-bound proteins can be firmly embedded in the phospholipid
bilayer of the membrane (intrinsic or integral proteins) or are less intimately associated
{(extrinsic or peripheral membrane proteins). As outlined above, proteins may be
monomeric, multisubunit or associated with large multisubunit complexes.

While proteins are synthesized on ribosomes the translation product is often subject to
considerable “post-translational modification” that can involve proteolytic processing of the
1nitial proprotein and covalent modification of the processed protein by glycosylation (addition
of sugar residues), acylation (e.g. with fatty acids), methylation and phosphorylation.
Unconjugated proteins are those in which there is no non-amino acid substituent and conju-
gated proteins are those that have been modified with non-amino acid entities.

The completion of the sequencing of the human genome has revealed some 35,000 genes
encoding proteins. However some structural motifs have proven to be particularly useful and
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proteins can be classified into about 1000 superfamilies that each contain sets of proteins
related by sequence (homologous proteins) and structure. A brief list of functionally different
types of proteins includes: enzymes (catalysts); hormone, neurotransmitter and other receptors;
transmembrane solute translocators; blood solute transporters (e.g. haemoglobin); blood
protective proteins (e.g. immunoglobulins); peptide hormones and toxins; contractile pro-
teins (e.g: tubulin associated with microtubules and actin and myosin associated with muscle
contraction); storage proteins (e.g. milk casein and egg ovalbumin); and structural proteins
{e.g. collagen).

2.3 Enzymes and ligand-binding proteins

a. Chemical equilibria

Enzymes are proteins having a catalytic function. Catalysts in general speed up reactions but
remain unchanged by the reaction. Enzymes do not change the overall thermodynamics of
a reaction (i.e. the “free energy difference” between the initial and equilibrium conditions)
but speed up the reactions, that is, enzymes increase the rate at which equilibrium is
achieved.

Let us consider a reaction:

A+B=C+D
This can be described by an equilibrium constant (A.):
£equ = [C][D]/[A][B]

where [A], [B], [C] and [D] are the concentrations of the reagents and products at equil-
brium (i.e. when there is no further net reaction). &, can also be defined in terms of the
rate constants, & and 4, for the forward and backward reactions, respectively:

K.ow= k' k,

equ

where the rate forward = &[A][B] and the rate backward = £,[C][D].

The thermodynamic feasibility of a reaction is described by Gibbs free energy change (or
simply “free energy change”) (AG): when AG <0, the reaction is “exergonic”, thermody-
namically favoured and can proceed spontancously (subject, however, to kinetic constraints

determined by a so-called “activation energy barrier” (AG,.) that must be overcome before

act,
the reaction can proceed “downhill” to equilibrium). When AG> 0, the reaction is “ender-
gonic” and requires a free energy input to “drive” the unfavourable reaction “uphill”. When
AG= 0 the process is at equilibrium.

At this point it is useful to specify G more precisely in a cell biological context, that is, in
conditions of essentially constant temperature, volume and pressure. For a reaction at con-
stant pressure the energy change (AE) is the difference between heat produced (¢) and work

done by the system (w) (e.g pressure X volume change (PAV) work):
AE=g—w=AH— PAV

where AH is the “enthalpy change” or the heat evolved in a reaction at constant pressure.
However in a cell biological context volume is also essentially constant and hence AH
approximates to the energy change AE.
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The directionality of a cellular reaction at constant pressure and at a particular temperature
(T) (i.e. whether AG is positive or negative) is determined by both the enthalpy change (AH)
and the change in “disorder” of the system described by the change in entropy (AS):

AG=AH—TAS

The First Law of Thermodynamics states that the energy of a system is constant and the
Second Law states that the entropy (or disorder) of a system tends to increase. A simple
example of these relations is given by the melting of ice in a “closed system”. At tempera-
tures below 0 °C (the freezing point of HyO) the values of AH and AS for the solid to liquid
transition are such that AH > TAS, that Is, the energy input required to break the hydrogen
bonds holding the ice crystal lattice together is greater than the value of 7AS (deriving from
the increased disorder or randomness associated with the dissociation of HyO molecules
from each other). Accordingly, at temperatures below 0°C (i.e. below the freezing point)
AG> 0 for the ice to water transition and melting does not occur. However at temperatures
greater than 0°C the values of AH and AS for the solid to liquid transition are such that
TAS> AH and accordingly AG (= AH — TAS) is negative, indicative of the thermodynami-
cally favoured, spontaneous melting of ice at temperatures above the melting point of ice.
Returning to our biochemical reaction, we can define a free energy change (AG):

AG=AG"+ RTIn[C][D]/[A][B] = AG" + 2.303RT log,,[C][D]/[A][B]

where R is the gas constant (8.315]Jmol™! K™!), T'is the absolute temperature (K) and AG"
1s the “standard free energy change” (with all reagents at IM).
At equilibrium, AG= 0 and accordingly:
AG’= —RTIn[C][D]/[A][B] = —RT Ik, = —2.303log), Aequ

equ

b. Enzymes overcome an activation energy barrier

Enzymes do not change the free energy change (AG) for a reaction, that is, do not change the
overall thermodynamics of a reaction. However enzymes do greatly decrease the activation
energy barrier (AG, ) for a reaction. Thus AG<<0 for a thermodynamically favoured reac-
tion A— B, but the reaction will not proceed unless A is first “excited” to a state at a higher
energy level (A¥) by an input of free energy (AG,.,) (noting that AG, > 0). (Imagine driving
a Chevy to the levee in the words of the song but before rolling it into the Mississippi you
first have to push it to the top of the levee bank.) In the laboratory the reaction could be
pushed to proceed by applying heat but in the cell biological context the temperature range
is confined to 0—100 °C (and indeed the normal core temperature for man is 37 £ 0.7 °C). An
enzyme (E) catalyses this reaction in physiological conditions by binding A to form an
enzyme—substrate complex (E—A) and thence forming an “excited” transition state complex
E—A* which has the propensity to react and form the product B. By this means the enzyme
overcomes the barrier in physiological conditions (i.e. greatly reduces AG, ).

c. Mechanisms of enzyme catalysis

An enzyme (E) will have an active site that can bind the reagent or substrate (S) to form an
enzyme—substrate complex (E-S). The active site is highly specific for S (and structurally
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closely related compounds). This binding is determined by stereochemistry (S has to fit in the
active site) and by molecular interactions {e.g. hydrogen bonding, electrostatic, Van der
Waals, dipole—dipole and hydrophobic interactions). This E-S formation has been described
by a “lock and key” model that has been extended by the notion of “induced fit”, that is, S
binding causes a subtle change of active site conformation resulting in even better binding.
Through electronic redistribution promoted by R groups at the active site, the E-S complex
can now form a transition state complex (E-S*) which 1s highly reactive and ultimately yields
the product (P). The active site reaction may involve R groups of particular amino acids (e.g.
Ser, Asp, Glu and His) that may donate or abstract a proton (H*) and may involve a covalent
intermediate complex with the enzyme. Ultimately the product (P) is released leaving the
enzyme unchanged and ready for another round of catalysis. This process can be summa-
rized thus:

E+S—-ES—>ES*—>E-P—>LE+P

d. Enzyme cofactors and enzyme classification

Many enzymes require cofactors. When such cofactors are metal ions (e.g. Cu®*, Zn?*,
Ni**, Fe?*/Fe®*) the enzymes are called metalloenzymes. When organic cofactors
{(coenzymes) are required the coenzyme may be free or tightly bound to the enzyme (as a
so-called “prosthetic group”). The enzyme—cofactor complex is termed the “holoenzyme”
and the enzyme free of cofactor or coenzyme is called the “apoenzyme”.

Some vitamins (trace compounds required to be ingested in our diet) give rise to
coenzymes. Thus niacin (nicotinic acid) gives rise to nicotinamide which becomes part of
the oxidoreductase coenzymes reduced/oxidized nicotinamide adenine dinucleotide
(NADH/NAD™) and reduced/oxidized nicotinamide adenine dinucleotide phosphate
(NADPH/NADP*). Riboflavin (vitamin By) becomes part of the oxidoreductase coenzymes
reduced/oxidized flavin mononucleotide (FMNH,/FMN) and reduced/oxidized flavin
adenine dinucleotide (FADH,/FAD). Thiamine (vitamin B|) becomes part of thiamine
pyrophosphate (TPP) (critically involved in catabolism as a cofactor for pyruvate dehydroge-
nase and a-ketoglutarate dehydrogenase). Pyridoxine (vitamin B, the deficiency of which
causes pellagra) becomes the coenzyme pyridoxal phosphate (involved in transaminase reac-
tions). Folic acid (pteroylglutamic acid) is abundant in leafy vegetables and deficiency of this
vitamin causes megaloblastic anaemia and 1s correlated with the neural tube defect condi-
tion of spina bifida. Folic acid is reduced to 7,8-dihydrofolate (DHF) by the NADPH-specific
oxidoreductase dihydrofolate reductase, DHF being involved as a coenzyme in methyl transfer
reactions.

Enzymes have been classified by an international Enzyme Commission (EC) and assigned
EC numbers. Thus the enzyme creatine kinase (the muscle enzyme that catalyses the
“energy storage” reaction ATP + creatine — ADP + phosphocreatine) has the EC number
2.7.3.2, these numbers successively referring to a transferase function (2), a phosphotrans-
ferase function (7), phosphotransfer with a nitrogen (IN) acceptor (3) and creatine kinase
per se (2).

Enzymes are placed in various major categories indicated by the first number of the
EC number, namely (reaction catalysed in parentheses): (a) oxidoreductases {oxidation—
reduction reactions); (b) transferases (transfer of chemical groups e.g. phosphoryl transfer);
(c) hydrolases (hydrolysis or cleavage of bonds involving reaction with HyO); (d) lyases
(cleavage of C-C, C-O and C-N bonds and often yielding a double bond); (e) isomerases
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(isomerization or interconversion of isomers); and (f) ligases (formation of bonds coupled to
ATP hydrolysis).

e. Enzyme kinetics

The amount of a purified enzyme can be measured either from the amount of protein pre-
sent or the rate of the enzyme-catalysed reaction in specified standard conditions. If an
amount x of an enzyme (E) is added to a reaction mixture containing substrate (S) (plus
cofactors and a buffer solution to keep the pH constant at a defined value) we will observe a
constant initial rate or initial velocity (z,) of production of product (P) (or disappearance of
the substrate S). However as the substrate is progressively consumed the rate of the reaction
will eventually decline and the rate will be zero when the substrate is exhausted. If we add
amount 2x of the enzyme to the identical reaction mixture we will observe an initial rate that
1s twice that observed with amount x of enzyme.

If we set up the same “enzyme assay” with a fixed amount of enzyme but vary the sub-
strate concentration we will observe that initial velocity (z,) will steadily increase as we
increase substrate concentration ([S]) but at very high [S] the g, will asymptote towards a

maximal value referred to as the V.,

{or maximal velocity). A plot of , versus [S] will yield
a hyperbola, that is, o, will increase until it approaches a maximal value. The initial velocity
v, 1s directly proportional to the amount of enzyme-—substrate complex (E-S) and accord-
ingly when all the available enzyme (total enzyme or E) has substrate bound (i.e. E-S =
E—S and the enzyme is completely “saturated”) we will observe a maximal initial velocity
{(Vas)- The substrate concentration for half-maximal velocity (1.e. the [S] when v, = 1,,./2)
1s termed the &, (or the Michaelis-Menten constant). However because », merely asymp-

totes towards V.

as we increase [S] it is difficult to accurately determine 17, or &, by this
graphical method. However such accurate determinations can be made based on the
Michaelis—Menten equation that describes the relationship between v, and [S].

The Michaelis-Menten equation was derived based on an assumption that [E-S] is con-
stant (Le. 1s always being replenished) during the s, measurement period (during which neg-
ligible S is being used up because we are measuring an initial rate). We further assume the

following model for what is happening during the enzyme-catalysed reaction:

/ful kl2
E+S = ES — E+P
£y ko

The dissociation constant of E-S (K} can be defined in two ways:

I ky=[E][S]/[E-S]
2 K’;izk_l//f_)_l

However the Michaelis-Menten constant (&) is defined in terms of E-S association, disso-
ciation and generation of the reaction product P (noting that since we are concerned with
initial rates the product concentration ([P]) is essentially zeroy):

. _/tl"'/‘@rz

m
ko
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The rate constant £, is also known as £, the rate constant for E-S breakdown to yield P. If
k49 1s very low 1n relation to the other rate constants then &, approximates to Ky, that is, K.,
gives a loose estimate of Aj.
The Michaelis-Menten equation relates initial velocity (z,) to substrate concentration ([S])
thus:
Vias[S]

max

)= —

K, *I[S]

When v, = V,,./2 (i.e. at half-maximal initial velocity), this equation reduces to £, = [S],
that is, as defined in the initial graphical description, &, is the substrate concentration giving
half-maximal reaction velocity.

Enzyme kinetic data of », at different substrate concentrations is typically presented as
either of two linear plots:

1 Lineweaver—Burk (or “double-reciprocal”) plots of 1/, versus 1/[S] (intercepts on
these axes respectively providing values of 1/ 7V, and —1/K_);

2 Eadie-Hofstee plots of v, versus v,/ [S] (the intercept on the y, axis and the negative of
the slope yielding values of V. and A&, respectively).

| Enzyme assays

Enzyme activity is measured in defined conditions from the rate of disappearance of S or
the rate of formation of P. S and P concentration changes can be quantitated directly from
specific changes in absorbance or fluorescence characteristic of these molecules using
spectrophotometers or fluorimeters, respectively. Alternatively “linked” or “coupled” assays
can couple formation of a product to the formation of a further characteristically absorbing
{e.g. coloured) or fluorescent product. Thus the enzyme glucose oxidase can be measured as
follows: glucose + Oy + HyO [via glucose oxidase] — gluconic acid + HyOy; HyOy +
X [via peroxidase] — HyO + XO (coloured). Further types of assays can be based on reaction-
dependent changes in pH (measured using a pH electrode). It may be necessary to separate
S and P and this can be achieved by a variety of techniques, for example, thin layer chro-
matography (TLC), paper chromatography, ion exchange chromatography, high
voltage electrophoresis and high performance liquid chromatography (HPLC). Use of
radioactively or fluorescently labelled synthetic substrates can provide great sensitivity,
for example, in assays of protein kinases (Chapter 8). Automated enzyme analysis can
be achieved using autoanalysers and automated microtitre plate fluorescence and
absorbance readers.

In contrast to small, disulphide-rich, stable ectoproteins, enzymes functioning in the intra-
cellular reducing environment are typically relatively large and thermolabile proteins.
Accordingly enzymes are typically isolated at just above 0°C. Conditions that destroy the
enzyme tertiary structure (e.g. elevated temperature, nonpolar organic solvents, hydrogen
bond-breaking compounds such as urea, ionic detergents and extremes of pH) are avoided
in enzyme isolation. Enzymes are stored as solutions at just above 0°C or stored as crystals
or as a lyophilized (freeze-dried) powder at —70°C. As the enzyme assay temperature Is
increased the reaction rate increases (a typical (3, or increase in rate for a 10°C rise, is
about 2). However at high temperatures the rate may fall off due to increasing denaturation
of the enzyme.
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Enzyme activity will typically involve protonatable amino acid R groups that bind
substrates or are otherwise involved in the catalytic mechanism (e.g. through abstracting or
accepting protons in acid-base catalysis). Enzymes typically have a pH optimum (the pH for
optimum activity) due to the existence of ionizable (protonatable) groups both on the sub-
strates and at the enzyme active site. In some cases the pH optimum may reflect physiological
circumstances — thus the pH optimum of intestinally operating trypsin is about 7 (the pH
of the small intestine) whereas that of the gastric protease pepsin is about 2 (close to the pH
of the stomach). Enzyme assays are routinely conducted in solutions that are buffered so that
there is a defined pH that is kept constant even if protons are produced or consumed during
the enzyme-catalysed reaction.

The routine unit of enzyme activity has been the international unit (I.U.), namely pmoles
P formed (or S consumed) per minute. The specific activity of an enzyme preparation is the
number of pmoles P formed (or S consumed) per minute per milligram of protein (clearly
this will be very low in a crude cell extract and have a maximal value for a pure preparation
of the enzyme). If the molecular mass is known, the specific activity of a pure enzyme mea-

sured in “saturating” (V..

conditions) can be used to calculate the “turnover number” (or
“molecular activity”) of an enzyme, namely the number of P molecules formed (or S mole-
cules transformed) per molecule of enzyme per second (units: sec™ ). If we recall that the
maximal velocity (V) equals &4 (sec™ ') [ET], we can see that the molecular activity equals
kyo (sec 1), that is, ke, (sec™ ). The katal is the S.I. unit of enzyme activity (moles substrate
transformed sec 1) from whence come the corresponding units for specific activity (katal

kilogram !} and molar activity (katal per mole of enzyme).

& Enzyme inhibition
Many of the targets of plant-derived defensive compounds are enzymes. It is accordingly
useful to outline key features of enzyme inhibition and its analysis. Initially one can distin-
guish between irreversible and reversible inhibition of an enzyme. Irreversible inhibition
occurs 1n conditions that denature (unfold) the enzyme (e.g. acid, ionic detergents, nonpolar
solvents and elevated temperature). However some specific compounds can cause irre-
versible inhibition of particular enzymes by reacting with critical active site R groups. Thus
diisopropylfluorophosphate (DIFP) is representative of organophosphate insecticides and
nerve gases that react with the active site Ser of acetylcholinesterase (AChE), inactivating the
enzyme and (lethally) preventing requisite hydrolysis of the neuromuscular neurotransmitter
acetylcholine (ACh).

Most of the enzyme-inhibitory compounds described in this book act by reversibly bind-
ing to the target enzyme to form an inactive enzyme-inhibitor (E-I) complex:

E+I=E-1

The affinity of the inhibitor (I) for the enzyme (E) can be described by the dissociation con-
stant of the E-I complex (&;):

k= [E][1]/[E-]
where the concentration terms are those obtained at equilibrium. Note that the unit for &,

Eyand R, is molar (M), that is, moles per litre. If one translates from i vitro determinations
of these parameters (in the test tube) to the n viwo situation (in the living cell), they provide
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a useful indicator of the in viwo, cellular concentration of an enzyme inhibitor, ligand or
substrate, respectively, for half-maximal binding to the enzyme (in the absence of competition
from other compounds).

Reversible inhibition can be competitive or non-competitive. Competitive inhibitors bind
to the active site and compete with the substrate for binding to the enzyme. However this
means that increasing the S concentration will progressively outcompete the inhibitor.
Accordingly a Lineweaver—Burk analysis of enzyme kinetic data obtained in the presence or
absence of a competitive inhibitor will yield the same ¥, (at infinite S concentration) but
the K, in the presence of the inhibitor (K'},) will be higher (poorer binding) than the &, mea-
sured in the absence of competitive inhibitor. Knowing the inhibitor concentration [1] one
can calculate the A&; from the relation:

Kl!’l = K.m(l + [IJ/K,)

Non-competitive inhibitors bind to the enzyme at a site other than the active site and
accordingly do not compete with the substrate. Accordingly a Lineweaver—Burk analysis of
enzyme kinetic data obtained in the presence or absence of a non-competitive inhibitor will
yield the same &, but the ¥, in the presence of the inhibitor (V) will be lower than the
Viax measured in the absence of competitive inhibitor. Knowing the inhibitor concentration
[I] one can calculate the &; from the relation:

Vmax: Vllnax (1 + [1]/[{,)

A competitive inhibitor of an enzyme will typically structurally resemble a substrate of
the enzyme. Thus malonate (methanedicarboxylate; ~OOC~CHy—COO™) is structurally
similar to succinate (ethanedicarboxylate; ~OOC-CHy—CHy—~COO™) and is a competitive
inhibitor of the oxidoreductase succinate dehydrogenase that catalyses the reaction:

succinate + FAD = fumarate + FADH,

Many studies of inhibition of animal or fungal enzymes by plant-derived compounds or
related synthetic compounds have involved assaying the enzyme in standard reaction condi-
tions in the presence of increasing concentrations of the test compounds. From such analy-
ses one can determine IC;, values (concentrations for 50% inhibition) for the test
compounds. However such ICj5, values can be markedly affected by the assay conditions
used. Thus if the compound is a competitive inhibitor then the IG5, value will be much
lower when determined at much lower concentrations of substrate. As indicated above, &;
values can be determined from kinetic analysis as outlined above. However such in witro
determinations have to be qualified in relation to different # viwo conditions including possible
competing ligands and compound-sequestering entities i viwo.

h. Non-enzyme ligand-binding proteins

A variety of proteins not having a catalytic activity can nevertheless bind low molecular
weight metabolites, other proteins, polynucleotides, polysaccharides, membrane compo-
nents or metal ions. In some cases (such as the receptor tyrosine kinases (RTKs)) there 1s
a catalytic domain at one part of the molecule and non-catalytic ligand binding domains
elsewhere. In general, for all ligand-binding entities X (including enzymes, non-enzyme
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ligand-binding proteins, polynucleotides, polysaccharides and membrane components) the
association and dissociation of a ligand (L) can be represented thus:

ki

X+L=X1L
ko

where the rate of association (Msec™ ') = k¢ [ X][L] and the rate of dissociation (Msec™ ') =

ko [X-11.

The dissociation constant of the X—L complex (k) can be defined in various ways:

K= [X][LI/[X 1]
where the concentration terms are the equilibrium concentrations of the indicated
components

2 Ry=k_/ky

3 We can derive an equation relating tightness of binding of the ligand, the free ligand
and total binding entity as follows. If we represent the total concentration of X as [X]
then the concentration of X~ complex ([ X-LJ]) is given by:

xpy = DXl
[Ag] L]
When half of the ligand-binding entity has ligand bound to it, [X-L] = [X]/2 and the
equation reduces to £y = [L], that is, the A corresponds to the ligand concentration for 50%
binding, The value of Ky is typically expressed in units of moles per litre (M). The associa-
tion constant (K,) = 1/K (units: M~ ). Ligand affinities are expressed as K values in this text
because (subject to obvious qualifications in relation to i vifro measurement versus n 0600
conditions) they provide a useful estimate of the i viwo ligand concentration required for ligand
occupation of half the available sites.

K values can be experimentally determined by measuring the bound ligand concentration
(] X—L]) and free ligand concentration ([ L]) at equilibrium at various ligand concentrations.
When X is a macromolecule, bound and free ligand can be separated for analysis (e.g. spec-
trophotometric, fluorimetric or radiochemical analysis) by high-speed centrifugation and
equilibrium dialysis. Alternatively, the amount of bound ligand can be directly measured
(e.g. if the fluorescence of the ligand is quenched on binding to X). Plasmon resonance
analysis now provides a powerful means for determining Ajs of ligands for macromolecules
(immobilized on electronics-linked gold leaflets) from measurements of £, | and £_; from
analysis of association and dissociation kinetics.

Equilibrium bound ligand (Lg) and free ligand (Ly) concentrations can be plotted in sev-
eral ways to determine A values and binding stoichiometries:

1 Klotz (or “double-reciprocal”) plots of 1/[Lg] versus 1/[Ly] (intercepts on these axes
respectively providing values of 1/[maximal L] and —1/Ay);

i1 Scatchard plots of [Lg]/[Ly] versus [ L] (the intercept on the [Ly] axis and the negative
reciprocal of the slope yielding values of maximal mol L bound per mol X and £,
respectively). The Scatchard plot is particularly useful for picking up more than one type
of binding site.
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Ligand binding stoichiometries and £;s having been determined by the methods sketched
above, displacement of fluorescent or radioactively labelled ligands from macromolecules is
a powerful method for detecting and analysing the effectiveness of novel ligands. Such meth-
ods have been very useful for screening for potentially pharmaceutically useful ligands
binding to hormone or neurotransmitter receptors (see Chapters 3-6).

2.4 Metabolic strategies

A number of excellent, recent biochemistry texts provide detailed descriptions and explana-
tions of biochemical systems (see Bibliography). The essential biochemistry involved in par-
ticular biochemical targets for plant defensive compounds is outlined in the relevant chapters
following this section. However it is useful at this point to provide a framework, summary
and rationale for key biochemical “strategies” involved, notably in “mice and men” and
related higher organisms that are the major mammalian targets of biochemical pharmaco-
logical research.

a. Photosynthesis — the primary energy source

Plant chloroplasts absorb light energy (photons) through light harvesting pigments (carotenes
and chlorophylls) to photolyse H,O yielding O, (a strong oxidant) and a strong reductant
(XHy). Electrons flow “downhill” to an ultimate acceptor NADP™ (to yield the reduced form
NADPH) through the photosynthetic electron transport chain (ETC) composed of electron
transfer components such as cytochromes, plastocyanin and plastoquinone. In this process
energy 1s conserved through the “coupled” formation of ATP by the process of photophos-
phorylation. The downbhill flow of electrons through the photosynthetic ETC is exergonic
(AG < 0)and is mechanistically coupled to the endergonic formation of ATP from adenosine
5'-diphosphate (ADP) and inorganic phosphate (Py) (AG > 0).

Oxidation—reduction potential (or redox potential, F) is the potential of compounds to
accept electrons and is by convention measured relative to that of hydrogen. Thus E is very
negative for NADPH (a strong reductant) but positive for O, (a strong oxidant). Standard
redox potentials (Eo’ values in volts) refer to standard conditions (1M redox components) at
neutral pH (pH 7). The standard free energy change at pH 7 for a particular redox reaction
(AGo") is given by:

AGo’ = —nFAEo’

where 7 1s the number of electrons transferred, AGo' is in units of kilocalories per mole (kcal
mol ™), AEo’ (oxidant minus reductant Eo’ value) is in volts (V) and Fis the Faraday constant
(23.06 kcal V™! mol™"). [Note that actual AG and AE values in physiological conditions are
related to the reactant concentrations and the AGo’ and AEo’ values, respectively].

In the so-called “light reactions” of photosynthesis electrons (e”) are donated to the chain
from HyO and ultimately accepted by NADP™ to yield NADPH. The difference between
the Eo’ values of the NADPH/NADP™ (—0.32 V) and HQO/% Oy (+0.82V) “half reac-
tions” (electron acceptor minus electron donor) is —0.32 —0.82V = —1.14V and accord-
ingly AGo’ = —nFAFEo’ = +52.6 kcalmol ™! for the overall reaction:

NADP" + H,O = NADPH + H +40,

This overall endergonic reaction is “driven” by absorbed solar energy in an extraordinarily
efficient process (efficiency ¢. 40%). [In Disturbing the Universe, eminent physicist Freeman
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Dyson speculated on the properties of a highly efficient, self-repairing, self-replicating,
photosynthetic “machine” for space colonization — and could not get past plants]. The pho-
tosynthetic ETC involves two ETC-linked light absorbing photosystems ( photosystems I and
IT) and is described by the so-called Z scheme. Electron flow in “downhill” “noncyclic” and
“cyclic” sections of the chain is coupled to ATP synthesis by noncyclic and cyclic
photophosphorylation, respectively.

The ATP and NADPH synthesized by the light-dependent reactions of photosynthesis
are used to reduce carbon dioxide (COy) to yield carbohydrates in the so-called “dark
reactions” of photosynthesis (otherwise known as the Calvin cycle). This reduction of COy
initially yields phosphoglycerate (Cs) and thence glucose-1-phosphate (Cg). Glucose-1-
phosphate yields the storage and transport sugar sucrose (Giy, l-a-glucosido-2-B-
fructofuranose) and the storage carbohydrate starch (a-(1 — 4)glucopyranose). The Calvin
COy fixation cycle involves a variety of Cs, Gy, C;, Cg and C; carbohydrates not detailed
here. The essential overall reaction can be represented thus:

H,O + CO, + light — (CH,O) + O,
where (CH,O) represents carbohydrate. With glucose (Cg, CgH9Og) as an end product:
6HQO + 6002 + hght — C(;HIQO(; + 602

Carbohydrate is then oxidized back to CO, and HyO by plant cells and by plant-consuming
eukaryotes (animals and fungi) and prokaryotes (bacteria), this exergonic process being
mechanistically “coupled” to the endergonic formation of ATP, the so-called “energy
currency” of living cells.

b. Oxidation of carbohydrate coupled to ATP synthesis

As aresult of over 3 billion years of photosynthesis the earth’s atmosphere contains 21% Oy,
that 1s, most above-ground organisms live in a highly oxidizing environment. Ingested car-
bohydrate (glucose, related sugars and glucose polymers) are metabolized in an aqueous
environment at roughly ambient temperature. However this process can also be anaerobic
(e.g. in the anaerobic glycolysis of yeast fermentation or of high activity skeletal muscle).
In anaerobic yeast fermentation glucose (Cg) 1s phosphorylated (by ATP) to glucose-6-
phosphate which is subsequently oxidized by the process of glycolysis through a succession of
Cg and G intermediates to yield pyruvate (C;). Pyruvate is then reduced to ethanol (in yeast
fermentation) or to lactate (lactic acid) (in high activity skeletal muscle), the yield of ATP in
either case being 2 ATP per glucose metabolized. Anaerobic glycolysis occurs in the cytosol.
Aerobic oxidation of glucose is a much more efficient process in which the glycolytic end
product pyruvate (Cs) 1s decarboxylated and oxidized by pyruvate dehydrogenase in the
inner matrix compartment of organelles called mitochondria. The product of this oxidation
reaction is acetyl-coenzyme A (the acetyl group being Gy) and reduced coenzyme (NADH).
Acetyl-coenzyme A reacts with oxaloacetate (C,) to yield the tricarboxylic acid citrate (Gg)
and thence a series of reactions successively decarboxylate or oxidize Cy and C, intermedi-
ates to ultimately regenerate oxaloacetate (C,). Associated with these reactions of the so-
called mitochondrial tricarboxylic acid cycle (TCA, citric acid or Krebs cycle) is the
production of reduced coenzymes (FADH, and 4 NADH) and GTP (which can readily gen-

erate ATP). The reduced coenzymes are re-oxidized via the mitochondrial inner membrane
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ETC, which conveys electrons from reduced coenzymes to the terminal electron acceptor
O,. The exergonic “downhill” flow of electrons to O, is “coupled” to the endergonic syn-
thesis of ATP from ADP and P;, a process analogous to photophosphorylation and called
“oxidative phosphorylation”. The overall yield of ATP from this process of glycolysis, the
mitochondrial TCA cycle and mitochondrial oxidative phosphorylation is about 38 ATP per
glucose oxidized.

It 1s now useful to consider the overall reaction in which, for example, NADH is oxidized
via the mitochondrial ETC, the electrons finally going to the terminal electron acceptor, Oy:

NADH + H* +4 0, = NAD* + H,0

The difference between the Eo' values of the HyO/4 Oy (0.82V) and NADH/NAD'
(0.32 V) “half reactions” (oxidant minus reductant) is +0.82V—(—=0.32V)=+1.14V and
accordingly AGo’ = —nFAEo'= —52.6 kcal mol .

This exergonic process is coupled to the endergonic process of ATP synthesis catalysed by
the ATP synthase (or F;-F| complex) of the mitochondrial inner membrane:

ADP + P, = ATP (AGo' + 7.3 kcal mol 1)

In the event, 3 ATP molecules are synthesized per NADH oxidized by the mitochondrial
ETC (and 2 ATP per FADH, oxidized).

The actual mechanism involved in oxidative phosphorylation critically involves the relative
proton (H") impermeability of the mitochondrial inner membrane surrounding the inner
matrix. (Note that a further mitochondrial membrane, the outer membrane that is relatively
permeable to many solutes, encloses an intermembrane space between the inner and outer
membranes.) Electron transfer down the ETC (respiratory chain) results in H* (proton)
extrusion to the cytosolic side of the inner membrane, creating a pH and charge difference
across the membrane. The FyF; complex is a transmembrane protein complex located on
the inner membrane and oriented towards the matrix. The I part is buried in the mem-
brane and the knob-like IF| part (which has the catalytic activity) is oriented away from the
cytosol. Protons move back across the membrane through the Iy complex and in so doing
cause a rotation of the I'; complex in which the catalytic 8 subunits successively exist in
three conformational states in which ADP and P; are loosely bound, subsequently synthe-
sised ATP is very tightly bound and a state having a low affinity for ATP. The downhill
movement of electrons to Oy is thus “coupled” to the formation of a proton gradient which
in turn drives successive conformational changes of the B subunits of the ATP synthase

(Fo—T) resulting in ATP synthesis.

c. ATP as the energy currency of cells
ATP is regarded as a “high energy” compound, hydrolysis of ATP being exergonic:

ATP + HyO = ADP + P, (AGo’ — 7.3 kcal mol™ 1)

ATP i1s directly (or indirectly) used to “drive” all kinds of biosynthetic reactions that are
endergonic and would normally not occur, for example, synthesis of proteins, RNA, DNA,
phospholipids and polysaccharides and other biosynthetic reactions. Mechanistically, this
can involve ATP hydrolysis-dependent generation of a reactive intermediate.
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ATP hydrolysis is also used to drive motility (e.g. muscle contraction) and active solute
translocation across membranes. Thus 70% of the ATP utilization in the brain is for opera-
tion of the Na* K*-ATPase responsible for ATP-driven pumping of Na* out of cells and
K" into cells, thereby generating the Na™ and K™ gradients critical for action potentials and
cell signalling, The mechanism involves phosphorylation of an aspartyl residue in the plasma
membrane-located Na* K-ATPase causing a conformational change resulting in Na™
release to the outside of the cell and binding of external K*; dephosphorylation of the Na*
K*-ATPase causes a reversion to the original conformational state and release of bound K*
on the inside of the cell.

d. NADH for catabolism and NADPH for reductive biosynthesis

NADP™ is the 2'-phospho derivative of NAD™. In plants the light reactions of photosynthe-
sis generate ATP and NADPH, which are then used in the Calvin cycle for the reduction of
COy and the synthesis of glucose and glucose polymers. ATP and NADPH are also used in
the “anabolic” (building up) synthesis of fatty acids. NADH (and its oxidized form NAD™)
are used in the “catabolic” (breaking down) “energy metabolism” of plant cells, for example,
in glycolysis, the TCA cycle and in fatty acid oxidation.

In animals and fungi there is a similar dichotomy. NADPH can be generated by cytosolic
malic enzyme which catalyses the reaction: malate + NADP* — pyruvate + CO, +
NADPH. Cytosolic malate derives from the following successive reactions: the pyruvate/
citrate shuttle on the mitochondrial inner membrane takes pyruvate to the mitochondrion
in exchange for citrate; cytosolic ATP citrate lyase catalyses: ATP + citrate +
CoA-SH — acetylCoA (CH3;CO-S—CoA) + oxaloacetate; and cytosolic malate dehydroge-
nase, which catalyses: NADH + oxaloacetate = NAD™ + malate. This scheme provides
both acetylCoA and NADPH for subsequent long chain fatty acid synthesis (see section on
“Fatty acid synthesis”).

NADPH is also generated by the cytosolic “pentose phosphate pathway” that achieves
the following:

6 glucose-6-phosphate + 12 NADP* — 6 GO, + 5 fructose-6-phosphate
+ 12 NADPH + 10 H*

The NADPH generated can thence be used for reductive biosynthesis (e.g. of long chain
fatty acids). The specialized use of NADPH and NADH for reductive biosynthesis and
energy metabolism, respectively, means that NADPH and NADH can be used simultane-
ously in the cytosol for fatty acid synthesis and glycolysis, respectively. The pentose phos-
phate pathway involves the following key reactions [key responsible enzymes are indicated in
square brackets]: glucose-6-phosphate (Cg) + NADP* [via glucose-6-phosphate dehydroge-
nase| — 6-phosphoglucono-8-lactone (Cg) + NADPH; 6-phosphoglucono-8-lactone (Cg) +
H,O [via 6-phosphogluconolactonase] — 6-phosphogluconate (Cg); 6-phosphogluconate
(Gg) + NADP™* [via 6-phosphogluconate dehydrogenase] — 3-keto-6-phosphogluconate
(Gg) = COy (C)) + D-ribulose-5-phosphate (Cs). D-ribulose-5-phosphate (C;) is then con-
verted into D-ribose-5-phosphate (Cs) [via ribose-5-phosphate isomerase] and xylulose-5-
phosphate (C;) [via ribose-5-phosphate-3-epimerase] which are then involved in a series of
Cs, Cy, Gj, G and Cy sugar phosphate interconversions [involving the enzymes transketo-
lase and transaldolase] yielding fructose-6-phosphate and thence glucose-6-phosphate.
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e. Monomer polymerization to yield polymers

A relatively small set of monomeric precursors can generate a wide range of polymers. This
is most evident in the case of polypeptides and polynucleotides but the same principle applies
to fatty acids, lipids and polysaccharides. The synthesis of these polymers is briefly sketched
below [the enzymes catalysing key steps are indicated in square brackets for clarity].

i. Fatty acid synthesis. The anabolic (building up) process of fatty acid synthesis occurs
in the cytosol whereas the converse catabolic (breaking down) process of fatty acid oxidation
(B-oxidation) is confined to the mitochondrial matrix. Nevertheless there is an interplay of
both compartments in both processes. The thioester acetylCoA (CH4—CO-S-CoA) is gen-
erated in mitochondria as a result of pyruvate oxidation [catalysed by pyruvate dehydroge-
nase| but cannot cross the inner membrane. AcetylCoA (Cy) condenses with oxaloacetate
(Gy) to form citrate (Cy;) [via citrate synthase] and is transported into the cytosol in exchange
for pyruvate (Cg) which can regenerate oxaloacetate (C,) in the mitochondrial matrix [via
ATP and pyruvate carboxylase]. In the cytosol citrate (Cg) plus CoASH [via ATP and ATP-
citrate lyase] yields acetylCoA (Cy) and oxaloacetate (C,). Oxaloacetate (C,) 1s reduced to
malate (C,) [via NADH and malate dehydrogenase] which is thence decarboxylated [via
NADP?* and malic enzyme] to yield COy (C)), pyruvate (Cs) (which can return to the mito-
chondrial matrix) and NADPH. The first committed step of fatty acid synthesis is synthesis
of malonylCoA (Cs) from acetylCoA (Cy) and CO, (G)) [via ATP and the biotin-containing
acetylCoA carboxylase].

Subsequent reactions are catalysed by enzymes of the dimeric eukaryote fatty acid syn-
thase complex together with a small acyl carrier protein (ACP). ACP (like coenzyme A) has a
phosphopantotheine (a thiol) as a prosthetic group and can form malonyl-S-ACP (Cy) [via
malonylCoA and malonylCoA-ACP transacetylase]. Similarly an acetyl transferase catalyses
the reaction of acetyl-S—CoA (C,) with a thiol (-SH) on an acyl-malonyl-ACP condensing
enzyme (CE) to form acetyl-S—CE (Cy). In an irreversible reaction [catalysed by B-ketoacyl-
ACP synthase (= acyl-malonyl-ACP CE)] acetyl-S—CE (C,) and malonyl-S-ACP (Cs) react
with loss of COy (G)) to form acetoacetyl-S-ACP (C). Acetoacetyl-S-ACP is reduced [via
NADPH and B-ketoacyl-ACP reductase] to yield D-3-hydroxy-butyryl-ACP, which is then
dehydrated [via 3-hydroxyacyl-ACP dehydratase] to yield a #rans-A2-enoyl-ACP, which is
thence finally reduced [via NADPH and enoyl-ACP reductase] to yield butyryl-ACP (C,).
Butyryl-ACP generates a butyryl-S—CE (C,) which reacts with further malonyl-ACP (Cy)
(with GOy (C)) release) and the cycle can then be repeated (with a C, addition in each
cycle) until a palmitoyl-ACP (C ) 1s generated. At this chain length free palmitate
(CH4(CH,),,CGOO™) is formed [via a thioesterase]|. The overall stoichiometry is:

8 acetyl-CoA (Cy) + 7ATP + 14NADPH + 6 H*
— palmitate (C ) + 14 NADP' + 8 CoASH + 6 H,O + 7ADP + 7 P,

ii. Lipid complexity — triacylglycerol, phospholipid, sterols and membrane
bilayers. Long chain fatty acids represent high energy density catabolite sources
and are stored as triacylglycerols. The synthetic route can be summarized as follows:
glycerol-3-phosphate (an intermediate in glycolysis derived from glycerol, that is, 1,2,3-
trihydroxy-propane) — [via fatty acyl transferase + 2 fatty acylCoA (R—-CO—-S—CoA)]
1,2-diacyl- glycerol-3-phosphate (phosphatidate) — [via phosphatidate phosphatase + H,O]
1,2-diacylglycerol (DAG) — [via fatty acyl transferase] triacylglycerol. One can appreciate
the potential complexity of phosphatidates, monoacylglycerols, diacylglycerols and
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triacylglycerols (the variables being fatty acid chain length and location and number of double
bonds in the unsaturated fatty acyl chains).

3-Phosphodiacylglycerol derivatives are phospholipids and are major constituents of cell
membranes. Phosphatidate (1,2-diacylglycerol-3-phosphate) is a phosphomonoester. We can
simply represent phosphatidate as DAG—P (P denoting a phosphoryl or PO; substituent).
However diacylglycerols can form phosphodiesters with a variety of alcohols (ROH). These
so-called phospholipids are major components of biological membranes. Major
phospholipids include phosphatidylcholine (DAG-P-O-CH,CH,N*(CHsy)s), phos-
phatidylethanolamine (DAG-P-O-CH,CHyNH,), phosphatidylserine and phosphatidyl-
nositol (where inositol is hexahydroxycyclohexane). The enzyme-catalysed synthesis of
these phospholipids involves a prior activation through phosphorylation of the alcohol
(ROH) (such as choline) by reaction with ATP [catalysed by choline kinase]:

R-OH + ATP — R-O-P + ADP

R—O-P can react with the related “high energy” nucleoside triphosphate CTP (cytidine 5'-
triphosphate):

R-O-P + CTP — R-O-P-P—cytidine + PP; (pyrophosphate)
R-O-P-P-—cytidine can react with DAG to form a phospholipid:
R-O-P-P-cytidine + DAG — DAG-P-O-R + cytidine-P (CMP)

Phospholipids are amphipathic molecules, that is, they have parts of different polarity. The
fatty acyl chains are nonpolar and hydrophobic whereas the phosphoryl alcohol “head
group” 1s polar and can be solvated by HyO. Phospholipids form bimolecular membranes in
which the hydrophobic fatty acyl chains are located in the interior of the membrane (away
from H5O) and the head groups are on the surface (on either side of the membrane) and
exposed to HyO. Representing phospholipids as =O {where = represents the fatty acyl chain
and O the head group), we can represent such a “phospholipid bilayer” thus:

0==0
0==0
0==0

The “phospholipid bilayer” is the basic structure of all biological membranes. In addition to
the phospholipids noted above a variety of others exist. Thus cardiolipin (in which a glycerol
diester links two phosphatidates) is present in mitochondrial and bacterial membranes.
Sphingosine is an amphipathic lipid having the structure:

CH,(CH,),,CH=CHCH(OH)CH(NH,)CH,0OH

Long chain fatty acid amides involving the 2-amino of sphingosine (RCONHX) are called
ceramides and are structurally similar to diacylglycerols in having a glycerol-like head and
two long hydrocarbon chains. Ceramide 1-O-phosphorylcholine is a phospholipid called
sphingomyelin. Related, amphipathic, membrane-associated lipids that are related to sphin-
gomyelin include the cerebrosides (ceramide 1-O-glucose and ceramide 1-O-galactose) and
the gangliosides (ceramide 1-O-oligosaccharides).
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Cholesterol ((3B)-cholest-5-en-3-ol) is a major non-phospholipid component of animal
membranes and is the principal sterol of animals. Cholesterol is also amphipathic, the
3-hydroxy being polar and the rest of the molecule hydrophobic. Cholesterol can insert into
phospholipid bilayers, lowering membrane permeability and lowering the “melting point” of
membranes (1.e. making the membranes less ordered and more fluid).

The phospholipids and sphingolipids of biological membranes can have considerable
structural diversity through having different “head groups” and different fatty acids chains
{that can vary in terms of chain length and the number and disposition of double bonds).
Unsaturated fatty acids have lower melting points than saturated fatty acids and a higher
proportion of unsaturated fatty acids in membranes makes for higher membrane fluidity (i.e.
for lower transition temperatures at which the viscosity of the membrane sharply increases
as the membrane “solidifies”).

iii. Monosaccharides and polysaccharides. Monosaccharides (or sugars) are
carbohydrates with the general formula (CH,O), and contain either a ketone group
(CG—C(=0O)-C) (ketose sugars) or are aldehydes (X—CHO) (aldose sugars). Sugars with 3, 4, 5,
6 and 7 carbons are called trioses, tetroses, pentoses, hexoses and heptoses, respectively.
These polyalcohols have asymmetric carbon centres and hence have stereoisomers that dif-
fer in optical activity in relation to rotation of the plane of polarization of plane polarized
light. Thus the triose glyceraldehyde has an asymmetric C (C¥) (CHO-C*H(OH)-CH,OH)
and can exist as 2 mirror image forms, namely D- and L-glyceraldehyde. Larger sugars have
accordingly more asymmetric centres and by convention 1 and I refer to the asymmetric C
configuration furthest from the aldehyde or ketone group.

A sugar aldehyde group (CHO) can react with a hydroxyl to form a hemiacetal, that is,
R-OH + R'-CHO — R-O-C(OH, R’, H). Similarly, a sugar ketone can react with a
hydroxyl to form a hemiketal, that is, R-OH + R'-CO-R" — R-O-C (OH, R’, R").
Through such reactions sugars such as the aldose hexose D-glucose and the ketose hexose
D-fructose can exist in open chain forms or can cyclize. It should be noted that both the ketone
and aldehyde groups of monosaccharides can reduce the cupric ion (Cu®*) to cuprous (Cu™)
and hence they are referred to as “reducing sugars”.

D-glucose (CHO-CH({OH),CH,OH, with the aldehyde carbon being numbered carbon 1
or CG-1) cyclizes to form a 6-membered ring (called a pyranose ring after the 6-membered
cyclic ether ring compound tetrahydropyran), the reaction involving the CHO (C-1) and the
hydroxy on carbon-5 (C-5). The substituents of C-1 are accordingly the hemiacetal O, C-2,
an H and an OH. Two anomers are possible in relation to the orientation of the 1-OH of
cyclized D-glucose and thus we have a-D-glucose and B-D-glucose that interconvert in solution
via the open chain form (mutarotation) (Section 4, Appendix). These forms can be repre-
sented by Haworth projection formulae in which the plane of the ring is approximately
perpendicular to the plane of the paper, the G-2-C-3 bond is closest to the reader (and indi-
cated thus by a very thick line), the hemiacetal O is furthest away from the reader and the
CH,OH (C-6) and the C-1 OH are both oriented upwards (in the B-anomer). In this
arrangement the OH is oriented downwards from the anomeric carbon 1 (C-1) in the
Q-anomer.

Similarly, open-chain D-fructose (CH,OH-CO—(CH,OH}),~CH,OH), a ketose hexose,
can cyclize via the keto (C=0) of C-2 reacting to form a hemiketal with the hydroxy (OH)
of C-5 to generate a 5>-membered ring (called a furanose ring after the 5-membered cyclic
ether ring compound tetrahydrofuran). Again anomers are possible in relation to the OH on
the anomeric C-2 and thus D-fructose can exist as a-D-fructose and B-D-fructose that inter-
convert in solution by mutarotation via the open chain form (Section 4, Appendix).
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Monosaccharides can form disaccharides through reaction of the anomeric carbon OH
with an OH of another sugar to eliminate HyO and form a C—O-C linkage called a “glyco-
sidic link”. Thus formation of a glycosidic link between the anomeric carbon (G-1) of
B-D-galactose (Gal) and C-4 of B-p-glucose (Glc) yields the disaccharide lactose
(B-p-galactopyranosyl(l — 4)-B-D-glucopyranoside; B-D-Gal(l — 4)-B-p-Glc) involving
a “B(1 — 4) bond”. Note that lactose has a “reducing end” (C-1 of the glucose part).
Similarly a glycosidic link between the anomeric G-1 of a-D-glucose and C-4 of
a-D-glucose yields maltose (a-D-glucopyranosyl(l — 4ja-D-glucopyranoside; a-D-Gle(1 — 4)-
a-D-Glc), this glycosidic link being an “a-(1 — 4) bond” and maltose having a “reducing end”.

Sucrose (cane sugar) is a disaccharide in which the glycosidic link involves the anomer
C-1 of a-p-glucose and the anomeric C-2 of fructose. Sucrose (a-D-glucopyranosyl(l — 2)
B-D-fructofuranoside; a-D-Gle(l — 2) B-D-Fru) does not have a reducing end because the
reducing ends of both the constituent monosaccharides are involved in glycosidic bond
formation (Section 4, Appendix).

Other monosaccharide derivatives are of importance. Thus phosphorylated monosaccha-
rides are important intermediates in metabolism (e.g. in the Calvin cycle, the pentose phos-
phate pathway, glycolysis and gluconeogenesis). The monosaccharides B-D-glucosamine
(GleN) and (-D-galactosamine (GalN) are analogues of B-D-Glc and B-p-Gal,
respectively, in which there is a 2-amino (NHy) instead of a 2-hydroxy (OH);
B-D-N-Acetylglucosamine (GlcNAc) and B-D-N-acetylgalactosamine (GalNAc) are the corre-
sponding acetylated sugars that are often components of glycoproteins (glycosylated
proteins) that can be decorated by complex oligosaccharide structures involving various
sugars including Glc, Gal, GleNAc, GalNAc, fucose (Fuc), mannose (Man) and sialic acid
{(M-acetylneuraminic acid, NeulNAc). O-linked oligosaccharides are attached via O-glycosidic
bonds to the OH groups of Ser or Thr. N-linked oligosaccharides are attached via the amide
NH, of the R group of Asn, Asn typically occurring within the sequence Asn-X-Ser.
Complex oligosaccharides are synthesized on the cytosolic side of the ER membrane
attached to a lipid carrier (dolichol phosphate). After synthesis of a (Man);(GlcNAc),-
pyrophosphate-dolichol the molecule “flips” across the membrane and inside the lumen of
the ER the oligosaccharide part (G-oligosaccharide) is transferred to a protein acceptor
[catalysed by membrane-bound oligosaccharide transferase] after which it is subject to
processing or “trimming”.

Nucleosides are N-glycosides in which an N-glycosidic bond is formed between the
anomeric carbon of a sugar and a nitrogen (IN) of a base. Thus formation of an N-glycosidic
link between the anomeric carbon (C-1) of the pentose furanose sugar ribose and the N9 of
adenine (6-aminopurine) yields the nucleoside adenosine. Phosphorylation of the 5'-
hydroxyl of the ribose moiety of adenosine yields the “nucleotide” adenosine 5'-monophos-
phate (5"-AMP or AMP) and further phosphorylation successively yields ADP and thence
ATP, the “energy currency” of living cells.

Other related ribonucleotides with different purine or pyrimidine bases include uridine
5 -triphosphate (UTP) ( pyrimidine base, uracil), cytidine 5'-triphosphate (C'TP) (pyrimidine
base, cytosine) and guanosine 5'-triphosphate (GTP) (purine base, guanine). In deoxynu-
cleotides ribose is replaced by 2’-deoxyribose and we have the analogous deoxynucleosides
deoxyadenosine, deoxyguanosine, deoxycytidine and deoxythymidine (for which thymine
(5-methyluracil) is the corresponding base) and the corresponding deoxynucleoside
5’-monophosphates (INMPs), 5'-diphosphates (ANDPs) and 5'-triphosphates (dN'TPs).
The polynucleotide RNA is composed of nucleoside monophosphate monomers (AMP,
GMP, UMP and CMP) linked by 3,5 -phosphodiester linkages. The polynucleotide DNA is
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composed of deoxynucleoside monophosphate monomers (dAMP, dGMP, dTMP and
dCMP) linked by 3’,5'-phosphodiester linkages.

Polysaccharides have major structural and storage functions in cells. Plant cell walls have
as a major component the {1 — 4)glucan polymer cellulose in which the 3-D-glucopyra-
nosyl units are linked by B(1 — 4) linkages. Cellulose forms linear fibrils which in the plant
cell wall are associated with other polysaccharides and with phenolic lignin cross-links that
provide further strength. Callose is a wounding-induced plant cell wall {1 — 3) glucan poly-
saccharide in which (-D-glucopyranosyl units are linked by 8(1 — 3) linkages. Cellulose and
callose are produced by PM-located enzyme complexes that use UDP-glucose (uridine 5'-
diphosphate a-D-glucopyranosyl ester; UDP-Glc; UDPG) as a biosynthetic precursor.

After glucose synthesis in photosynthesis, the disaccharide sucrose (a-D-Gle(1 — 2)B3-D-Fru)
is used as a readily transportable sugar. Sucrose synthesis successively involves the following:
UDP-glucose + fructose-6-phosphate — sucrose-6-phosphate + UDP [via sucrose phosphate
synthase]; sucrose-6-phosphate + HyO — sucrose + P; [via sucrose-6-phosphatase].

The major form of stored, readily metabolizable sugar in plants is the polysaccharide
starch, a polymer in which a-D-glucopyranosyl units are linked by a(1 — 4) linkages. Starch
is synthesized in the inter-thylakoid space (stroma) of chloroplasts and stored there as starch
grains. Starch synthesis uses ADP-glucose, CDP-glucose and GDP-glucose as precursors
(UDP-glucose being used for cellulose and callose synthesis).

In animal cells the glucose polymer glycogen is an important carbohydrate energy reserve,
principally in the liver and skeletal muscle. Glycogen involves glucose residues linearly linked
by a{l — 4) linkages but with periodic branches every ¢. 10 residues due to a{l — 6)
linkages. Glycogen is formed by the following reactions: (a) UTP + glucose-1-
phosphate — UDP-glucose + PP; [via UDP-glucose pyrophosphorylase]; (b) PP; +
H,O — 2P, [via pyrophosphatase, this reaction making reactions (a) and (b) combined exer-
gonic overall]; (c) glycogenin (a protein) autocatalytically transfers 8 glucosyl residues to a
tyrosine OH on itself and this then acts as a “primer” at the core of the glycogen molecule
that is subsequently formed [via glycogen synthase + UDP-glucose] by addition of glucosyl
residues to the non-reducing end by a(1 — 4) linkages (the requirement of glycogen synthase
to be in contact with glycogenin limiting the ultimate size of the glycogen granule): UDP-
Glc + (Gle),-X — Glca(l — 4) (Glc),-X + UDP; (d) a(1 — 6) branches are added (thereby
creating many new ends for subsequent synthesis and degradation) by cutting a(l — 4) links
and re-joining blocks of about 7 Glc residues by a(l — 6) links [catalysed by branching
enzyme (amylo(1-4 — 1-6) transglycosylase)].

iv. DNA structure and synthesis. DNA chains are polymers of dNMPs (dAMP,
dGMP, dCMP and dTTP) that are linked by 3',5’'-phosphodiester linkages (deoxyribose,C-
3'—O-P(—0O)y—O—-C—-5"deoxyribose,  |) between successive deoxyribose residues, the purine
(A, G) and pyrimidine (G, T) bases being linked by N-glycosidic linkages to the anomeric
carbon (C-1') of each deoxyribose. DNA sequences are conventionally written as base
sequences from the 5'-end to the 3’-end of the sugar—phosphate—sugar backbone.

DNA can be single stranded (ssDNA) or double stranded (dsDNA). In dsDNA the two
strands are antiparallel and are complementary based on the hydrogen bonding between
bases (base pairing). Thus adenine (a purine) hydrogen bonds to thymine (a pyrimidine),
this involving 2 hydrogen bonds between keto and amino groups (that we can denote as
A=T). Hydrogen bonding between guanine (a purine) and cytosine (a pyrimidine) is much
stronger since it involves 2 hydrogen bonds between keto and amino groups and a further
hydrogen bond between a purine N and a pyrimidine N (1.e. G=C). A notional dsDNA

sequence could be:
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5"-AATTGGCC-3’
3’-TTAACCGG-5'

The 2 antiparallel strands are “plectonemically” coiled (intertwined as in 2-stranded plaits) as
a right-handed “double helix” with the paired bases located within the structure, these planar
heterocyclic molecules being roughly stacked parallel to each other and perpendicular to the
long axis of the dsDNA. Base-pairing between the bulkier purines and the smaller pyrim-
idines ensures efficient packing within the hydrophobic core of the DNA. The outer part of
the dsDINA in contact with HyO is composed of the negatively charged, polar sugar—phos-
phate backbone. The intertwining of the two strands creates “minor grooves” (in which the
strands are closer together) and “major grooves” (in which the strands are further apart), these

RT3

grooves alternating in a “minor groove”—“major groove” pattern along the molecule.

Because hydrophobic interactions and hydrogen bonding are favoured at higher ionic
strength and lower temperatures, respectively, such conditions promote dsDINA formation.
Conversely, increasing temperature can overcome hydrogen bonding and cause denaturation of
dsDNA to give single strands. Single strands can be “renatured” or “hybridized” at lower tem-
peratures, with the exact fidelity of re-association being determined by the complementary base
sequences. It is this fidelity of hybridization that underpins the revolution in molecular biology.

Genes are composed of dsDNA that is organized in a specific organelle (the nucleus) in
eukaryotes (plants, fungi and animals) but is merely packaged into a region of the cell called the
nucleoid in prokaryotes (bacteria). Because of the length of a typical bacterial chromosome
(that of Escherichia coli being a circular, dsDNA molecule containing 4.6 million base pairs),
the DNA is “negatively supercoiled” and twisted into some 50 loops associated with some
DNA-binding, histone-like proteins that in turn enable association with the cell membrane.

In eukaryotes (such as man), DNA includes the encoding genes (exons), intervening
sequences (introns) and regulatory elements. In man DNA is organized into chromosomes —
2 sets of 23 per cell in diploid somatic cells (including an X and a Y chromosome in male
cells and two X chromosomes in female cells) and 1 set per cell in haploid germ cells. The
length of dsDNA in these chromosomes ranges from 1.6 to 8.4 ¢cm and accordingly has to be
very compactly packaged at various levels. (a) So-called core DNA is wound about basic his-
tone protein octamers (containing 2 copies each of histones H2A, H2B, H3 and H4) with a
histone H1 molecule binding to the surface of this 11 nanometer (nm) diameter “nucleo-
some”; individual nucleosomes are connected by 55 base pair linear “linker DNA”.
(b) Nucleosomes are helically packaged into 30-nm diameter solenoid-like fibres. (c) The
30-nm fibres are organized into radial looped structures perpendicular to a protein “scaffold”
at the centre of each chromosome.

DNA synthesis is catalysed by DNA polymerases and requires the precursor ANTPs (dATP,
dGTP, dCTP and dTTP, each of these existing as Mg®* complexes), a template (i.¢. the dsDNA
being copied) and a primer (an initial deoxyribose 3'-OH to enable the reaction to insert the
first new nucleotide). The reaction proceeds in a 5’ to 8’ direction, that is, at the end of the syn-
thesis there is a “vacant” deoxyribose 3'-OH. The fidelity of the replication process is based on
the incoming nucleotides “base pairing” with the correct base on the antiparallel template.
DNA synthesis is semi-conservative (i.e. the newly synthesized strand partners its antiparallel
complementary strand) and is bidirectional (because both original strands are replicated).

In prokaryotes DNA polymerase I has a 5" — 3’ DNA polymerase activity as well as a
“proof reading” capacity to “chop out” nucleotides in either direction through a 5" — 3’
and a 3" — 5’ direction exonuclease activity; DNA polymerases II and III have 5" — 3’
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DNA polymerase activity and 3" — 5 direction exonuclease activity. Because there are 2
strands to be replicated the 2 strands of the dsDNA have to unwind and in a circular dsDNA
bidirectional replication results in a “replication bubble” bounded by two Y-shaped “replication
forks” that move around the circle. The continuous or leading strand is made unbroken
around its ssDINA template. However the other (antiparallel) strand (the lagging strand), pro-
ceeding from the same starting point as the dsDNA opens up, is made with the same 5" — 3’
polarity but in the opposite direction to that for the leading strand. Further, the lagging
strand is made as short bits (called Okazaki fragments) which are subsequently joined up by
an ATP-dependent enzyme DINA ligase:

Parent strand 1: 5’ 3’
Leading strand: 3’ 5
Parent strand 2: 3’ 5’
Lagging strand: 5’ 3’

DNA replication requires a primer as well as a template and the primer is a piece of RNA
made by a primase. DNA polymerase I eventually excises the RNA primer and fills in the
gap which is then closed by DNA ligase. Without detailing the topological problem, unwind-
ing of circular DNA requires an ATP-dependent helicase (to unwind the strands),
an ssDNA-binding protein (to stop the strands winding back again), topisomerase I (to make
a single-strand break on one strand just ahead of the fork to permit it to rotate about the
unbroken strand with subsequent rejoining of the break) and topoisomerase II (to make a
double-strand break for one of the interlocked daughter dsDINA circles to pass through and
then re-join the break).

A similar semiconservative, bidirectional DNA replication process takes place in eukary-
ote cells but there are many DNA replication origins (replicons) that can occur in clusters
called “replication units”. Eventually all the regions of replication are joined up to form 2
continuous semi-conservative dsDNAs. Specialized DNA polymerases are required, namely:
DNA polymerase a (which synthesises the lagging strand and has primase activity to make
the RNA primer but does not have 3" — 5’ exonuclease activity); DNA polymerase & (which
makes the leading strand and has 3’ — 5’ exonuclease activity that excises nucleotides in
that direction); DNA polymerases 3 and € (involved in DNA repair); and DNA polymerase y
(which replicates mitochondrial DNA). TFinally, the replication of Ilinear DNA
(as opposed to that of bacterial circular DNA) has a problem of potential failure to replicate
the 3'-ends by the lagging strand. This arises because when the RNA primers are removed
there is then no 3'-OH end template to permit requisite DNA synthesis. This has been over-
come by having telomeres at the ends of chromosomes having short repeated sequences and
a telomerase containing a complementary RNA sequence that can extend the parent strand
3’-end by reverse transcription (RNA-dependent DNA synthesis) to be followed by DNA-
dependent DNA polymerase « filling in the gap.

v. RNA structure and synthesis. RNA chains are polymers of NMPs (AMP, GMP,
CMP and UMP) that are linked by 3’,5'-phosphodiester linkages (ribose,C-
3'—O-P(—0O)y—O—-C—5'ribose, 1 |) between successive ribose residues, the purine (A, G) and
pyrimidine (U, C) bases being linked by N-glycosidic linkages to the anomeric carbon (C-1)
of each ribose. RNA sequences are conventionally written as base sequences from the 5'-end
to the 3'-end of the sugar—phosphate—sugar backbone.
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RNA is single stranded but can have “secondary structure” by forming double stranded
regions where it 1s “self-complementary”. Thus the linear RNA sequence:

5'-AAGGCCAUGGCGGCCUU-3’

can form a looped structure involving 2 hydrogen bonds between A and U pair (A=U) and
3 hydrogen bonds between each G and C pair (G = C) (these links being indicated as dots
below):

5'-AAGGCCAU

3’-UUCCGGCG

“Transcription” of the gene encoding a protein yields a messenger RNA (mRNA) which
can be subsequently “translated” on ribosomes to yield the encoded protein. The Genetic
Code involves combinations of three bases (triplet codons), there being a total of 4 X4 X 4 =64
possible triplet combinations of four bases. Three of the codons (UAG, UGA and UAA) do
not encode amino acids but are “stop codons” or “termination codons” that specify termi-
nation of translation of the mRNA to yield a polypeptide. Accordingly there remain 61
codons for coding 20 amino acids. Two amino acids have only one codon, namely Met
(AUG) and Trp (UGG). The other amino acids have variously 2 to 6 codons and the Genetic
Code is accordingly described as being “degenerate”. Thus Gly has the codons GGA, GGG,
GGU and GGC (the less stringent third position being referred to as the “wobble” position).
AUG is the universal “start codon” and thus initial polypeptide translation products start
with Met (in eukaryotes) or N-formylMet (in prokaryotes). The Genetic Code is universal
{except for some changes in some mitochondrial codons).

The DNA of a gene has a sense (+) strand and a complementary antisense (—) strand.
The antisense strand acts as a template for transcription yielding a complementary RNA
that is made in a 5’ — 3’ direction. The RNA sequence is complementary to the DNA
sequence, fidelity of transcription being established through base pairing of the incoming
ATP, GTP, UTP or CTP RNA precursors with the bases T, G, A and G, respectively, of the
DNA antisense strand. The notional example below (with spacing introduced between
codons for clarity) illustrates this “information flow” in “gene expression”:

DNA sense (+) strand:  5'-ATG GGA GGT GGG GGC TAG-3’
DNA antisense (—) strand: 3'-TAC CCT CCA CCC CCG ATC-5'

RNA transcript: 5'-AUG GGA GGU GGG GGC UAG-3'
Translation product: (NH,*)-Met-Gly-Gly-Gly-Gly—(COO™)

The mRNA transcript is a linear molecule but can have secondary structure through “auto-
complementarity” as indicated above. In addition to mRINA there are other types of RNA,
notably ribosomal RNA (rRINA) and transfer RINA (tRINA). The rRINAs in eukaryotes include
188, 5.8S, 28S and 5S rRINAs (S, the Svedberg, being a measure of rate of sedimentation in
ultracentrifugation and hence of relative size). The rRINAs have extensive secondary structure.
The rRNAs and a number of proteins make up the ribosome upon which translation occurs.
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tRNAs are clover leaf-shaped RINAs with extensive secondary structure that determine
fidelity of translation through an “anticodon sequence” that can base pair with an mRNA
codon. Thus a Met-specific tRNA (tRNA,;. ) (that becomes aminoacylated with Met in pro-
tein synthesis) will have an anticodon sequence 3'-UAC-5" to enable it to base pair exactly
with the Met codon (5'-AUG-3") of the mRNA and hence introduce the right amino acid (in
this instance Met) into the growing peptide chain on the ribosome:

mRNA codon: 5-AUG-3’

tRNA,, anticodon: 3'-UAC-5’

The process of DNA-dependent RNA synthesis is catalysed by RNA polymerases and
requires the precursor nucleoside 5'-triphosphates (ATP, GTP, CTP and UTP, each as Mg**
complexes) and a template (i.e. the DNA being “transcribed”). The reaction proceeds in a 5’
to 3’ direction, that is, at the end of the synthesis there is a “vacant” ribose 3'-OH. The
fidelity of the replication process is based on the incoming nucleotides base- pairing with the
correct base on the antiparallel “antisense” ssDNA template that has to “unwind” from its
complementary “sense” strand during the process.

Further details of the nature and regulation of transcription in prokaryotes and eukary-
otes and the post-transcriptional “processing” of mRINA transcripts are given in Chapter 9.

vi. Protein synthesis and processing. Translation of mRNA to yield the encoded
polypeptide occurs on ribosomes. As indicated in the section on “RNA structure and syn-
thesis”, the mRNA is “read” in a 5' — 3’ direction, the polypeptide is synthesized in an
amino terminal (N-terminal) to carboxy terminal (G-terminal) direction and the exact
fidelity of translation is determined by the hydrogen bonding interaction of the anticodon of
each amino acid-specific tRNA with the complementary mRNA codon. The ribosomes are
huge rRNA-ribosomal protein complexes involving a multiplicity of rRNAs and ribsomal
proteins. The ribosomes are composed of two subunits, namely the large (L) and small (S)
subunits. The ribosomes have 2 tRNA binding sites located near the interface of the L and S
subunits, namely the A (or aminoacyl-tRNA site) and the P (or peptidyl-tRNA) site. The
prokaryote ribosome (70S) is composed of 50S (L) and 30S(S) subunits whereas the eukary-
ote ribosome (80S) is composed of 60S (L) and 40S (S) subunits. The following summary is
based on the prokaryotic system.

Amino acid-specific aminoacyl tRNA synthetases couple amino acids
(*H3N-CH(R)-COO™) to the 3'-OH of amino acid-specific tRNAs ({RNA-CCA-3'-OH)

in the following reactions:

1 "H3N-CH(R)-COO~ + ATP — "H3N-CH(R)-CO—(PO,)-O-ribose—adenine
{(aminoacyl-adenylate, aminoacyl-AMP) + PP; (which is thence hydrolysed to 2P;, thus
driving the reaction to the right)

2 aminoacyl-AMP + tRNA — aminoacyl-tRNA + AMP

The first amino acid for reaction is M-formylmethionine (fMet) which has a specific tRNNA
(tRNAMY (as opposed to the Met-specific tRNA tRNA,, ). Using GTP hydrolysis as an
energy source, the 30S subunit complexes with initiation factors IF1, IF2 and IF3. This com-
plex binds the mRNA with the anticodon (3'-UAC-5") of the N-formylmethionyl-tRNAM
(fMet—tRNA ) hydrogen bonding to the start codon (5'-AUG ----3') of the mRNA, the
fMet-tRNA M binding at the so-called “P site” with release of IF3.
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The 508 subunit now binds with release of IF1, IF2, GDP and P; to yield the following P

site—A site arrangement (the vertical line represents the specific aminoacyl-tRNA):
{Met

Anticodon: UAC
mRNA: AUG GGG UCU ---
Site: P A

An elongation factor EF-T catalyses a further GTP hydrolysis-dependent binding of the
next aminoacyl-tRNA to the adjoining “A site”:

tMet  Gly
Anticodon: UAC CCC
mRNA: AUG GGG UCU ---
Site: P A

A 508 subunit peptidyl transferase (PT) catalyses the formation of a peptide bond between
fMet and Gly (i.e. yielding fMet-CO-INH-Gly-):

fMet—Gly
Anticodon: UAC CCC
mRNA: AUG GGG UCU -
Site: P A

Now an elongation factor EF-G catalyses a GTP hydrolysis-dependent translocation of the
mRNA by three nucleotides so that codon 2 (bearing an fMet—Gly—tRNA) is now in the P
site, the first tRINA is released and codon 3 is in the A site, ready to accept the next aminoacyl-

tRNA, in this instance Ser-tRNA%" (anticodon AGA):

fMet-Gly  Ser
Anticodon: CCC AGA
mRNA: AUG GGG UCU ---
Site: P A

The process continues until a stop codon ends up in the A site at which point a protein
release factor binds to the stop codon, the peptide (H3N*-fMet-Gly-Ser--
HN-CH(R COO™)tRNA bond is hydrolysed, the completed polypeptide 1s released and
the ribosomal subunits separate.

However the synthesis of the polypeptide (typically a precursor pro-protein) is followed
by various processes that can include targeting of polypeptides to specific organelles {e.g.
mitochondria, ER, nucleus, vacuole or indeed for extracellular export), assistance with pro-
tein folding to form the proper tertiary structure, proteolytic processing (removing parts
of the pro-protein) and further covalent modification (notably by glycosylation). Protein
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synthesis, protein targeting, folding and glycosylation will be considered in greater detail in
Chapter 9.

J. Regulation of metabolism and development

A recurrent need in complex metabolic pathways is to avoid “futile cycles” in which an inter-
mediate is simultaneously being synthesized (with energy expenditure) and broken down
(with energy conservation). Thus anabolic reactions are endergonic (AG > 0), require an
energy input (e.g. from coupled hydrolysis of ATP or related compounds) and make complex
molecules from simple precursors (e.g. proteins from amino acids, triacylglycerols from fatty
acids and glycerol, glycogen from glucose and polynucleotides from nucleotide monomers).
Conversely, catabolic reactions break down more complex molecules to their monomers and
thence oxidize the monomers, the free energy change from these exergonic reactions (AG < 0)
ultimately being conserved through the coupled formation of ATP.

The differential rates of anabolic and catabolic reactions, in particular, conditions, derive
from differential compartmentation within the cell, distinct biosynthetic and degradative
pathways, the actual amounts of the relevant enzymes and the activity of these enzymes
having access to the metabolic intermediates (as regulated by regulatory metabolites such as
allosteric effectors and by hormonal signalling-induced covalent modification of the
enzymes). Thus rates of metabolic processes are determined by the activities of the key
enzymes (notably those catalysing irreversible or “committed” steps of particular metabolic
pathways as opposed to simple mass action effects due to precursor or end-product build up).
Ultimately the end result is “homeostasis” (“equilibrium” or “balance”). Non-dividing cells
extract energy from outside, repair their existing orderly structures and maintain metabolic
homeostasis.

Nevertheless in an overall cell developmental context there is a dichotomy of repair of
existing structures versus cell replication. In a mature organism developmental homeostasis
means that there has to be a balance between cell division (creation of new cells) and apop-
tosis (or programmed cell death). An imbalance of cell division over apoptosis gives a can-
cerous state of excessive expansion of cell number. Accordingly these two radical processes
of cell division and apoptosis must be tightly regulated. Further, in a developing organism
{e.g. an embryo) in addition to cell division (new cells) and apoptosis (cell death to make way
for new cellular structures) there is differentiation of cells into specific cell types, this arising
from differential gene expression that has to be switched on and off with the correct
chronology. Finally, metazoan (multicellular) organisms are composed of cells operating as
a coherent whole; variously have motility and perceptive capacities; and must be able to
respond to emergencies (e.g. pathogen invasion) — all of these being achieved by specific
regulatory machineries and hormonal and other signalling mechanisms.

The major metabolic, developmental and signal responsive pathways are determined by the
functionality of proteins (notably enzymes) and the amounts of particular proteins. The
turnover of proteins is determined by the dichotomy of gene expression (protein synthesis) and
protein degradation. The nature and regulation of these various pathways are sketched below.

& Metabolic compartmentation in cells

Animal cells are bounded by a cell membrane or PM and within the interior cytosol are var-
ious membrane-bound organelles, namely: the nucleus (containing the genome and sur-
rounded by a double membrane having elaborate pore structures); the ER network; the cis- and
trans-Golgi network of membranes (involved in processing, folding and glycosylation of
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newly synthesized proteins destined for export or a vacuolar localization); lysosomes (acidic
vacuoles involved in hydrolytic degradation including the protease-catalysed degradation of
proteins such as those engulfed or internalized by endocytosis and the fusing of PM vesicles);
mitochondria (containing the machinery for ATP-providing oxidative phosphorylation and
having an inner membrane enclosing an inner matrix and a high permeability outer mem-
brane enclosing an intermembrane space); and peroxisomes (involved in elimination of

hydrogen peroxide).

i. The cytosol includes the enzymic machinery for glycolysis (glucose (Cg) metabolism to
yield pyruvate (C3) with concomitant ATP synthesis and thence lactate (C3) or ethanol (Cy)
formation from pyruvate (C3) in anaerobic conditions); the pentose phosphate pathway
(glucose (Cg) decarboxylation and oxidation with concomitant Cs—Cj5 sugar phosphate inter-
conversions and production of NADPH for biosynthetic purposes); fatty acid synthesis
(synthesis of palmitic acid (Cg) using NADPH and acetylCoA (Cy) deriving from metabolite
translocation from mitochondria); protein synthesis on ribosomes (with ribosomes
producing proteins for insertion into the ER being located on the ER membrane); protein
degradation via proteasomes (involving ATP-dependent protein attachment via a pep-
tide link to the protein ubiquitin (via ubiquitinating and polyubiquitinating enzymes), this
permitting such specifically “marked” proteins to be subject to ATP-dependent proteolysis
by the proteasome complex).

ii. The mitochondrial matrix contains the enzymic machinery for the TCA cycle
(pyruvate (Cs) decarboxylation and oxidation via acetylCoA (Cy) and C; and Cg di- and tri-
carboxylic acid intermediates with generation of GTP (and hence ATP), CO, and NADH
and FADH, for coupled ATP formation by oxidative phosphorylation); oxidative phos-
phorylation (the coupling of NADH and FADH, oxidation via the ETC complex to ATP
synthesis via the FyF| ATP synthase complex, both of these complexes being located on the
mitochondrial inner membrane); B-oxidation of fatty acids (yiclding acetylCoA that can
feed into the TCA cycle and NADH and FADH, for ATP formation by oxidative phospho-
rylation); ketone body formation (in which 2 acetylCoA (C,) yields acetoacetate (Cy),
which thence by reduction yields 3-hydroxybutyrate (Cy), these G, entities being highly
mobile energy sources for further oxidation).

iii. The cytosol and mitochondrial matrix compartments cooperate in
gluconeogenesis (in which, e.g. lactate- or Ala-derived pyruvate is carboxylated (via COy
(G), ATP and pyruvate carboxylase in the matrix) to yield oxaloacetate (Cy), which in the
cytosol yields phosphoenolpyruvate (PEP) (Cs) and CO,y (G;) (via GTP and PEP carboxy-
kinase), this permitting glycolysis to reverse in the cytosol to ultimately yield glucose);
and the urea cycle (in which in the mitochondrial matrix carbamoylphosphate
(HyN-CO-OPO4*7) (C}, Ny) is synthesized from HCOy~ (C)) and NH; (N)) (via ATP and
carbamoylphosphate synthetase) and is thence transferred to ornithine (TOOC-CH(NH; ) —
(CHy)sNH;3 " =X-NHy") (C;, Ny) to yield citrulline (X-NH-CO-NH,) (G, Ny) (via
ornithine transcarbamoylase); in the cytosol, citrulline (Cg Ns) and aspartate
(NH;"—CH(COO~,GH,COO™) (C,, N)) yield arginosuccinate (X~NH-C(=NH,*—) —
NH-CH(COO™, CH,COO )}{Cyy, Ny plus HyO (via ATP and arginosuccinate
synthetase), which then yields fumarate ("OOC-CH=CH-COO )C,) and arginine
(X-NH- C(NHy, =NH, ") (Cg, N) (via arginosuccinase); finally arginine (Cg, N,) plus
H,O (via arginase) yields urea (HyN-CO-NH,); C;, Ny) for excretion via the kidneys
and ornithine (X-NH;3") (G35, Ny) for re-entry into the mitochondria for reaction with
carbamoyl-phosphate).
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iv. The nucleus contains the genome (histone-decorated dsDNA involving encoding
genes (exons), Intervening sequences (introns) and regulatory elements) and the enzymic
machinery for transcription and DNA replication. The nucleolus is a specific section of the
nucleus involved in rRNA synthesis.

v. The endoplasmic reticulum (ER) network consists of the rough ER (RER, having
ribosomes on the outside responsible for membrane protein and secretory protein (ectopro-
tein) synthesis and involving folding-, proteolysis- and glycosylation-based processing of such
proteins) and the smooth ER (not having associated ribosomes and involved in phospholipid
biosynthesis and detoxification and steroid modification processes involving the NADPH-
coupled monooxygenases linked to heme-containing cytochrome P450 and catalysing over-
all reactions of the kind: NADPH + O, + RH + H* — ROH + H,O + NADP*).

vi. The Golgi apparatus is a network of membranes enclosing an internal lumen.
Vesicles from the RER (the ER with associated ribosomes) fuse with the Golgi network in
which proteins are processed, glycosylated and sorted into vesicles for final vacuolar or extra-
cellular disposition.

vii. Lysosomes have a pH of about 4-5 and contain various hydrolytic enzymes,
namely (functions in parentheses): proteases (proteolysis of endocytosed proteins), lipases
(lipid hydrolysis), phosphatases (hydrolysis of nucleotide, protein and phospholipid phos-
phate esters) and nucleases (RNA and DNA degradation).

viii. Peroxisomes are involved in removal of hydrogen peroxide (HyOy) catalysed by
catalase: 2HyOy — 2H,O + Oy. HyO, 1n turn arises from reactive (and hence potentially
damaging) oxygen radicals such as superoxide (O,") produced as a by-product of aerobic
metabolism and detoxified via the metalloenzyme superoxide dismutase (SOD):
20, + 2H'—H,0, + O,. We will see in Chapter 14 that many plant phenolics found in leafy
vegetables are good scavengers of such ageing-promoting reactive oxygen species (ROSs).

h. Regulation of enzyme activity and protein function

The activity of enzymes (and indeed of the functionality of proteins in general) can be reg-
ulated by reversibly binding ligands (allosteric effectors) and by covalent modification (that
can be either reversible or irreversible).

1. Allosteric regulation involves a ligand binding at a site on an enzyme other than the
active site in such a way that enzyme activity is affected. Allosteric regulation often involves
the enzyme catalysing the first reaction of a sequence of interconversions, for example:

ABBE B p

and the end product D inhibits the enzyme El catalysing the first reaction of the pathway
(this being termed “feedback regulation”, “negative feedback” and “end-product inhibi-
tion”). Irreversible reactions (e.g. reactions driven by coupled ATP hydrolysis) are often key
sites for such regulation because they represent “committed” steps in the pathway.

Good examples are the regulation of phosphofructokinase (PFK) that catalyses the reaction
fructose-6-phosphate + ATP — fructose-1,6-bisphosphate + ADP
and fructose-1,6-bisphosphatase (FBPase) that catalyses the reaction:

fructose-1,6-bisphosphate + HyO — fructose-6-phosphate + P;
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These reactions are effectively irreversible and represent key control sites in the process of
glycolysis (glucose catabolism ultimately yielding TCA cycle intermediates such as citrate,
decreased pH (i.e. increased acidity), increased ATP, decreased ADP and operating in condi-
tions of plenty, that is, of high blood glucose) and of gluconeogenesis (glucose synthesis by
reversal of glycolysis after conversion of Ala and lactate through pyruvate to PEP and occur-
ring at times of “fasting”, i.e. of lower blood glucose). However a further consequence of
elevated blood glucose is elevation of a “plenty signal” fructose-2,6-bisphosphate (F26BP) in
the liver (see section on “Reversible covalent modification™).

PFK is activated by AMP (the precursor for ADP and ATP) and by F26BP (which also acts
as a “positive allosteric effector”) but is inhibited by ATP, citrate and lowered pH (“end prod-
ucts” of the pathway), ATP and citrate acting as “negative allosteric effectors”. In contrast
FBPase is activated by citrate (a “positive allosteric effector”) and inhibited by the “plenty
signal” F26BP (a “negative allosteric effector”).

In these examples, precursors of the enzyme-catalysed reaction act as “feed-forward
inhibitors” (AMP for PFK and citrate for FBPase). The “plenty signal” F26BP (clevated as a
result of the precursor elevated blood glucose conditions) also activates PFK. Conversely,
“down the track”, “end products” act as “feedback inhibitors” (ATP and citrate for PFK and
F26BP — that can be loosely seen as an “end product” of blood glucose elevation by gluco-
neogenesis — for FBPase).

A “classical” enzyme exhibits a hyperbolic », versus [S] kinetic plot (in which v, initially
rises quasi-linearly as [S] increases before flattening out as V,,,,, is approached). However an
“allosteric” enzyme exhibits “sigmoidal” kinetics (in which o, initially increases only a small
amount as [S] increases but eventually “takes off” and flattens out as it asymptotes to Vi,
that is, a lop-sided “S-shaped” curve is obtained. Positive effectors tend to make o, rise more
rapidly at low [S] (giving the plot a more “classical” appearance) whereas negative effectors
exaggerate the sigmoidal kinetics, making o, even lower. The sigmoidal kinetics derive
from having multisubunit allosteric enzymes in which S binding at the active site (or effector
binding at the allosteric binding site) of one subunit affects the catalytic activity and
ligand binding of other subunits in a “cooperative” way. This type of cooperativity can be
observed with non-enzyme multisubunit proteins, a good example being Oy binding to
hemoglobin (which has a heterotetrameric subunit composition oyBy with Oy binding to
each subunit).

2. Reversible covalent modification of enzymes involves reversible chemical modi-
fication (typically of an R group of an enzyme amino acid residue) with consequent change
in the catalytic activity of the modified enzyme. Examples include adenylation (E-Tyr—OH +
ATP — E-Tyr-O-AMP + PP} and carboxymethylation (E-Glu-COO™ + R-CHj (methyl
donor) = E-Glu—CO-OCH;, + R), such modifications being reversed hydrolytically by
enzyme-catalysed de-adenylation and demethylation, respectively. Specific types of protein
kinases (PKs) can catalyse the phosphorylation of particular amino acid R groups such as
those of Ser (-OH), Thr (~OH), Tyr (phenolic ~OH), His (an imidazole N), Asp (-COO™)
and Glu (~COO7). Specific types of phosphoprotein phosphatases (PPs) catalyse the corre-
sponding dephosphorylation reactions. The modifying enzymes may be switched on by
particular signals (e.g. hormonal signals or changes in the concentrations of key signalling
metabolites). Of course reversible covalent modification can also modify the function of pro-
teins other than enzymes.

A good example of reversible covalent modification is provided by PKs that catalyse
the phosphorylation of specific R groups of residues of specific proteins. Thus a
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Ser-/Thr-specific PK will catalyse the phosphorylation of particular Ser or Thr ~OH groups
on specific substrate proteins. In the case of an enzyme (E) this reaction can be written as

E-OH + ATP — E-O-PO,*” + ADP
The corresponding de-phosphorylation reaction is catalysed by PPs:
E-O-PO;*” + H,O — E-OH + P,

A key Ser-/Thr-specific PK is the 8',5-cyclic AMP (cyclic AMP, cAMP)-dependent PK
(PKA) (the properties of which are described in much greater detail in Chapters 7 and 8).
The cyclic nucleotide cAMP is a so-called “second messenger” that signals “hunger” in non-
plant eukaryotes and in prokaryotes. The levels of cAMP rise in liver cells (hepatocytes) in
response to fasting and a decrease in blood glucose. Conversely the levels of F26BP
{a “plenty” signal) rise in liver in response to the postprandial increase in blood glucose (see sec-
tion on “Allosteric regulation”). The sequence of events (described in more detail in Chapter 5)
can be sketched as follows (noting that the primary stimulus is a decrease in blood glucose and
the desired, ultimate “homeostatic” response an increase in blood glucose concentration):

Fasting — | blood glucose = 1 glucagon (gluconeogenesis promoting hormone secreted
from a-cells of the pancreas) — glucagon binds to glucagon-specific “G-protein coupled
receptors” on the hepatocyte PM — generation of a Gas—GTP transducing protein—GTP
complex —> activation of adenylyl cyclase — catalysis of the reaction: ATP — 3’ 5"-cyclic
AMP (cAMP) — 1 ¢AMP — activation of PKA — phosphorylation of the hepatocyte
F26BP-synthesizing (fructose-6-phosphate-2-kinase)/hydrolysing (fructose-2,6-bisphos-
phate-2-phosphohydrolase) dual activity enzyme (E-OH) — E-O-PO,?~ (F26BP synthesiz-
ing activity thence being inhibited and F26BP hydrolysing activity increased with the
phosphorylated form of E) — | F26BP — PFK less active (| allosteric activator F26BP)
and FBPase more active (| allosteric inhibitor F26BP) — fructose-1,6-bisphosphate is
hydrolysed to fructose-6-phosphate (gluconeogenic direction) — 1 gluconeogenesis and |
glycolysis — increased blood glucose (the desired result, the signalling pathway having been
initiated by a fall in blood glucose).

3. Irreversible covalent modification of enzymes typically involves specific proteoly-
sis of an inactive, autoinhibited (self-inhibited) enzyme resulting in activation of the enzyme.
Good examples of this are provided by digestive proteases (such as trypsin, chymotrypsin and
pepsin) that necessarily have to be inactive when synthesized to prevent digestion of the
secreting cell. These proteases are secreted as inactive “zymogens” but are subsequently
activated by specific proteolytic cleavage to remove the inhibitory part of the protein.
Similarly, blood clotting is mediated by a “cascade” of “factors” that are proteases. The blood
clotting cascade proteases are activated by specific proteolysis and then proteolytically acti-
vate the next protease in the cascade. The cascade ultimately results in blood clotting and
dangerous adventitious blood clotting is prevented by this exquisite control of proteolysis.

i. Regulation of protein expression

The levels of particular enzymes (and indeed of specific proteins in general) is determined
by the balance of protein degradation versus the specific expression of the protein (through
the process of specific gene transcription, translation and post-translational processing of
the protein). Genes can either be constitutively expressed (in which case they are normally
always being transcribed) or are inducible, that is, specific transcription factors are activated
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to enable transcription of specific genes to occur with resultant ultimate formation of the
properly folded and processed fully functional protein. Gene expression will be considered in
greater detail in Chapter 9 but the following example is provided here as an introduction.

Sustained stress (involving cortisol) and short-term stress (involving epinephrine) can affect
metabolism by switching on the expression of genes encoding proteins involved in gluconeo-
genesis, notably PEP carboxykinase (PEPCK). The end result is increased gluconeogenesis
and an increase in glucose entering the blood. The pathways involved can be summarized as
shown below:

Stress — central nervous system (CNS) — nervous signalling to adrenal medulla— 1
epinephrine secretion—epinephrine binds to specific hepatocyte [-adrenergic
receptors — generation of Gas—GTP — activation of adenylyl cyclase— 1 ¢cAMP— acti-
vation of PKA—phosphorylation of c¢AMP response eclement binding protein
(CREB) — CREB-P (phosphorylated and activated transcription factor) — binds to the
cAMP response element (CRE, the regulatory or “promoter” DNA regulating specific gene
transcription) —> transcription of specific genes including that for PEPCK— 1
PEPCK — 1 gluconeogenesis — T blood glucose — useful stress response.

The glucocorticoid cortisol is secreted from the adrenal cortex as a stress response under
the control of adrenocorticotropic hormone (ACTH, corticotropin) produced by the ante-
rior pituitary. Cortisol promotes catabolism by inducing synthesis of specific proteins.
Cortisol binds to a cytosolic cortisol receptor which then translocates to the nucleus and
switches on the expression of specific genes, notably that for PEP carboxykinase (PEPCK).
Cortisol-induced expression of the key gluconeogenesis enzyme PEPCK increases levels of
the enzyme and hence increases gluconeogenesis and available blood glucose. The cAMP-
and cortisol-mediated pathways for induction of PEPCK expression are further linked by
CREB-dependent expression of a coactivator protein PGC-1 that promotes cortisol-dependent
expression of PEPCK.

2.5 Inhibition of biochemical processes by plant defensive
compounds

The overview of animal biochemistry provided above indicates that there are many poten-
tial sites for interference by plant defensive compounds directed against animal herbivores
and microbial plant pathogens. However, as is documented 1n the following chapters, most
of the biochemical targets for plant defensive compounds are proteins involved in cellular
regulation. Interference with fundamental processes common to both plants and plant-
consuming organisms would necessarily damage the plant cells producing such agents.
In the case of cyanogenic glycosides the product cyanide blocks the fundamental process of
oxidative phosphorylation by inhibition of the last electron transfer step in the mitochondrial
respiratory chain. However the inactive precursor is benign in the producing plant and the
toxic agent is only liberated after ingestion of the plant material by microbial pathogens or
animal herbivores. Further, the cyanogenic glycosides are bitter tastants and hence also act
at a cognitive (1.e. signalling) level as feeding deterrents for animal herbivores. The remain-
der of this book deals systematically with the targets of plant defensive compounds with
each chapter amplifying the nature, physiological role and special features of the particular
susceptible biochemical systems.



3 Neurotransmitter- and hormone-gated
ion channels

3.1 Introduction — electrical signalling in excitable cells

Animal cells (notably neurons, sensory cells and muscle cells) are made excitable in part
through the operation of ion pumps that variously keep cytosolic concentrations of Na™,
CI™ and Ca** low and cytosolic K* concentration high. It should be noted that the cytosolic
free concentration of Ca’* is extremely low (0.1 wM in resting cells and about 10 uM in
excited cells) as compared to cytosolic concentrations of Na™, ClI~ and K* of about 10, 10
and 100 mM, respectively. The transmembrane potential ({s,,) of animal cells is typically
about —0.1 volt (V) (potential difference inside with respect to the outside), this being
substantially due to internal constituents, selective membrane permeability and the operation
of electrogenic ion pumps. Changes in the permeability of the cell membrane (plasma
membrane, PM) to particular ions causes a change in s, as described below.

The transmembrane potential difference can be described by the Goldman equation that
relates U, to the permeabilities of the membrane to specific ions and the concentrations of
such major ions on either side of the PM:

U, (potential difference of the inside with respect to the outside)
P+ [K"Jo+ Py [Na'Jo+ Py [C1 ]
= (@303 RIE)logip KT Ji+ Py [Na Jit Py [C1 o

[where R=the gas constant, 7=absolute temperature, F'=the Faraday constant; P+, Px,+
and Pg - are the permeabilities of the membrane for K™, Na™ and Cl~ respectively, and
[K*], [Na*] and [CI7] are the concentrations of K*, Na* and CI7, respectively, inside (i)
or outside (o) the cell]:

Py+[KJo+ Py, r[Na'Jo+ Py-[C1 i
P+ [K' i+ Py [Na i+ P [CL o

P, = 0.06 log V (at 37°C)

Let us suppose in the following illustrative example that the concentrations of Na™, CI~
and K7 inside the cell are 10, 10 and 100 mM, respectively and that the concentrations of
Na*, C1” and K" outside the cell are 100, 100 and 10 mM, respectively. Let us further
suppose that in the “resting state” s, is —0.05 V.

An increase in the permeability of the PM to sodium ions (Na*) permits Na™ to enter the
cell down a concentration gradient with a consequent increase in the positive charge within
the cell that opposes Na* entry. At equilibrium there is no further net entry and i, approx-
imates to the Nernst equilibrium potential ({y) for Na™ given by the following equation
{noting that z=the charge on the ion (+1)):

ll}N: 2.303 RT/ZF lo 10 PNa+ Na+ o)/ PNa+ Na+i
g
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(noting, further, that the Goldman equation reduces to the above Nernst equation for Na*
when P, +> P¢+ and FPp-)

Uy = 0.06 log )y ([Na™]o/[Na*]i) at 37 °C
= 0.06 log;, (100/10)
=0.06V

Thus an increase in the permeability of the plasma membrane to Na™ ( Py,+) can be seen to
have depolarized the cell {5, (i.e. made it more positive).

Similarly, increasing the permeability of the membrane to K* (Pg+) will permit K* to
flow out of the cell down a concentration gradient, this efflux of positively charged K* causing
the inside of the cell to be more negative with respect to the outside and hence increasingly
opposing further efflux. At equilibrium, when there is no further net efflux of K*, the s,
approximates to the Nernst equilibrium potential ({sy) for K*:

Py = 0.06 log, ([K*]o/[K i) at 37 °C
=0.06 log;, (10/100)
=-0.06V

Thus an increase in the permeability of the PM to K* (Pg+) can be seen to have hyper-
polarized the cell {5, (i.e. made it more negative).

Finally, an increase in the permeability of the PM to C1™ (P—) permits Cl™ to enter the
cell down a concentration gradient with a consequent increase in the negative charge within
the cell that opposes further CI™ entry. At equilibrium there 1s no further net C1~ entry and
{5, approximates to the Nernst equilibrium potential ({i\) for C1™ given by the equation:

Y = 0.06 logy, ([C1 ]i/[C] Jo) at 37 °C
(noting that the charge z on the chloride ion 1s —1)

=0.06 log;, (10/100)
=-0.06V

Thus an increase in the permeability of the PM to Cl™ (P —) can be seen to have hyper-
polarized the cell s,

Some kinds of membrane receptor proteins are ligand-gated ion channels that “open” in
response to the binding of specific neurotransmitters. Thus the neurotransmitter binds to
the specific receptor protein with a consequent subtle change in receptor conformation, an
opening of a specific ion channel and an effective increase in the permeability of the mem-
brane to an ion. When the permeability of the PM to Na™ (Py,+) increases, the cell {5,
depolarizes and the cell is “excited”. When there is an increase in the permeability of the
PM to K* (Pg+) or to CI™ (Pi-) as a result of neurotransmitter-gated receptor ion channels
opening, the cell s, hyperpolarizes and the cell is “inhibited”, that is, i1s more refractory to
excitation by depolarizing signals.

Depolarization has various consequences involving voltage-gated Nat, K* and Ca’*
channels, that 1s, specific ion channels that will “open” or “close” depending upon the Us,.
Transient cycles of depolarization and hyperpolarization involving voltage-gated ion channels
are involved in the passage of “action potentials” along nerve axons in neurotransmission.
Further, depolarization-induced opening of voltage-gated Ca’* channels increases the con-
centration of Ca®" in the cytosol. Ca’* acts as a “second messenger” through the activation



88 3. Neurotransmitter- and hormone-gated ion channels

of Ca?*- or Ca**-calmodulin-dependent enzymes (notably protein kinases, PKs) and
processes such as muscle contraction. Voltage-gated ion channels and Ca®*-dependent
signalling will be dealt with in Chapters 4 and 7, respectively.

3.2 Ionotropic neurotransmitter receptors — neurotransmitter-gated
ion channels

The major neurotransmitters (Ns) activating neurotransmitter-gated ion channels
{(“1lonotropic neurotransmitter receptors”) can have either a depolarizing (excitatory) or
hyperpolarizing (inhibitory) effect depending upon the ionotropic receptor ion channel
specificity. Compounds that elicit the effect of a hormone (H) or NT at a receptor are
termed “agonists”. Compounds that simply block H or NT action by competing with them
for binding to specific receptors are called “antagonists”.

The depolarizing (excitatory) N'Ts include (ionotropic receptor subtype and ion specificity
in parentheses): acetylcholine (ACh) (nicotinic receptors, Nat), ATP (P2X receptors, Na*),
glutamate (Glu) (non-N-methyl-D-aspartate (NMDA) receptors, Na*t), glutamate (NMDA
receptors, Na® and Ca?"), serotonin (HT3 receptors, Na* and Ca®*) and sigma receptor
ligands (sigma receptors (0-Rs) giving ligand-activated K* channel blockade). The hyper-
polarizing (inhibitory) N'Ts include (ionotropic receptor subtype and ion specificity in
parentheses): y-aminobutyric acid (GABA) (GABA(A) and GABA(C) receptors, Cl™) and
glycine (Gly) (CI7). However it must be noted that ACh, ATP, GABA, Glu, serotonin
and sigma receptor ligands can also act through so-called “metabotropic receptors”, which
act via heterotrimeric G protein transducers as detailed in Chapter 5.

3.3 Structure and function of ionotropic receptors

Acetylcholine receptors (nicotinic) (nACh-Rs) are multisubunit ionotropic receptors
(Rs) that are oligomers of a-type and B-type subunits (e.g. o7, 232, a332, 334 and a432).
A ligand-gated Na* channel opens after ACh binds, the subsequent depolarization causing
cytosolic Ca®* elevation. Excitatory neurotransmission via nACh-Rs at skeletal neuromuscu-
lar (NM) junctions causes depolarization, activation of PM voltage-gated Ca?* channels and
activation of associated sarcoplasmic reticulum ryanodine receptors (that are also Ca*
channels). The resultant increase in cytosolic Ca?* concentration results in Ca®* binding to
troponin C, this ultimately permitting actin—myosin interaction and muscle contraction.
Excitatory neurotransmission via nACh-Rs also occurs at particular neuron—neuron synapses.

The nACh-Rs are the targets of a variety of plant and other toxins that can variously act
as nACh-R agonists {e.g. blue-green algal (+)-anatoxin-a, hemlock (+)-coniine and tobacco
nicotine) and antagonists (e.g. snake a-bungarotoxin and the curare principal component
{(+)-tubocurarine) (Table 3.1). However transmission at nicotinic synapses can also be inter-
fered with by inhibitors of acetylcholinesterase (AChE), the enzyme that catalyses the
hydrolysis of ACh to allow for muscle relaxation and further signalling. The inhibition of
NT converting enzymes and NT transporters by plant compounds is described in Chapter 6.

Ionotropic ATP receptors ATP is an excitatory NT in the central nervous system
(GNS) and the peripheral nervous system (PNS). ATP acts via ionotropic, oligomeric P2X
receptors that form ATP-gated Na* and K* channels which also have a significant perme-
ability for Ca?*. ATP also acts via excitatory, metabotropic, G protein-linked P2Y receptors
(see Chapter 5).

Ionotropic GABA receptors (GABA(A)-Rs and GABA(C)-Rs) are inhibitory
(hyperpolarizing) GABA-gated Cl~ channels that have sequence homology with nACh-Rs
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and glycine receptors (Gly-Rs). GABA is the main inhibitory neurotransmitter of the mam-
malian CNS and GABA agonists have potential as anticonvulsants and anxiolytics.

The GABA(A)-Rs are hetero-oligomeric, pentameric complexes involving a1-6, p1-4,
v1-4, 8, & and 7 subunits {e.g. @|Byys GABA(A)-R is abundant in the brain). GABA(A)-
Rs are modulated by steroids, barbiturates, benzodiazepines (via «l subunits) and
ethanol and are blocked by the phthalideisoquinoline alkaloids (+)-bicuculline and
N-methylbicuculline. GABA(A)-R agonists include GABA itself, the Amanita mushroom
oxazole alkaloids muscimol and dihydromuscimol and the piperidine alkaloid isoguvacine
(Table 3.2).

GABA(C)-Rs are pentameric complexes involving p1-3 subunits. Unlike the GABA(A)-Rs,
the homo-oligomeric GABA(C) receptors are insensitive to bicuculline, steroids, baclofen,
barbiturates and benzodiazepines. GABA(C)-Rs are activated by GABA and muscimol and
bind isoguvacine (Table 3.2).

It should be noted that in addition to the GABA(A)-R benzodiazepine-binding sites or
central benzodiazepine Rs (CBZ-Rs) there are peripheral benzodiazepine Rs (PBZ-Rs)
associated with the outer membrane of mitochondria in glial cells and cells of peripheral
tissue and which are involved in cholesterol transport and hence in regulation of steroid
hormone synthesis. The GABA(B)-Rs are metabotropic and coupled via heterotrimeric
G proteins to Ca?* and K* channels (Chapter 5). The psychotropic GABA breakdown
product y-hydroxybutyrate (GHB) also acts via heterodimeric G protein-linked receptors
(see Chapter 5).

Ionotropic glutamate receptors (Glu-Rs) are excitatory receptors of two general
kinds, the non-NMDA-binding Glu-Rs (non-NMDA-Glu-Rs) and the NMDA-binding
Glu-Rs (NMDA-Glu-R) that are distinguished by their ability to bind the excitotoxic amino
acid NMDA. The NMDA-GIu-R ligand-gated cation pore is inactive at rest due to a voltage-
dependent pore block by Mg?". Depolarization via activation of non-NMDA-Glu-Rs
removes Mg?* and unblocks a channel in the NMDA-Glu-R, allowing for ligand-induced
increases in permeability to Na*, further depolarization and opening of the Ca** channel.

Non-NMDA-Glu-Rs include the quisqualate- and «-amino-3-hydroxy-5-methyl-4-
1soxazolepropionic acid (AMPA)-binding Glu-Rs (AMPA-binding Glu-Rs 1-4) and kainate-
binding Glu-Rs (kainate-binding Glu-Rs 5-7 and kainate-binding receptors 1 and 2). The
non-NMDA-Glu-Rs are ligand-gated Na™ pores that open on binding Glu, the resultant
increased permeability to Na™ causing depolarization, deblocking of the NMDA-Glu-R
Ca** channel and ultimately increased cytosolic Ca**.

NMDA-Glu-Rs are 4 to 5 subunit complexes of NR1, NR2 (A-D) and NR3 subunits with
sites for various modulatory ligands including NMDA, Gly (at a strychnine-insensitive site)
and ion channel blocking entities such as polyamines, Zn?* and Mg** (Table 3.3).

It should be noted that glutamate can also act via excitatory metabotropic, G protein-
activating glutamate receptors (mGlu-Rs) namely those of Class I (mGlu-Rs 1 and 5), Class
IT (mGlu-Rs 2 and 3), Class III (nGlu-Rs 4, 6,7 and 8) and phospholipase D (PLD)-coupled
mGlu-Rs. The mGlu-Rs couple through G proteins to increase phospholipase C (PLC)
(class 1), decrease adenylyl cyclase (classes II and III) and increase PLD (PLD-coupled
mGlu-R) (Chapter 5).

Glycine receptors (Gly-Rs) are inhibitory, strychnine-sensitive, Gly-gated chloride
(CI7) channels with homology to other N'T-gated ion channel receptors such as the nACh-
Rs. On Gly binding, the Gly-gated chloride (C17) channel opens with consequent inhibitory
hyperpolarization (i.e. the transmembrane potential (s} becomes more negative inside with
respect to the outside) (Table 3.3).
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Inhibitory glutamate receptors (iGlu-Rs) are inhibitory, Glu-gated ion channels
related to the ionotropic GABA receptors and glycine receptors, the open channel being
permeable to C1~ and sometimes to K*. The isoxazole alkaloid ibotenic acid activates
1Glu-Rs (Table 3.3).

Ionotropic 5-hydroxytryptamine (SHT or serotonin) receptors (HT3-Rs) are
excitatory SHT-gated, pentameric cation channel receptors that become selectively permeable
to Na* and Ca?* on binding 5HT with consequent excitatory depolarization. These receptors
are involved in excitatory neurotransmission and in processes such as cardiac stimulation,
vasodilation, pain, nociceptive neuron sensitization, nausea and vomiting.

It should be noted that SHT-Rs 1, 2, 4, 5, 6 and 7 are metabotropic, G protein-linked
receptors. Thus SHT-Rs | and 5 inhibit adenylyl cyclase (i.e. decrease 3'-5"-cyclic adenosine
monophosphate (cAMP) concentration), 5SHT-R 2 increases cytosolic Ca?* concentration
and S5HT-Rs 6 and 7 stimulate adenylyl cyclase (i.e. increase cAMP concentration) as
detailed in Chapter 5.

Sigma receptors (0-Rs) (such as g1 and 02 0-Rs) are excitatory, ionotropic receptors
involved in an indirect ligand-activated K* channel blockade causing depolarization of the
transmembrane potential. Endogenous ligands for o-Rs include some opiates and such o-R
ligands can have protectant effects against ischaemia-induced retinal disease involving
neuronal cell death (e.g. retinal artery occlusion, glaucoma and diabetic retinopathy). o-R
activation can have antitussive, anxiolytic and ulceroprotective effects (Table 3.4). It should
be noted that there is evidence for G-linked metabotropic o-Rs as well as non-metabotropic
o-Rs (Chapter 5).

Vanilloid receptors (capsaicin receptors) (VAN-Rs) such as the VAN-R V1 are
excitatory ligand-gated Ca?* channels. An endogenous ligand is the lipid-derived agonist
anandamide and exogenous plant-derived agonists include resiniferatoxin, piperine (from
pepper) and capsaicin (from capsicum). Vanilloid receptors are involved in pain perception
{nociception) (Table 3.4).

Table 3.1 Nicotinic acetylcholine receptor agonists and antagonists

Compound (class) Plant (family) | part/ Protein target/ process inhibited
(other targets) /in vivo effects/
Acetylcholine receptor Sir Henry Dale (UK) & 3.1 Julius Axelrod (USA),
(nicotinic} (nACh-R) Otto Loewi (Germany) UIf Von Euler (Sweden),
Sir Charles Sherrington (Nobel Prize, Medicine, Sir Bernard Katz (UK)
{(“neuron”, “synapse”, 1936, chemical {Nobel Prize, Medicine,
integrated nervous neurotransmission, 1979, synaptic
system) & Lord Edgar acetylcholine); Sir John neurotransmission,
Adrian (electrical p.d.- Eccles (Australia), Sir Alan neurotransmitters);
based Hodgkin (UK) & Sir Andrew Erwin Neher & Bert
neurotransmission) Huxley (UK) (Nobel prize, Sakmann (Germany,
(UK, Nobel Prize, Medicine, 1963, Nobel Prize, Physiology/
Medicine, 1932) neurotransmission, Medicine, 1991, patch-
hyper- & de-polarization) clamping & ion channels)

(continued )
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Table 3.1 (Continued)

Compound (class)

Plant (family) | part/

Proten target/ process infubited
(other targets) [ in vivo effects/

Acetylcholine receptor
(nicotinic) (nACh-R)
agonist

Alkaloid

Adenosine 5'-triphosphate
(= ATP)

{purine nucleoside
triphosphate)

Anabasine (= 3-(2-
Piperidinyl)pyridine;
Neonicotine)

(pyridine piperidine)

Choline (= 2-Hydroxy-
N,N,N-trimethyl-
ethanammonium)
{tetraalkyl ammonium)

Codeine (= 3-0-
Methylmorphine)
{isoquinoline)

v-Coniceine (= 2,3,4,5-
Tetrahydro-6-
propylpyridine)
(piperidine)

(+)-Coniine (= (5)-2-
Propylpiperidine
(piperidine)

(8)-(—)-Cotinine (= N-
Methyl-2-(3-pyridyl)-
5-pyrrolidone)
{pyridine pyrrolidinone)

Cytisine (= Baptitoxine;
Citisine; Sophorine;
Ulexine)
{quinolizidine)

Galanthamine (=
Galantamine; Lycorimine)
{galanthaman)

Universal

Alangium (Alangiaceae), {inna,
Lollikoferia (Asteraceae), Anabasts
{(Chenopodiaceae), Sophora
(Fabaceae), Nicotiana
{Solanaceae) spp.

Universal; in choline
phospholipids

Papaver somniferum (opium poppy),
Argemone, Eschscholzia, Papaver
spp- (Papaveraceae) [latex]

Conzum maculatum (hemlock)
(Apiaceae) [seed], Aloe gililandi,
A. ballyi, A. ruspoliana, A. sabaea
(Liliaceae)

Sambucus nigra (Aloxaceae),
Contum maculatum (hemlock)
(Apiaceae) [leaf] seed],
Sarracenia flava (pitcher plant)
(Sarraceniaceae); agent in
judicial murder of
Socrates, compelled
to drink hemlock in
Athens, 399 BC

Carica papaya (Caricaceae),
Nicotiana tabacum (Solanaceae)
[leaf |; major brain metabolite
of Nicotine

Laburnum anagyroides (laburnum)
[seed], Lupinus alba, Baptisia,
Cytisus, Genusta, Sophora,
Thermopsis, Spartium, Ulex spp.
(Fabaceae)

Crinum, Galanthus, Hippeastrum,
Hymenocallis, Leucojum, Lycorts,
Narcussus, Pancratium, Ungernia
spp- (Amaryllidaceae)

3.1A

3.1Aa

nACh-R agonist (3 polypeptide,
site distinet from site for ACh),
Physostigmine (P-R)

nACh-R agonist [76 nM]
(@4p2)

a7nACh-R agonist
[antinociceptive]

nACh-R non-competitive
agonist 1.e. allosterically
potentiating ligand
(APL) (opiate R) [analgesic,
antitussive, narcotic,
spasmolytic]

nACh-R agonist (cf. Coniine)
[ paralytic, teratogenic, toxic]

nACh-R agonist — aBgTX
displacement (70) [paralytic,
teratogenic, toxic|; Roman
poisoners Apollodorus &
Canidia used hemlock in
honey

nACh-R agonist (30), human
a7 (weak agonist,
densensitizes (175))
[antidepressant, stimulates
nAChR to evoke D release]

nACh-R agonist — 432
[I1nM], [@7 (6)], aBgTX
displacement (1) [cf. nicotine;
hallucinogenic, respiratory
stimulant, teratogenic,
toxic]

nACh-R non-competitive
agonist i.e. APL (AChE)
[analgesic (= morphine),
insecticidal]

(continued )
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Table 3.1 (Continued)

Compound (class)

Plant (famuily) | part/

Protern target/ process inhibited
(other targets) [in vivo effects/

5-Hydroxytryptamine (=
5-HT; Serotonin)
(indole)

(—)-Lobeline
(piperidine)

(+)-N-Methylconiine (=1-
Methyl-2-propylpiperidine)
(piperidine)

MN-Methylcytisine (=
Caulophylline)
(quinolizidine)

4-(Methylnitrosamino)-1-
(3-pyridyl)-1-butanone
(pyridine)

{(—)Nicotine
(pyridine pyrrolidine);
global annual smoking-
related death 6 million
per year & fire-related
cost US$90 billion;
Gamel Abdul Nasser
excessive smoker and
diabetic (inevitable
complications &
premature death 1970)

(+)-Nicotine
(pyridine pyrrolidine)

[A"-Nitrosonornicotine]
(pyridine pyrrolidine)

(+)-(R)-Nornicotine
(pyridine pyrrolidine)

Phoenix dactylifera (Arecaceae),

Ananas comosus (Bromeliaceae),
Hippophae hamnoides
(Elacagnaceae), Mucuna pruriens
(Fabaceae), Juglans regia

( Juglandaceace), Musa sapientum
(Musaceae), Lycopersicon
esculentum (Solanaceae), Urtica
diica (Urticaceae)

[stinging hairs]

Lobelia hassler, L. inflata,

L. nocitianaefolia, L. tupa

(S. Am. “Indian tobacco”),
Campanula medium [seed]
(Campanulaceae)

Conium maculatum (hemlock)

(Apiaceae) [seed]

Caulophyllum thalictroides
(Berberidaceace), Baptisia perfoliata,

Cytisus laburnum, Lupinus albus,
Ormosia stipitata, Spartium junceum,

T hermopsis rhombifolia (Fabaceae)

In cigarette smoke from Nicotine ex

Nicotiana tabacum (Solanaceae)

[leaf]

Nicotiana tabacum (tobacco), N. spp.

(Solanaceae); also in Asclepias
syriaca (Asclepiadaceae), Sedum
acre (Crassulaceae), Lycopodium
spp., Equisetum arvense

(Equisetaceac); tobacco smoking

introduced to England from

America by Sir Walter Raleigh

(subsequently beheaded)

Nucotiana tabacum (tobacco), N. spp.

(Solanaceae); also in Asclepias
syriaca (Asclepiadaceae), Sedum
acre (Crassulaceae), Lycopodium
spp., Equisetum arvense
(Equisetaceae)

In cigarette smoke from Nicotine

(ex Nicotiana tabacum (Solanaceae)

[leaf]

Nucotiana tabacum (tobacco),

N spp., Dubotsia hoprwoodit
(Solanaceae); metabolite of
Nicotine

nACh-R non-competitive agonist
i.e. APL [CNS NT]

nACh-R agonist — @432 [4nM]
(o7 antagonist) [anti-smoking
use; racemate (Lobelidine)
analeptic]

nACh-R (cf. Coniine) [toxic]

nACh-R ligand (agonist) [toxic,
snail repellent]

nACh-R agonist — aBgTX —
sensitive, a7 [cell proliferative,
carcinogen]|

nACh-R agonist — a432 [[ nM;
7nM], [a7 (24); inhibits by R
densensitization], aBgTX
displacement [9] (a¢9nACh-R
blocker) [addictive,
antinociceptive, bitter,
insecticide, respiratory
paralytic, toxic, tranquillizer]|

nACh-R agonist — [a7 (45);
aBgTX displacement [52]
(a9nACh-R blocker) [addictive,
insecticide, respiratory
paralytic, toxic,
tranquillizer]
nACh-R agonist — Epibatidine-
sensitive [carcinogen]

nACh-R agonist [1 nM] (a4p2)
[addictive, insecticide,
toxic (0.3 X nicotine)]

(continued )
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Table 3.1 (Continued)

Compound (class) Plant (family) | part] Protern target/ process inhibited
(other targets) | in vivo effects/
{(—)}(8)-Nornicotine Dubotsia hopreoodi, nACh-R agonist [1 nM] (a432)

(pyridine pyrrolidine)

Physostigmine (= Eserine;

Physosterine; Physostol)
(indole)

Pseudoconhydrine (= -

Conhydrine; 5-Hydroxy-2-

propylpiperidine)
(piperidine)

(—)-Sparteine (= Lupinidine)

(quinolizidine)

D. myoporoides, Nicotiana tabacum
(tobacco), N. spp., (Solanaceae);
metabolite of Nicotine

Hippomane mancinella
(Euphorbiaceae), Physostigma
venenosum (calabar bean)
(Fabaceae) [seed]

Contum maculatum (hemlock)
(Apiaceae) [seed]

Anagyris foetida, Baptisia tinctoria,
Cytisus scoparicus, Lupinus spp.,
Piptanthus nanus, Sarothamnus,
Sophora, Spartium spp. (Fabaceae),
Peumus boldus (Monimiaceae),
Aconitum napellus (Ranunculaceae)

(+)-Tubocurarine (= curare Chondrodendron tomentosum

active principle)
(bisbenzylisoquinoline);

Heinrich Otto Wieland
(Germany, Nobel Prize,

1927, bile acids)
Phenolic
Coryneine (= 3,4-
Dihydroxyphenethyl-

trimethylammonium)

(catecholamine quaternary

ammonium})

Terpene

Glaudelsine
(diterpene)

Other

Acetylcholine
(basic non-heterocyclic);
cholinergic agonist;
myasthenia gravis
(muscle weakness)
from nACh-R
destruction

Non-plant reference

[1-Acetyl-4-
methylpiperazine
methiodide (=AMPM)]|
(piperazine)

[(+)-Anatoxin-a|
(tropane amine)

(curare, pareira), C. spp.

(Menispermaceae) [bark]; 8. Am.

Indian arrow poison curare
component

Aconitum sp. (Ranunculaceae)

Delphinium sp. (larkspur)
(Ranunculaceac)

Helianthus annuus (sunflower)
(Asteraceae), Pisum sativum (pea)
(Fabaceae), Urtica dioica (stinging
nettle) (Urticaceae); blue-green

algae; choline acetyltransferase (the
acetylcholine synthesizing enzyme)

in Spinacia oleracea (spinach)
(Chenopodicaceae)

Synthetic

Anabaena flos-aquae (blue-green
alga) (Cyanophyceae)

[addictive, insecticide,
toxic (0.3X nicotine)]

nACh-R agonist (at 1) (a4[32),
non-competitive agonist
1.e. APL (AChE) [miotic,
parasympathomimetic, toxic]
nACh-R (cf. Coniine) [toxic]

nACh-R agonist (V-gated Na™*
channel) [diuretic, insect feeding
stimulant, hypoglycaemic,
oxytocic, toxic|

Foetal nACh-R partial agonist
(nACh-R potent antagonist)
[toxic, skeletal muscle
relaxant]

3.1Ap

nACh-R agonist (& mixed
competitive & non-competitive
antagonist)

3.1A¢
nACh-R ligand (42 pM)

3.1A0

nACh-R agonist — a432
[34nM], a7 (330); inhibits
by R densenstization], aBgTX
displacement [11] [natural
nAChR agonist; water
resorption & photosynthesis
regulation in plants|;

3.1An
nACh-R agonist — [a7 (170}],
aBgTX displacement [37]

nACh-R agonist — [&7 (0.6)],
aBgTX displacement [91 nM]

[very toxic]

(continued)
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Table 3.1 (Continued)

Compound (class) Plant (famuly) | part/ Protern target/ process inhibited
(other targets) | in vivo effects/

[ Benzoquinonium)] Synthetic nACh-R agonist at non-ACh site
{quaternary ammonium (at ~1) [skeletal muscle
benzoquinone) relaxant]

[Carbamylcholine (= Synthetic nACh-R agonist (non-specific,
Carbachol)] resistant to AChE)

(tertiary amine)

[ Dimethylphenyl- Synthetic nACh-R agonist — [&7 (64);
piperazinium (= DMPP)] inhibits by R desensitization],
(piperazine) aBgTX displacement [8]

[ Epibatidine] [ From skin of frog Fpipedobates nACh-R agonist — 43230 pM],

{organochlorine pyridine)

[(—)-Norferruginine]
{tropane)

[Succinylcholine
(= Bis [2-dimethyl-
aminoethyl]-succinate)]
(aliphatic quaternary
ammonium)

[Tacrine (= Cognex;
1,2,3,4-Tetrahydro-5-
aminoacridine)|
{acridine)

Acetylcholine receptor

(nicotinic) antagonist

Alkaloid

Aconitine (=
Acetylbenzoylaconine)

(diterpene alkaloid)

Afrocurarine
(bisquaternary ammonium,

indole)

[Apomorphine]
(aporphine isoquinoline)

Atropine (= Hyoscamine
racemate; Tropine tropate)
{tropane)

Claudius poisoned by
poisoner Locusta acting
for Agrippina using
belladonna-adulterated
edible mushroom

tricolor; synthetic derivative ABT-

594 1s a CNS nAChR-specific non-

paralytic antinociceptive]|
Synthetic

Synthetic

Synthetic

Aconitum carmichaelir, A. napellus,
(Ranunculaceae) [root, other
parts]

Strychnos usambarensts
(Loganiaceae) [root]; S. Am.
Indian poison curare
component

Derived synthetically from
morphine, a morphinan
isoquinoline alkaloid
from Papaver somniferum (opium
poppy) (Papaveraceae) [aerial]

Atropa belladonna (belladonna=
deadly nightshade), Datura
stramonium, Hyoscyamus, Latua,
Mandragora, Scopolia spp.

{(Solanaceae); vegetarian Adolph

Hitler suffered cumulative

poisoning from anti-flatulence

pills (Strychnine + belladonna)

taken from 1936 onwards

a3B20 [8pM] [non-opioid
analgesic (CNS nACh-R),
neuromuscular blocker,
paralytic]

nACh-R agonist (potent)

nACh-R agonist — €
{adult, junctional), vy (foetal,
extrajunctional) [skeletal
muscle relaxant]

nACh-R ligand (AAhE, BChE)
[esp. AD amyloid plaque- &
tangle-associated ChE; clinical
cognition enhancer for AD]

3.1B

3.1Ba

nACh-R antagonist (weak,
aBgTX site) [19] (V-gated Na™
channel activator)
[antinociceptive, arrhythmic,
hypotensive, slows heart rate,
very toxic|

nACh-R antagonist (cf. (-
Clurarine) [competitive NM

blocking]

nACh-R antagonist (3)
(rat 2334)
(CDPK, MLCK, PKA, PKC)

a9nACh-R (mixed n—m
properties R) ACh-competitive
blocker (mACh-R antagonist)
[anticholinergic, anti-
spasmodic, antidote to
organophosphorous
insecticide poisoning,
mydriatic, toxic,
vasodilatory]

(continued )
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Table 3.1 (Continued)

Compound (class) Plant (family) | partf Protemn target/ process inhibited
(other targets) | in vivo effects/
Avadharine Delphinium cashmerianum nACh-R antagonist

{norditerpene alkaloid)
Barbinine

{norditerpene alkaloid)
Berbamine (= Berbenine)

{(bisbenzylisoquinoline)

Berberine (= Umbellatine)
{(protoberberine
isoquinoline)

{(+)-Bicuculline
(phthalide 1soquinoline)

Calebassine
(bisquaternary ammonium,

indole)

Caracurine V

{indole)

Condelphine (= 14-
Acetylisotalatizidine)
{norditerpene alkaloid)

(-Curarine
(bisquaternary ammonium,
indole)

Cytisine (= Baptitoxine;
Citisine; Sophorine;
Ulexine)
{quinolizidine)

Dauricine
(bisbenzylisoquinoline)

N-Deacetylnudicauline
{norditerpene alkaloid)

Delcorine
{norditerpene alkaloid)

(Ranunculaceae) [root]
Delphinium spp. (Ranunculaceae)
[root]
Berberis aquifolium, B. thunbergu,
B. vulgaris, Mahonia aquifolia
(Berberidaceac), Atherosperma
moschatum (Monimiaceae)
Coelocline (Annonaceae), Berberis,
Hydrastis, Mahonia, Nandina
(Berberidaceae), Archangelica
(Menispermaceae), Argemone,
Chelidonium, Corydalis
(Papaveraceae), Coptis, Thalictrum
(Ranunculacae), Fvodia,
Phellodendron, Toddalia,
Lanthoxylum (Rutaceae) spp.
Adlumia fungosa, Corydalis incisa,
C. thalictrifolia (Papaveraceae),
Hydyastis canadensts (golden seal)
(Ranunculaceae)
Strychnos divaricans,
S. muttschelichii, S. solimoensana,
S. trinervis, S. usambarensts
(Loganiaceae) [root]
Strychnos chrysophylla,
S. dolichthyrsa (Loganiaceae) [stem
bark]
Aconttum delphingfolium,
Delphintum confusum, D. denudatum
(Ranunculaceae) [root]

Strychnos divaricans, S. froesi,
S. mittschelichiz, S. solimoensana,

S. usambarensis (Loganiaceae) [root]

Laburnum anagyrotdes (laburnum)
[seed], Lupinus alba, Baptisia,
Cytisus, Genista, Sophora, Spartium,
Thermopsis, Ulex spp. (Fabaceae)

Menispermum dauricum,
M. canadense (Menispermaceac)

Delphinium barbeyt,
D. cashmerianum, D. spp. (larkspur)
(Ranunculaceae) [root]
Delphintum corumbosum
(Ranunculaceae) [root]

nACh-R antagonist [curare-like,
NM blockade, toxic]
nACh-R antagonist (V-Ca>* CH)

nACh-R ligand (36) (@ 1A-R,
02A-R, AChE, ATPase,
BCHE, CDPK, ChAT, diamine
oxidase, DNA ligand, 5SHT2-
R, mACh-R, MLCK, PKA,
PKC) [antibacterial,
antimalarial, antipyretic,
bitter stomachic, cytotoxic]

nACh-R antagonist (GABAA-R)
[antiseptic, convulsant,
haemostatic]

nACh-R antagonist [competitive
NM blocking, toxic, calabash
curare poison component]

nACh-R antagonist [competitive
NM blocking, toxic, calabash
curare poison component]

nACh-R antagonist (2) (rat
neuronal a7 aBgTX site)
[curare-like, hypotensive, NM
blocker]

nACh-R antagonist [competitive
NM blocking, toxic, S. Am.
Indian calabash curare
poison component]

o9nACh-R (mixed n-m
properties R) ACh-competitive
blocker (NAChR agonist)
[cf: nicotine; hallucinogenic,
respiratory stimulant,
teratogenic, toxic|

nACh-R antagonist (weak
curare-like) (V- Ca®") [AL
anaesthetic, toxic]

nACh-R antagonist [curare-like,
NM blockade, toxic]

nACh-R antagonist (53) (o7
aBgTX site) [hypotensive,
respiratory inhibition]

(continued )
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Table 3.1 (Continued)

Compound (class)

Plant (family) | part]

Protern target/ process inhibited
(other targets) | in vivo effects/

Delsoline (= Aconomine;
14-O-Methyldelcosine)
(norditerpene alkaloid)
Deltaline
(norditerpene alkaloid)

[3-Deoxy-18-0-
desmethyl(2-
aminobenzoyljaconitine]
(diterpene alkaloid)

[3-Deoxy-18-0-
desmethyl[2-
(methylsuccinimido)-
benzoyl]aconitine]
(diterpene alkaloid)

N-Desacetyllappaconitine
(norditerpene alkaloid)

Dihydro-f3-erythroidine
(erythrina isoquinoline)

Dihydrotoxiferine

(bisquaternary ammonium,

indole)
Elatine
(norditerpene alkaloid)

Erysinine

(erythrina isoquinoline)
Erysodine

(tetracyclic dienoid

alkaloid)
Erysotrine

(erythrina isoquinoline)
Erythratidine

(erythrina isoquinoline)
a-Erythroidine

(erythrina isoquinoline)
3-Erythroidine

(erythrina isoquinoline)
Geyerline

(norditerpenoid alkaloid)
Grandiflorine

(norditerpenoid alkaloid)

Aconttum monticola, Consolida
ajacis, Delphinium consolida,
(Ranunculaceae) [root]
Delptunium barbeyt, D. elatum, D,
occidentale (Ranunculaceae) [root]

Semi-synthetic from Aconitine

Semi-synthetic from Aconitine

Aconttum spp. (Ranunculaceac)
[aerial, tuber]; metabolite of
Lappaconitine

Erythrina spp. (Fabaceae) [seed]

Strychinos usambarensis
(Loganiaceae) [root]

Delptunium elatum (Ranunculaceac)
[root]

Erythrina caribea, E. melanacantha
(Fabaceae)

Erythrina berteroana, E. crista-gally,
E. fusca, E. latissima, E. suberosa
(Fabaceae) [seed]

Erythrina suberosa, Erythrina spp.
(Fabaceae)

Erythrina caribea, E. melanacantha
(Fabaceae)

Erythrina spp. (Fabaceae)

Erythrina spp. (Fabaceae)

Delphinium glaucum (larkspur)
(Ranunculaceae) [root]

Selenicereus grandiflorus
(Cactaceae), Delphinium
geyerr (Ranunculaceac)
[root]

nACh-R antagonist (19) (&7
aBgTX site) [hypotensive]

nACh-R antagonist (110) (a7
aBgTX site) [curare-like, NM
blockade, toxic]

nACh-R antagonist (aBgTX site)
[0.3]

nACh-R antagonist (aBgTX site)
[6 nM]

nACh-R antagonist (7) (rat
neuronal a7 aBgTX site)
[curare-like, NM blockade,
toxic]

nACh-R, 432 nACh-R
antagonist [nM] [NM
blockade; effective orally
(unlike curare)]

nACh-R antagonist {cf. C-
Curarine) [competitive NM
blocking]

nACh-R antagonist (6 nM)
(neuronal &7 axBgTX site)
[curare-like, NM blockade,
toxic]

nACh-R antagonist [NM
blocking]

nACh-R competitive antagonist
[NM blocking]

nACh-R antagonist [NM
blocking]

nACh-R antagonist [curare-like
NM blocking]

nACh-R antagonist [curare-like
NM blocking]

nACh-R antagonist [curare-like
NM blocking]

nACh-R antagonist

nACh-R antagonist

(continued )
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Table 3.1 (Continued)

Compound (class) Plant (famuly) | part/ Protein target/ process infubited
(other targets) | in vivo effects/
Isochondrodendrine Guatteria megalophylla nACh-R antagonist;

(= Isobebeerine)
(bisbenzylisoquinoline)

Isococculidine (= O-
Methylisococculine)
{erythrina isoquinoline)

Karakoline (=

Carmichaceline; Karacoline)

{norditerpene alkaloid)

Lappaconitine
{norditerpene alkaloid)

(—)-Lobeline
(piperidine)

Lycoctonine (= Delsine;
Royline)
{norditerpene alkaloid)

Magnoflorine
(= Corytuberine;
Escholine; Thalictrine)
(aporphine isoquinoline)

7,8-Methylenedioxy-
lycoctanine (= Delartine;
Delsemidine) (diterpene)

Methyllycaconitine (=
Delartine; Delsemidine)
{norditerpene alkaloid)

Nicotine
{(pyridine pyrrolidine)

(Annonaceae), Heracleum wallichi
(Apiaceae), Chondrodendron
tomentosum [bark], Epinetrum
cordifolium, E. mangenotiz,
Sciadotenia toxifera
(Menispermaceae),

Cocculus laurifolius
{Menispermaceac)

Aconttum carmichaeli, A.
karakolicum, Delphinium
pentagynum (Ranunculaceae)
[tuber]

Aconitum excelsum, A. orientale, A.
ranunculaefolium, A. sinomontanum,
A. spp. (Ranunculaceae) [aerial,
tuber]

Lobelia hasslers, L. inflata, L.
nocttianagfolia, L. tupa, Campanula
medium [seed] (Campanulaceae)

Inula ropleana (Asteraceae),
Aconitum lycoctonum, Consolida
ajacis, Delphinium consolida, D. spp.
(larkspur) (Ranunculaceae) [root]

Aristolochia (Aristolochiaceae),
Mahonia (Berberidaceae), Croton
(Euphorbiaceae), Chelidonium,
Eschscholzia, Glaucium, Papaver
(Papaveraceae), Magnolia
(Magnoliaceae), Thalictrum
(Ranunculaceae), Janthoxylum
(Rutaceae) spp.

Delphinium spp. (larkspur)
(Ranunculaceae) [root]

Delphiaum barbeyr, D. elatum, D.
spp. (larkspur) (Ranunculaceae)
[root]

Asclepias syriaca (Asclepiadaceae),
Sedum acre (Crassulaceae),
Lycopodium spp., Equisetum arvense
(Equisetaceae), Nicotiana tabacum
(tobacco), N. spp. (Solanaceae)

Chondrodendron
tomentosum bark source
of S. American

curare arrow poison &
medical curare

nACh-R antagonist [NM
blocker]

nACh-R antagonist (2)
(neuronal &7 aBgTX site)
[hypotensive, NM blocker,
respiratory inhibition, toxic]

nACh-R antagonist — rat
neuronal a7 aBgTX site (96)
[Al analgesic, curare-like, NM
blockade, respiratory paralysis,
toxic, ventricular fibrillation]

nACh-R antagonist — a7 [9]
(0432 agonist) [anti-smoking
use; racemate (Lobelidine)
analeptic|

nACh-R antagonist — rat
neuronal a7 aBgTX site,
brain aBgTX site (10)

[ hypotensive]
nACh-R antagonist

nACh-R antagonist

nACh-R competitive antagonist —
o7 aBgTX site (8 nM),
aBgTX site [4nM], nicotine
site (8], @9InACh-R (mixed
n-m properties R) ACh-
competitive blocker [curare-
like, NM blockade, toxic]

a9nACh-R (mixed n-m
properties R) ACh-
competitive blocker
(nAChR agonist) [addictive,
insecticide, respiratory
paralytic, toxic, tranquillizer]

(continued )



98 3. Neurotransmitter- and hormone-gated ion channels

Table 3.1 (Continued)

Compound (class) Plant (family) | partf Protern target/ process inhibited
(other targets) | in vivo effects/
Nudicauline Delplunium stapeliosum, D. spp. nACh-R antagonist (2 nM)

{norditerpene alkaloid)

Pilocarpine
(furanone imidazole)

Pteleprenine
{quinoline)
Sanguinarine (=
Pseudochelerythrine)
{(benzophenanthridine)

Strychnine
{indole)

(larkspur) (Ranunculaceae)
[root]

Prlocarpus jaborands,
P macrophyllus, B pennatifolius,
P racemosus (Rutaceac)

Orxa japonica (Rutaceae)

Fumaria officinalis (Fumariaceae),
FPapaver somniferum, Dicentra
spectabilis, D. peregrina,
Chelidonium majus, Sanguinaria
canadensis, Argemone, Boccona,
Eschscholzia, Glaucium, Macleaya
spp- (Papaveraceae), Lanthoxylum
spp- (Rutaceae), Preridophyllum spp.
(Sapindaceae)

Argyreia nervosa (Convolvulaceae),
Strychnos nux-vomica [seed]
{(nux-vomica), S. wnatil
(ignatius bean), S. wcqa, S. tieute,
S. tniplinervia (Loganaciae)

Toxiferine I (= C-Toxiferine Strychnos fioesit, S. toxifera
I; Toxiferine V; Toxiferine XI) (Loganiaceae)

(bisquaternary ammonium,

indole)

(+)-Tubocurarine (= curare Chondrodendron tomentosum

active principle)
{(bisbenzylisoquinoline)

{(—)-Tubocurarine
{(bisbenzylisoquinoline)

Terpene
1,9-Dideoxyforskolin
(labdane diterpenoid)
Forskolin
(labdane diterpenoid)

Ginsenoside Rg2
{triterpene saponin)

(curare, pareira), C. spp
(Menispermaceae) [bark]; S. Am.
Indian arrow poison curare
component

Chondrodendron tomentosum
(pareira), C. spp (Menispermaceac)
[ bark]

Coleus forskohlir (Lamiaceace)

Coleus barbatus, C. forskohlii
(Lamiaceae)

Panax ginseng [ginseng root]
(Araliaceae)

(rat neuronal a7 aeBgTX site)
[curare-like, NM blockade,
toxic]|
a9nACh-R (mixed n—m
properties R} blocker
(mACh-R agonist)
[anti-glaucoma, cholinergic,
gastric, salivary &
lachrymal secretory
stimulant, miotic,
parasympathomimetic]
nACh-R antagonist (at 0.1-10)

nACh-R ligand (12) (a 1A-R,
a2A-R, AChE, ATPase,
BChE, CDPK, ChAT,
diamine oxidase,
DNA ligand, 5SHT2-R,
mACh-R,
MLCK, PKA, PKC)
[antibacterial, AI]

a7nACh-R antagonist (Gly-R)
[CNS stimulant, toxic]

nACh-R antagonist [NM
blocking (8 X >tubocurarine),
calabash curare poison
component, toxic|

nACh-R antagonist [1 nM] (rat
o432, GABAA-R) [toxic,

skeletal muscle relaxant]

nACh-R antagonist but much
weaker than (+)-Tubocurarine

3.1Bt

nACh-R antagonist (Ca’* CH,
MDR, mactive as AC activator)
nACh-R antagonist (AC
activator, Ca?* CH, MDR)
[hypotensive per arterial
SM relaxation, increases
cAMP, increases heart rate]

nACh-R block (at 1-100)
[antitumour]

(continued)
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Table 3.1 (Continued)

Compound (class) Plant ( famaly) | part/ Proten target/ process inhubited
(other targets) | in vivo effects/
Linalool Coriandrum sativum (Apiaceae), nACh-R inhibitor (NM
(monoterpene) Bursera delpechiana (Burseraceae), presynaptic ACh release &

Non-plant reference
[B-Amyloid (1-42)]
(peptide)

[ Bethanecol]
(tetraalkyl ammonium
carbamate)

[x-Bungarotoxin]
(8 kDa protein)

[B-Bungarotoxin]

(S—S-linked 13kDa-7kDa

subunit heterodimeric
protein)
[Fluoxetine (= Prozac]

(trifluorophenoxy phenyl

tertiary amine)

[Gallamine (= Tri(3-

diethylaminoethoxy)-1,2,3-
benzene)]| (aryl tetraalkyl

ammonium}
[Homoanatoxin-a]

(tropane amine)
[Muscarine]

(quaternary ammonium

furan)

[Pancuronium]
(steroidal piperidinium
quaternary amine)

Aeolanthus suaveolens, Lavandula,
Origanum, Thymus spp. (Lamiaceae),
Citrus spp. (Rutaceae)

Human

Synthetic

[From Elapidae snake Bungarus
multicinetus)

[From Elapidae snake Bungarus
multicinetus)

Synthetic

Synthetic

Osctllatoria_formosa (blue-green
alga) (Cyanophyceae)
Amanita muscaria (fly agaric
mushroom) (Amanitaceac), nocybe
Jastigiata, I imbrina, I napipes,
1 obscurodes, I. patoutllardy,
1L rimosa, I umbrina (mushroom)
(Cortinariaceae), Clitocybe spp.
(mushroom) ('Tricholomataceae)
Synthetic

nACh-R channel) [antifungal,
antiseptic, sedative, perfume
smell]

3.1Bn

nACh-R ligand [5 pM]
[Amyloid plaque formation
in AD]

a9nACh-R (mixed n—-m
properties R) blocker
{mACh-R agonist)
[cholinergic]

nACh-R anatagonist [curare-like,
NM blockade,
paralysis]

Presynaptic NM ACh
release inhibitor

nACh-R non-competitive
blocker (SHT uptake, 5SHT3-R)
[antidepressant]

a9nACh-R (mixed n—-m
properties R) blocker
(mACh-R antagonist)
[skeletal muscle relaxant]

nACh-R blocker (respiratory
muscle)

a9 nACh-R (mixed n—m
properties R) antagonist
(mAChR agonist) [muscarinic
cholinergic, lachrimatory,
hypotensive, visual, bowel,
bronchial and heart
disturbance, toxic]

nACh-R antagonist [skeletal

muscle relaxant]
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Table 3.2 Ionotropic y-aminobutyric acid and benzodiazepine receptors

Compound (class)

Plant (farmuly) | part/

Enzyme/process inhibited
(other targets) | In vivo effects/

Central GABAA-R
Benzodiazepine
Receptor
(BZ-R) site (CBZ-R) &
peripheral BZ-R
(PBZ-R)
Alkaloid
Delorazepam
(benzodiazepine)
Diazepam
(benzodiazepine)

Harmaline (= 3,4-
Dihydroharmine;
Harmidine) (indole,
carboline)

Harmalol

{B-carboline, indole)

Harman (= Aribine;
Loturine; 1-Methyl-
[3-carboline; Passiflorin)

{B-carboline, indole)

Harmine (= Banisterine;
Leucoharmine;
Telepathine; Yageine)
(B-carboline, indole)

Lormetazepam
(benzodiazepine)

Norharman (= 3-
Carboline) (3-carboline,
indole)

Synthetic; also in Artemisia
dracunculus (Asteraceac)
Synthetic; also in Triticum aestivum

3.2A

3.2Aa
BZ-R agonist [sedative,
tranquillizer]

CBZ-R agonist (18 nM)

(wheat) (Poaceae) [germinating seed], [~10nM] [amnestic

Solanum tuberosum (Solanaceae)

[plant]

Banisteria caapt (Malpighiaceae),

Fassiflora incarnata (Passifloraceae),
Peganum harmala (Zygophyllaceae)

Apocynum cannabinum
(Apocynaceae), Hippophae
thamnowdes (Eleagnaceae),
Banisteria caapt (Malpighiaceae),
Fussiflora spp. (Passifloraceae),
Peganum harmala
(Zygophyllaceac)

Cichorium intybus (Asteraceae),

Eleagnus angustifolia { Eleagnaceac),
Fassiflora incarnata (Passifloraceae),

Sickingia (= Arariba) rubra
(Rubiaceae), Symplocos racemosa

(Symplocaceae), Peganum harmala,

Tribulus terrestris, Jygophyllum

Jabago (Zygophyllaceae); smoke of

tobacco Notiana tabacum
(Solanaceae)

Fassiflora incarnata (passion flower)
(Passifloraceae), Banisteria caapi

(Malpighaceae), Peganum harmala,
Tribulus terrestris (Zygophyllaceae)

Synthetic; also in Solanum tuberosum
(potato) (Solanaceae) [germinating

tuber]
Cichorium itybus (Asteraceac),
Tribulus terrestris (puncture vine),

Lygoplyllum fabago (Zvgophyllaceae);
tobacco smoke [ex Nicotiana tabacum
[leaf] (Solanaceace)]; cooked food

anxiolytic, skeletal muscle
relaxant, tranquillizer]
CBZ-R agonist (t2A-R,
NMDA-Glu-R)
(Flunitrazepam
displacement) (~100)
[ataxic, excitatory,
hallucinogenic,
tremorigenic]|

CBZ-R agonist (at 100)

CBZ-R agonist (~100)
(DNA) (at1-A R, L-type
Ca’" CH, DNA, 5HT?2-R)
[co-mutagenic, convulsant,
cytoxic, genotoxic, motor
depressant, DNA
intercalator, sheep “Tribulus
staggers”, vasorelaxant];
from pyrolysate of
Tryptophan
(cooked food)

CBZ-R agonist (xIA-R, L-
type Ca** CH, MAO-A)
[CNS stimulant,
hallucinogenic; Gestapo
use as “truth drug”]

BZ-R agonist [hypnotic,
sedative]

CBZ-R (DNA, MAO-A)
[co-mutagenic, agent in
sheep “Tribulus
staggers”]; from
pyrolysate of
Tryptophan (Irp)

(continued )
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Table 3.2 (Continued)

101

Compound (class) Plant (farmuly) | part] Enzyme/process infubited
(other targets) | In vivo effects/
Ricinine Ricinus communis (castor bean) BZ-R ligand ( Flunitrazepam
(dihydropyridine) (Euphorbiaceae) [seed, leaf] displacement) [convulsant,

Tabernanthine (= 13-
Methoxyibogamine)
{indole)

Temazepam
(benzodiazepine)

Phenolic
Amentoflavone (= 3,8"-
Biapigenin)
(biflavone)

Apigenin (= 5,7,4-
Trihydroxyflavone)
{flavone)

Baicalein (= 5,6,7-
Trihydroxyflavone)
{flavone)

Byakangelicol
{furanocoumarin)

2,5-Dihydroxy-7-methoxy
-6,8-dimethylflavan-
3-one (flavan-3-one)

5,7-Dimethoxyflavone
(flavone)

5,7-Dimethoxy-6-
methylflavone (flavone)

Dinatin (= Hispidulin; 6-
Methoxy-5,7,4"-
Trihydroxyflavone;
Scutellarein 6-methyl ether)
(flavone)

Tabernanthe thoga, Conopharyngia
(Tabernaemontana) sp., Stemmadenia
sp. {Apocynaceace)

Synthetic; also in Artemisia
dracunculus (Asteraceae), Solanum
tuberosum (potato)

(Solanaceac)

Viburnum prungfolium
(Caprifoliaceae), Gycas revoluta
{cycad) (Cycadaceae), Rhus
succedanea (Anacardiaceac), Ginkgo
biloba (Ginkgoaceae), Hypericum
hirsutum, H. olympicum, H. patulum,
H. perforatum (Hypericaceae),
Podocarpus montanus
(Podocarpaceae)

Widespread; Lamiaceae, ferns [leaf
surface|; Matricaria chamomilla
{(camomile) (Asteraceae) [flower];
glycosides in Apiaceae, Asteraceae,
Fabaceae

Scutellaria baicalensts, S. spp.
(Lamiaceae), Plantago
major (Plantaginaceae);
glycosides in Oroxylum indicum
(Bignonaceae), S. galericulata
(Lamiaceae),

Angelica dahurica, Ferula spp.
(Apiaceae), Citrus limon (Rutaceae)

Leptospermum scoparium (Myrtaceae)

Leptospermum scoparium (Myrtaceae)

Leptospermum scoparium (Myrtaceae)

Artemisia herba alba (Asteraceae),
Citrus sudachii (Rutaceae) [peel],
Digitalis orientalis, D. purpurea
(Scrophulariaceae) [leaf];
Asteraceae, Hydrophyllaceae,
Lauraceae [leaf ]

hypotensive, respiratory
depressant, toxic|

BZ-R agonist
(Flunitrazepam
displacement) (150) [CNS
active, Flunitrazepam-
abolished tremorigenic]

BZ-R agonist [hypnotic,
sedative]

3.2Ap

CBZ-R partial agonist
(brain, mixed) (6 nM) (15 nM)
(cAMP PDE, cGMP
PDE) [antifungal;
antidepressant activity in
St John’s wort
(Hypericum) ?|

CBZ-R-like R ligand;
CBZ-R agonist (4) (PK,
RTK) [antibacterial, Al
diuretic, hypotensive,
non-amnestic anxiolytic,
sedative, spasmolytic]

CBZ-R ligand [13]
(glyoxalase I, 12-LOX) [AI]

CBZ-R ligand (Diazepam
displacement) (12)
GABAA-R CBZ-R ligand

CBZ-R ligand
(Flunitrazepam
displacement) (2)

CBZ-R ligand
(Flunitrazepam
displacement) (45)

CBZ-R ligand (Diazepam
displacement) (1 nM) [PAI,
increases platelet cAMP]

(continued)
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Table 3.2 (Continued)

Compound (class)

Plant (famuly) | part/

Enzyme/process infubited
(other targets) | In vivo effects/

5,7-Dihydroxyflavone
(= Chrysin)

(flavone)

5-Hydroxy-7-methoxy-6-
methylflavone
{flavone)
5-Hydroxy-7-methoxy-6,8-
dimethylflavone
{flavone)
1-Hydroxypinoresinol
(lignan)

Imperatorin
(furanocoumarin)

Kaempferol 4’-0-methyl
ether (=Kaempferide;
3,5,7,4" - Tetrahydroxy
flavone 4'-0-
methyl ether)

(flavonol)

Oroxylin A
(flavone)

Phellopterin
{furanocoumarin)

Skrofulein (= 4',5-
Dihydroxy-6,7-dime-
thoxyflavone) (flavone)

Skullcapflavone II (= 5,1'-
Dihydroxy-6,7,8,5'-
Tetramethoxyflavone)
{flavone)

Terpene

Cryptotanshinone
(diterpene quinone,
tanshinone)

1,2-Didehydromiltirone
(diterpene quinone,
tanshinone)

{(—)-1,2-Dihydrotanshinone
I (diterpene quinone,
tanshinone)

Widespread; Daucus (Apiaceae),
Spartium (Fabaceae), Scutellaria

Lamiaceae), Passiflora

Passifloraceae), Pinus

Pinaceae) [wood], Prunus

Rosaceae), Populus

Salicaceae), Escallonia

Saxifragaceae) spp.

Leptospermum scoparuum (Myrtaceac)

(
(
(
(
(
(

Leptospermum scoparium
{Myrtaceae)

Nothapodytes foetida (Icacinaceae),
Valertana officinalis, V. spp.
(valerian) (Valerianaceac)

[root]

Ammi magus, Pastinaca sativa
(Apiaceae), Angelica dahurica
(Asteraceae) [root]

Pityrogramma (fern) (Adiantaceae),
Baccharis (Asteraceae), Prunus
(Rosaceae), Linana
(Scrophulariaceae),

Betulaceae, Salicaceae,
Tilia (Tiliaceae), Alpinia
(Zygophyllaceae) spp.

Scutellaria baicalensis, S. galericulata
(Lamiaceae) [root]

Angelica archangelica, A. dahurica,
Ferula alliaceae (Apiaceae) [root],
Citrus limon (Rutaceac)

Artemisia herba alba (Asteraceae)

Scutellaria baicalensis (Lamiaceae)
[root]

Salvia miltiorrhiza (sage) (Lamiaceac)
[root]

Salvia maltiorrhiza (Lamiaceae) [root]

Salvia maltiorrhiza (Lamiaceae) [root]

CBZ-R agonist [3], PBZ-R
[13] (CKII, MLCK, PKA)

[non-amnestic anxiolytic]

CBZ-R ligand
(Flunitrazepam
displacement) (3)

CBZ-R ligand
(Flunitrazepam
displacement) (40)

CBZ-R ligand

CBZ-R ligand (Diazepam
displacement) (8)

BZ-R ligand [93] (CDPK,
MLCK, PKA) [AI (TPA-
induced)]

CBZ-R ligand [15] (CYP,
12-LOX)

CBZ-R ligand (Diazepam
displacement) (0.4)

CBZ-R ligand (Diazepam
displacement) (23 nM)

BZ-R ligand [0.4]

[eytotoxic]

3.2A¢

CBZ-R partial agonist
(Flunitrazepam competition)
(2) [tranquillizer]

CBZ-R partial agonist
(Flunitrazepam competition)
(1) [tranquillizer]

CBZ-R partial agonist
(Flunitrazepam competition)
(9) [tranquillizer]

(continued )
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Table 3.2 (Continued)

Compound (class)

Plant ( family) | part]

Enzyme/process inhibited
(other targets) | in vivo effects/

Egb 761 (= Egb)

(diterpenoid extract)

Ginkgolide A
(diterpenoid)

Ginkgolide B
(diterpenoid)

Isocurcumenol
(sesquiterpene)

Majonoside-R2
(triterpene saponin}

Methylenecrypto-
tanshinquinone (diterpene
quinone, tanshinone)

Methylenetanshinquinone
(diterpene quinone,
tanshinone)

4-Methylenemiltirone
(diterpene quinone,
tanshinone)

Miltirone
(diterpene quinone,
tanshinone)

Ro 09-0680
(diterpene quinone,
tanshinone)

Tanshinone I
(diterpene quinone,
tanshinone)

Tanshinone IIA
(diterpene quinone,
tanshinone)

Non-plant reference

[6,3'-Dinitroflavone]
(flavone)

[Flumazenil]
(benzodiazepine)

Ginkgo biloba (maidenhair tree)
(Ginkgoaceae) [root bark, leaf]

standardized extract

Ginkgo biloba (maidenhair tree)
(Ginkgoaceae) [root bark, leaf]

Ginkgo biloba (maidenhair tree)
(Ginkgoaceae) [root bark, leaf]

Cyperus rotundus (sedge) (Cyperaceae)
[rhizome]

Panax ginseng ( Vietnamese ginseng)
(Araliaceac)

Salvia mitiorrhiza (Lamiaceae) [root]

Salvia mitiorrhiza (Lamiaceae) [root]

Salvia mitiorrhiza (Lamiaceae) [root]

Salvia miltiorrhiza (Lamiaceae) [root]

Salvia miltiorrhiza ( Lamiaceae) [root]

Salvia miltiorrhiza ( Lamiaceae) [root]

Salvia miltiorrhiza ( Lamiaceae) [root]

Semi-synthetic

Synthetic

Contains Ginkgolide A &
related Ginkgolides [ |
adrenocortical
mitochondrial PBZ-R
expression —> |,
corticosteroid synthesis;
antistress,
neuroprotective|

[} adrenocortical
mitochondrial PBZ-R
expression —> |,
corticosteroid; Al, anti-
asthmatic, antistress, insect
antifeedant, bitter,
neuroprotective|

[ adrenocortical
mitochondrial PBZ-R
expression — |,
corticosteroid; Al, anti-
asthmatic]

GABAA-R CBZ agonist

GABAA-R CBZ agonist [ |
opiate-induced
antinociception]

CBZ-R partial agonist
(Flunitrazepam competition)
(11) [tranquillizer|

CBZ-R partial agonist
(Flunitrazepam competition)
(11) [tranquillizer|

CBZ-R partial agonist
(Flunitrazepam competition)
(2) [tranquillizer]

CBZ-R partial agonist
(Flunitrazepam competition)
(0.3) [tranquillizer]

CBZ-R partial agonist
(Flunitrazepam competition)
(11) [tranquillizer|

CBZ-R partial agonist
(Flunitrazepam competition)
(36) [tranquillizer|

CBZ-R partial agonist
(Flunitrazepam competition)
(3) [tranquillizer]

3.2An

CBZ-R agonist [non-

amnestic anxiolytic|

CBZ-R agonist

(continued )
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Table 3.2 (Continued)

Compound (class) Plant (fanuly) | part] Enzyme/process inhibited
(other targets) | In vivo effects/
[Flunitrazepam]| Synthetic CBZ-R agonist [4nM; ~10nM]
(benzodiazepine) [hypnotic, tranquillizer]
GABA (A) Receptor 3.2B
(GABAA-R)
Alkaloid 3.2Ba

(+)-Bicuculline
(phthalide isoquinoline)

Chelerythrine
(benzophenanthridine)

Cocaine (= Benzoyl-
methylecgonine)
(tropane)

Colchicine
(tricyclic)

Corymine
(indole)
Deformylcorymine
(indole)
N-Demethyl-3-epi-
dihydrocorymine (indole)
[Dihydrocorymine]
(indole)
(+)-Hydrastine
(phthalide isoquinoline)

Isocoryne
(phthalide isoquinoline)

Adlumia fungosa, Corydalis incisa,
C. thalictrifolia (Papaveraceae),
Hydrastis canadensts (golden seal)
(Ranunculaceae)

Chelidonium mayus, Argemone,
Bocconia, Eschscholzia,

Glaucium, Sanguinaria
(Papaveraceae), Lanthoxylum
(Rutaceae) spp.

Erythroxylum coca [coca leaf],

E. spp. (Erythroxylaceae);
total global illegal
plant-derived & synthetic
drug industry possibly
worth $400 billion

per annum

Colchicum autumnale, C. spp.,
Gloriosa superba (Liliaceae)

Hunieria zeylanica (Apocynaceae)
[leaf]

Hunteria zeylanica (Apocynaceace)
[leaf]

Alstonia glaucescens (Apocynaceac)

[stem bark]

Semi-synthetic from Corymine

Berberis vulgars, Mahonia aquifolium
(Berberidaceae), Corydalis stricta
(Papaveraceae), Hydrastis
canadensis (golden seal)
(Ranunculaceae)

Corydalis pseudoadunca
(Fumariaceae)

Laudanosine (= Laudanine  Papaver somniferum (opium poppy)

methyl ether)
(benzylisoquinoline)

(Papaveraceae) [opium exudate];

also metabolic product of synthetic

skeletal muscle relaxant
Atracurium

GABAA-R antagonist (20)
(nACh-R) [antiseptic,

convulsant, haemostatic]

GABAA-R ligand (25)
(CAMPK, PKA, PKC, TK)

GABAA-R current block
(130) (D-TR, NE-TR, 5HT-
TR) [CNS stimulant, local
anaesthetic, mydriatic,
narcotic]

GABAA-R (<100)
(o 1Gly- R, microtubule
tubulin) [irritant,
carcinogen, teratogen,
tubulin & cell division
inhibitor, toxic]

[GABAA-R antagonist
(weak; at 100)]

GABAA-R (current
inhibition) (at 100) (Gly-R)

GABAA-R antagonist
(<100) (Gly-R)

GABAA-R antagonist
(>100) (Gly-R)

GABAA-R antagonist (2);
GABA stimulated Diazepam
binding (0.4) [antiseptic,
convulsant, haemostatic]

GABAA-R inhibitor (blocks
GABA induced current) [1]

GABA-R antagonist (100)
(O-R) [analgesic,
convulsive, hypotensive,
tetanic, toxic, naloxonazine-
antagonized (n10-R)
antinociceptive]

(continued )
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Compound (class)

Plant (fanuly) | part]

Enzyme/process inhibited
(other targets) | In vivo effects/

Protopine (= Biflorine;
Corydalis C; Corydinine;
Fumarine; Macleyine)
(benzylisoquinoline)

Sanguinarine (=
Pseudochelerythrine)
(benzophenanthridine)

Securinene

(piperidinepyrroldine)

(+)-Tubocurarine (= curare
active principle)
(bisbenzylisoquinoline)

Phenolic

Daidzein (= 4',7-
Dihydroxyisoflavone)
(isoflavone)

Desmethoxyyangonin
(phenolic-derived dienolide
lactone, kavapyrone)

(+)-Dihydrokavain
(= Dihydrogonosan;
Dihydrokawain)
(phenolic-derived lactone,
kavapyrone)

(+)-Dihydromethysticin
(phenolic-derived lactone,
kavapyrone)

Genistein (= Genisteol;
Prunetol; Sophoricol;
4'.5,7-
Trihydroxyisoflavone)
(isoflavone)

Honokiol
(lignan)

Chelidonium mayus, Argemone,
Bocconia, Corydalis, Eschscholzia,
Glaucium, Macleaya, Papaver
somniferum (opium poppy),
Sanguinaria spp. (Papaveraceae),
Fumaria officinalis (fumitory)
(Fumariaceae)

Chelidonium, Papaver, Argemone,
Bocconia, Corydalis, Eschscholzia,
Glauctum, Macleaya, Sanguinaria
(Papaveraceae), Fumaria officinalis
(Fumariaceae), Lanthoxylum
(Rutaceae), Pleridophyllum
(Sapindaceae) spp.

Phyllanthus discoides, Securinega
suffraticosa (Euphorbiaceae),
Securidaca longepedunculata
(Fabaceae)

Chondrodendron tomentosum (pareira),
C. spp (Menispermaceae) [bark];
S. Am. Indian arrow poison
curare component

Glycine max, Trifolium repens (clover),
Phaseolus, Psoralea, Pueraria,

Sophora, Ulex, Vigna (Fabaceae) spp.
Piper methysticum (kava) (Piperaceae)

[rhizome, root]

Piper methysticum (kava) (Piperaceae)
[rhizome, root]; traditional
Fiji drink kava

(yaqona=yangona)

Piper methysticum (kava) (Piperaceae)

[rhizome, root]

Widespread; Genista, Glycine,

Phaseolus, Trifolium spp. (Fabaceae),

Prunus spp. (Rosaceae) [wood];
glycosides in Genista tinctoria,
Glycine max, Lupinus luteus,
Sophora japonica, Ulex nanus
(Fabaceae) [pod]

Magnolia officinalis, M. obovata
(Magnoliaceae) [root, stem, bark]

GABAA-R ligand
{Muscimol displacement)
[antibacterial, sedative, SM
relaxant]

GABAA-R ligand
{Muscimol displacement)
(39) (ATPase, CDPK,
Diamine oxidase, MLCK,
PKA, PKC) [antibacterial,
Al]

GABAA-R antagonist

GABAA-R antagonist
(nACh-R) [toxic, skeletal

muscle relaxant]

3.2Bp
(GABAA-R) (inactive as
TK inhibitor cf. Genistein)

Inactive as GABAA-R
modulatory agonist (cf.
Yangonin & Kawain)

GABAA-R modulatory
agonist; increases
Bicuculline-binding (at 10);
no binding to BZ-R
[anxiolytic]

GABAA-R modulatory
agonist; increases
Bicuculline-binding (at 0.1);
no binding to BZ-R
[anxiolytic]

GABAA-R (non-
competitive antagonist)
(EGF-RTK, HISK, MLCK,
PKA, pp60** TK (RSV),
ppl1108 TK, EGF-
RTK, lipase, peroxidase)
[antifungal, oestrogenic]|

GABAA-R APL (8) [anti-
cariogenic antibacterial,
anxiolytic, central
depressant]

(continued )
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Table 3.2 (Continued)

Compound (class)

Plant (family) | part/

Enzyme/process inhibited
(other targets) | in vivo effects/

(+)-Kawain (= Gonosan;
Kavain)
(phenolic-derived lactone,
kavapyrone)

Magnolol
(lignan)

(+)-Methysticin
(phenolic-derived lactone,
kavapyrone)

Yangonin
(phenolic-derived dienolide
lactone, kavapyrone)

Terpene
Anisatin
(sesquiterpene lactone)

Carnosic acid
(diterpene)
Carnosol
{abietane diterpene)
Coriamyrtin
(tutinolide sesquiterpene
lactone)
Dihydrotutin
(tutinolide sesquiterpene
lactone)
Ginsenoside Rbl
{triterpene saponin)
Ginsenoside Rb2

{triterpene saponin)

Ginsenoside Re
{triterpene saponin)

Ginsenoside Re
{triterpene saponin)

Ginsenoside Rf

{triterpene saponin)

Ginsenoside Rgl
{triterpene saponin)

Prper methysticum (kava) (Piperaceae)

[rhizome, root]; nearly
600 secondary metabolites
isolated from Piper spp.
(an indicator of natural
product diversity within
any one genus)

Sassaftas randaiense (Lauraceae)
[root], Magnolia officinalis,
M. obovata (Magnoliaceae) [root,
stem, bark]

Prper methysticum (kava) (Piperaceae)

[rhizome, root]

Prper methysticum (kava) ( Piperaceac)
[rhizome, root]; traditional Fijian
drink kava (yaqona=yangona)

1llictum anisatum ( Japanese star anise)

(Illiciaceae) [seed]

Salvia gfficinalis (sage) (Lamiaceae)
[leaf]

Rosmarinus officinalis, Salvia

officinalis (sage) (Lamiaceae) [leaf]

Coriaria japonica, C. myrtifolia
(Coriariaceae)

Picrodendron baccatum
(Euphorbiaceae)

Panax ginseng (Araliaceae) [root]

Panax ginseng (Araliaceae) [root]

Panax ginseng (Araliaceae) [root]

Panax ginseng (Araliaceae) [root]

Panax ginseng (Araliaceae) [root]

Panax ginseng (Araliaceae) [root]

GABAA-R agonist; APL
{at 0.1); no binding to
BZ-R [anxiolytic, kava
dermopathy, skeletal muscle
relaxant]

GABAA-R APL (6) [anti-
cariogenic antibacterial,
anxiolytic, central
depressant]

GABAA-R modulatory
agonist (at 0.1); no binding
to BZ-R [anxiolytic]

GABAA-R modulatory
agonist (at 1); no binding to
BZ-R [anxiolytic]

3.2Bt

GABA-R non-competitive
antagonist (0.4—1); binds to
Picrotoxinin site)
[Picrotoxin-like, toxic]

GABAA-R chloride channel
blocker, TBPS binding (33)

GABAA-R chloride channel
blocker, TBPS binding (57)

GABAA-R antagonist (at
10-30)

GABAA-R noncompetitive
antagonist [nematocide]

GABAA-R ligand
(Muscimol displacement)

GABAA-R ligand
(Muscimol displacement,
high affinity site)

GABAA-R ligand
(Muscimol displacement)
(GABAB-R)

GABAA-R ligand
(Muscimol displacement,
high affinity site); increased
Flunitrazepam binding to
CBZ-R [analgesic]

GABAA-R ligand
{Muscimol displacement};
high affinity site); CBZ-R
APL [antitumour]

GABAA-R ligand
(Muscimol displacement)
[antitumour]

(continued )
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Table 3.2 (Continued)

Compound (class)

Plant (family) |part/

Enzyme/process inhubited
(other targets) | in vivo effects/

Ginsenoside Rg2

{triterpene saponin)

Horminone
(diterpene)

Isohyenanchine
(tutinolide sesquiterpene
lactone)

Picrodendrin A
(tutinolide sesquiterpene
lactone)

Picrodendrin B
(tutinolide sesquiterpene
lactone)

Picrodendrin O
(tutinolide sesquiterpene
lactone)

Picrodendrin Q.
(tutinolide sesquiterpene
lactone)

Picrodendrins
(tutinolide sesquiterpene
lactones)

Picrotin
(tutinolide sesquiterpene
lactone)

Picrotoxin (= mixture of
Picrotin and Picrotoxinin)
(tutinolide sesquiterpene
lactone)

Picrotoxinin
(= Dehydropicrotin)
(tutinolide sesquiterpene
lactone)

Taxodione
(abietane diterpenoid)

a- & [3-Thujone
(=Thujan-3 one isomers)
(monoterpenes);
neurotoxic agent of
liqueur absinthe;
affected Charles
Baudelaire, Arthur
Rimbaud & his
lover Paul Verlaine,
Oscar Wilde &
Emile Zola (absinthe
eventually banned)

Panax ginseng (Araliaceae) [root]

Salvia deserta, Plectranthus
hereroensis (Lamiaceae) [root]

Picrodendron baccatum
(Euphorbiaceae)

Picrodendron baccatum
(Euphorbiaceae)

Picrodendron baccatum
(Euphorbiaceae)

Picrodendron baccatum
(Euphorbiaceae)

Picrodendron baccatum
(Euphorbiaceae)

Picrodendron baccatum
(Euphorbiaceae)

Anamirta paniculata (= A. cocculus,
Menispermum occulus), Tinomiscium
plalippinense (Menispermaceac)
[drupe]

Anamirta paniculata (= A. cocculus,

Menispermum occulus), Tinomiscium
philippinense (Menispermaceae)
[drupe]

Salvia deserta (Lamiaceae), Anamirta
paniculata (= A. cocculus,
Menispermum occulus), Tinomiscium
philippinense (Menispermaceae)

Taxodium distichum (Taxodiaceae)

Artemusia absinthium (wormwood),
Tanacetum vulgare (tansy)
(Asteraceae) [leaf oil], Thuja
occidentalis (white cedar)
(Cupressaceae) [leaf oil], Salvia
spp. (Lamiaceae); absinthe
affected Paul Gaugin, Vincent
van Gogh, Pablo Picasso &
Henri de Toulouse-Lautrec

GABA-R antagonist
[blocks GABA-induced
adrenal catecholamine
secretion]

GABAA-R chloride current
inhibition (10)

GABAA-R non-competitive
antagonist [nematocide]

GABAA-R non-competitive
antagonist (<1)
[nematocide]

GABAA-R non-competitive
antagonist (<1)
[nematocide]

GABAA-R non-competitive
antagonist (1)

GABAA-R non-competitive
antagonist (16-22 nM)

GABAA-R non-competitive
antagonists [nematocides]

GABAA-R non-competitive
antagonist (Gly-R) [CNS
stimulant, barbiturate
antidote, insecticide]

GABAA-R antagonist (0.2);
GABAA-R chloride current
inhibition (1) (Gly-R) [CNS
stimulant, barbiturate
antidote, insecticide]

GABAA-R non-competitive
antagonist (Gly-R) [CNS
stimulant, barbiturate
antidote, insecticide,
nematocide]|

GABAA-R chloride current
inhibition (100)
[antitumour]

GABAA-R
antagonist/negative
modulator (C1™ channel
block) [anthelmintic,
convulsant, hallucinogenic,
intoxicant, pro-psychotic];
absinthistes painted in
L’Absinthe by Edgar
Dégas

(continued )
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Table 3.2 (Continued)

Compound (class) Plant (farmuly) [ part/ Enzyme/process inhibited
(other targets) | In vivo effects/
Tutin Coraria thymifolia GABAA-R noncompetitive

(tutinolide sesquiterpene
lactone)

Other

3-Alanine (= 3-
Aminopropionic acid)
{amino acid)

v-Aminobutyric acid (= 4-
Aminobutyric acid; GABA)
(amino acid)

Cicutoxin
(Cy7 polyacetylene)
Glycine (a-amino acid)
Palmitone (= 16-
Hentriacontanone)
(aliphatic ketone)
Virol A & Virol B
(trans-polyacetylenic
alcohols)

Non-plant reference
[Atracurium]
{(bisbenzylisoquinoline)

[Avermectin B2a-23-one]
(pyrane)

[Baclofen (= B-
(Aminomethyl)-
4-chlorobenzenepropanoic
acid)] (aryl amine)

[tertiary-
Butylbicyclo-
phosphorothioate
(= TBPS)]
{phosphorothioate)

[Carisoprodol]
(imidazole)

[ Dieldrin] (hexachloro
pentacyclic alicyclic)
[ Dihydromuscimol

(= Dihydro-5-
aminomethyl-3-
hydroxyisoxazole]
(isoxazole)

(Coriariaceae), Picrodendron
baccatum (Euphorbiaceac)

Lunaria spp. (Brassicaceae), Ribes
nigrum (Grossulariaceae), Iris
tingitana (Iridaceae), Lycopersicon
esculentum (Solanaceae)

Numerous; Phoenix dactylifera
(Aracaceae), Phaseolus, Pisum, Vicia
spp- (Fabaceae), Rehmannia glutinosa
(Scrophulariaceae), Lycopersicon
esculentum (Solanaceae), Valeriana
officinalis (valerian) (Valerianacaeae)

Cicuta virosa (water hemlock)
{(Apiaceac)

Universal

Annona dwersifolia (Annonaceae)
[leaf], Santalum album (sandalwood)
(Santalaceae)

Cicuta virosa (water hemlock)
{(Apiaceac)

Synthetic

Streptomyces avermitilis (actinomycete
fungus)

Synthetic

Synthetic

Synthetic

Synthetic insecticide

Amanita muscaria (fly agaric),
aphrodisiac,
hallucinogenic &
highly poisonous

antagonist [nematocide]

3.2Bo

GABAA-R agonist
(reversed by Bicuculline)
(Gly-R) [neurotoxic]

GABAA-R, GABAC-R
agonist (metabotropic
GABAB-R)
[antihypertensive,
neurotoxic|

GABAA-R chloride channel
blocker [acute toxicity]

GABAA-R agonist

[GABAA-R agonist?]
[anticonvulsant,
antiepileptic]

GABAA-R chloride channel
blocker [acute toxicity]

3.2Bn

Metabolic product of
skeletal muscle relaxant
Atracurium is GABAA-R
antagonist Laudanosine

GABAA-R agonist [anti-
nematode action blocked by
Bicuculline & Picrotoxin]

GABAB-R antagonist
[skeletal muscle relaxant]

GABAA-R chloride channel
blocker

GABAA-R indirect agonist
[analgesic, sketal muscle
relaxant]

GABAB-R antagonist

GABAA-R agonist

[hallucinogenic]

(continued )
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Table 3.2 (Continued)

Compound (class) Plant (farmuly) | part/ Enzyme/process inhibited
(other targets) | in vivo effects/
[Gabapentin (= Neurontin; Synthetic GABAB-R agonist
1-Aminomethyl
cyclohexane- carboxylic
acid)] (amino alicyclic
carboxylic acid)
[Isoguvacine Synthetic GABAA-R agonist
(= Piperidine-4-
carboxylic acid)]
(piperidine)
[Lidocaine] Synthetic GABAA-R chloride channel

(aryl tertiary amine)

[Meprobamate]
(imidazole)

[Muscimol (= 5-
Aminomethyl-
3-hydroxyisoxazole|
(isoxazole)

[Nicardipine]
(arylamino pyridine)

[Pentobarbital]
(pyrimidine trione;
barbiturate)

[Phenobarbital (= 5-Ethyl-
5-phenylbarbituric acid;
Phenylbarbitone)]
(pyrimidine; barbiturate)

[Taurine (= 2-Amino-
ethanesulphonic acid)]
{B-amino acid)

[Valproic acid (= 2-
Propylpentanoic acid; 2-
Propylvaleric acid)]
(carboxylic acid)

[Waglerin-1 (= 22 amino
acid peptide)]
(polypeptide)

Synthetic; metabolite of
Carisoprodol

Amanita muscaria (fly agaric), 4.
pantherina (panther cap)

{Amanitaceae); highly poisonous,

hallucinogenic mushrooms;
reported Amanita size-

perception effects inspired

Lewis Carroll’s Alice’s
Adventures in

Wonderland)
Synthetic

Synthetic

Synthetic

Animals

Synthetic

Wagler’s pit viper venom

blocker (10,000) [additive
with Cocaine, local
anaesthetic]

GABAA-R indirect agonist
[hypnotic, sedative, skeletal
muscle relaxant,

GABAA-R agonist
[hallucinogenic, spasmodic,
toxic|; fly agaric reputed
aphrodisiac

GABAA-R CI” channel (at
1-10) (V-gated Ca’* entry,
Gly-R CI™ channel)

GABAA-R agonist
[anaesthetic, anticonvulsant;
used for euthanasia]

GABAA-R agonist
[anticonvulsant, hypnotic,
sedative]

GABAA-R agonist (Gly-R)

GABA transaminase
inhibitor (cf. 4-
Hydroxybenzaldehyde)
[anticonvulsant,
antiepileptic]|

GABAA-R chloride current
block (3)
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Table 3.3 Ionotropic glutamate, glycine and serotonin receptors

Compound (class)

Plant (famuly) | part|

Enzyme/ process intubited
(other targets) | in vivo effects/

Glutamate ionotropic
receptor (Glu-R) —
N-methyl-D-aspartate

(NMDA)- binding Glu-R

(NMDA-Glu-R)

Alkaloid

[O-+-Butyl-0-
desmethylibogaine]
(indole)

(*=)-Coronaridine (=
Carbomethoxyibogamine)
(indole)

O-Desmethylibogaine (=12-
Hydroxyibogamine)
(indole)

Harmaline (= 3,4-
Dihydroharmine;
Harmidine)

(indole, carboline)

Ibogaine (= 12-
Methoxyibogamine)
(indole)

Ibogamine

(indole)

Nuciferine
(aporphine isoquinoline);
principle of Egyptian
and Mayan lotus
narcotic (psychody-
sleptic) for priestly
ecstasies; & of Odysseus
(Ulysses) & Land of
the Lotus Eaters

Tabernanthine (= 13-
Methoxyibogamine)
(indole)

Terpene
Bilobalide
(sesquiterpene)

Synthetic metabolism-resistant
derivative of Ibogaine

Tabernanthe coronana, 1. iboga,
(Apocynaceae)

Primary metabolite of Ibogaine

Banisteria caapt (Malpighaceae),
Passiflora incarnata
(Passifloraceae), Peganum harmala
(Zygophyllaceae)

Tabernanthe tboga, Voacanga
thouarsti (Apocynaceae)

Tabernanthe tboga (iboga)
(Apocynaceae); West African
stimulant & aphrodisiac

Nymphaea caerulea (Egyptian blue

lotus), M. ampla (Mayan water lily),
Nelumbo nucifera (water lotus)
(Nymphaeaceae) [flower]|, Papaver
bracteatum (Papaveraceae);
Egyptian blue lotus sacred,
source of creation; in wine
gives “tranquil euphoria”

Tabernanthe thoga, Conopharyngia

(Tabernaemontana) sp.,
Stemmadenia sp. (Apocynaceae)

Ginkgo biloba (Ginkgoaceac)

3.3A

3.3Aa
NMDA-Glu-R antagonist [179]

NMDA-Glu-R antagonist [6]
[cytotoxic, diuretic,
oestrogenic|

NMDA-Glu-R antagonist [5; 6]
(kO-R, V-D-TR, V-MA-TR)

NMDA-Glu-R inverse
agonist (®2A-R, BZ-R, Na*,
K*-ATPase, NMDA-Glu-R)
[ataxic, excitatory,
hallucinogenic, increases
c¢GMP, tremorigenic]

NMDA-Glu-R antagonist [1]
{antagonist Dizocilpine
displacement) [1] (AD-R,
mACh-R, D-R, 5HT-R, 5HT-
TR, NE-TR, kO-R, V-D-TR,
V-MA-TR) [anticonvulsant,
CNS activity, hallucinogen,
inhibits morphine dependence]

NMDA-Glu-R antagonist [6]
{antagonist Dizocilpine
displacement) (BZ-R)
[brachycardiac, cytotoxic,
hypotensive]

Non-Kainate Glu-R antagonist
(D-R) [antispasmodic, antiviral,
neuroleptic]; Egyptian lotus
depicted in social & sexual
scenes, emblem of
Nefertem,

God of Perfumes

NMDA-GIu-R antagonist [11]
{antagonist Dizocilpine
displacement) (BZ-R)[CNS
activity]

3.3A¢

Inhibits NMDA-Glu-R-
mediated PLA, activation (2)

(continued )
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Compound (class) Plant (family) | part/ Enzyme/ process intubited
(other targets) | in vivo effects/
Other 3.3A0

Agmatine (= (4-
Aminobutyljguanidine; 1-
Amino-4-guanidinobutane)
(guanidine polyamine)

1-B-Cyanoalanine (= 3-
Cyanoalanine)

(amino acid)
[1-Cysteine (Cys) (= (R)-
2-Amino 3-mercapto-

propionic acid; 3-
Mercapto-L-alanine)|
(amino acid)

[1.-Cys sulphinic acid (C-
SO,HJ
(amino acid)

[1-Cysteic acid (C—SO3sH]))]

(amino acid)

1-Glu (= (+)-o-Amino-
L-glutaric acid)
(o-amino acid)

1-Gly (= Aminoacetic
acid) (a-amino acid)

[1-Homocysteine (= (R)-2-
Amino-4-mercaptobutyric
acid)] (amino acid)

[1-Homocysteine sulphinic
acid (HC-SO,H)]

(amino acid)

[D-Homocysteine sulphinic
acid (HC-SO,H)]

(amino acid)

[1-Homocysteic acid
(HC-SOsH)

(amino acid)]

[B-ODAP (= 1-3-
Oxalylamino-2-
aminopropionic acid)
(amino acid)

Putrescine
(polyamine)

Ricinus communis (Euphorbiaceae),
Glycine max, Lathyrus sativus
(Fabaceae), Sesamum indicum
(Pedaliaceae), Hordeum vulgare
(barley) (Poaceac)

Vicia sativa (vetch), V. spp.
(Fabaceae)

Universal; thiol precursor (X—SH) of
oxidation products Cysteine
sulphinic acid (X-SO,H), Cysteic
acid (X-SOsH) & Cystine
(X-S-8-X)

Oxidation product of Cys

Oxidation product of Cys (C—SH)

All organisms; numerous plant
sources; Brassica ( Brassicaceae),
Ceratonia, Glycine, Lupinus
(Fabaceae) spp.

All organisms; numerous plant
sources; Arachis, Ceratonia, Glycine,
Lupinus, Phaseolus (Fabaceac)

Spinacia oleracea (Chenopodicaeae);
animals; thiol precursor (HC-SH)
of oxidation products
Homocysteine sulphinic acid
(HC-SO,H) & Homocysteic
acid (HC-SO3H)

Oxidation product of Homocysteine
Oxidation & alkaline racemization
product of 1-Homocysteine

Oxidation product of
Homocysteine

Lathyrus sativus (chickling pea)
(Fabaceae)

All plants

NMDA-Glu-R antagonist
(NOS) [antineurotoxic (196),
reverses pain from
inflammation & neuropathy]

NMDA-Glu-R agonist
[convulsions, excitotoxic,
neurolathyrism, neurotoxic|
[Oxidized to Cys sulphinic
acid & Cysteic acid (Aspartic
acid analogues), NMDA-Glu-R
agonists & excitotoxins]

NMDA-Glu-R agonist
[excitotoxic, stimulates IPg
formation (~100)]

NMDA-Glu-R agonist
[excitotoxic, stimulates IPg
formation (~100)]

NMDA-Glu-R agonist (Non-
NMDA-Glu-R, mGlu-R

agonist)

NMDA-Glu-R co-agonist (Gly-
R agonist)

[Oxidized to Homocysteine
sulphinic acid & Homocysteic
acid (Glutamic acid analogues)
NMDA-Glu-R agonists &
excitotoxins|

NMDA-Glu-R agonist
[excitotoxic, stimulates IPg
formation (~100)]

NMDA-Glu-R agonist
[excitotoxic]

NMDA-Glu-R agonist
[excitotoxic, stimulates IPg
formation (~100)]

NMDA-Glu-R (at 50) (Non-
NMDA-GIu-R) [excitatory,
excitotoxin, causal agent of
human neurolathyrism]

NMDA-GIu-R co-agonist at
polyamine site [neurotoxic —
potentiates excitotoxicity
of NMDA & NMDA-R

agonists|

(continued )
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Compound (class) Plant (famuly) | part] Enzyme/ process intubited
(other targets) | in vivo effects/
Spermine (= Gerontine; All plants NMDA-GIu-R co-agonist,
Musculamine; Neuridine) promotes NMDA-R
(polyamine) deactivation (polyamine
site) (at 1) [neurotoxic —
potentiates excitotoxicity of
NMDA & NMDA-R
agonists|
Spermidine All plants NMDA-Glu-R co-agonist at
(polyamine) polyamine site [neurotoxic —

Thiocyanate (= S=C=N")
(thioacyanate ion)

Zn2+

(divalent metal ion)

Non-plant reference
[Acamprosate]

(alkyl amide

sulphonic acid)

[Amantadine]
(amino cyclic aliphatic)

[M-Acetylaspartylglutamate
(= NAAG] (peptide)

[Arcaine] (guanidine)

[7-Chlorokynurenic acid]
(quinoline)

[Conus geographus peptide]
(peptide)

[Dextromethorphan]
(isoaquinoline)

[Dizocilpine]
(dibenzocycloheptene
imine)

[Gacyclidine]
(piperidine)

Generated (plus isothiocyanates &
nitriles) from Glucosinolates;
principal metabolite of CN™ from
cyanogenic glycosides e.g. Vicianin,
Prunasin & 3-Cyanoalanine from
Vicia spp. (vetch) (Fabaceae) &
Linamarin (Manihotoxine) from
Manihot esculentum (cassava)
(Euphorbiaceac)

Universal

Synthetic

Synthetic

Animals

Synthetic

Synthetic

Conus geographus (sea gastropod)
[venom]

Synthetic

Synthetic

Synthetic; Phencyclidine derivative

potentiates excitotoxicity of

NMDA & NMDA-R agonists]

1 Glutamate-AMPA Glu-R
binding [nucleophilic &
reactive, toxic, neurotoxic|;
SCN™ from cassava
manihotoxine-derived
CN™ causes neurotoxic
konzo (“tired legs”)
motor neuron
disease

NMDA-Glu-R binding site
{modulatory ligand; inhibits
binding of non-competitive
antagonist Dizocilpine)
[neurotoxic]

3.3An

NMDA-Glu-R (reverses
potentiating effect of indirect
agonist spermine) [reduces
alcoholic craving]

NMDA-Glu-R antagonist
[analgesic, anti-parkinson,
excitatory, memory storage
impairment|

NMDA-GIu-R agonist

NMDA-Glu-R ligand (displaces
Dizocilpine)

Strychnine-insensitive Gly-R
(NMDA-Glu-R) antagonist

NMDA-GIu-R antagonist

NMDA-Glu-R antagonist (0-R)
[analgesic, antitussive]

NMDA-Glu-R non-competitive
antagonist [anti-excitatory,
attention deficit disorder
application]

NMDA-Glu-R antagonist [CNS
protectant for treating
organophosphorous poisoning]

(continued )



3. Neurotransmitter- and hormone-gated ion channels 113

Table 3.3 (Continued)

Compound (class)

Plant (famaly) | part]

Enzyme/ process inhibited
(other targets) | in vivo effects/

[Haloperidol (= 1-(3-p-
Fluorobenzoylpropyl)-
4-p-chlorophenyl-4-
hydroxypiperidine)]

(arvl piperidine)

[Ibotenic acid (= a-Amino-
3-hydroxy-5-
isoxazoleacetic acid)]
(isoxazole a-amino acid)

[Menprodil (= 1-Methyl-2-
hydroxy-24-hydroxyphenyl)
ethyl-1-(4-benzyl-piperidine]]-
(arvl piperidine)

[endo-3-(Indol-2-y1)-8-
methyl-8-azabicyclo-[3.2.1]
octane](indolotropane)

[Kynurenic acid
(= 4-Hydroxy-2-
quinolinecarboxylic acid)]
{quinoline carboxylic acid)

[Memantine (= 1-Amino-
3,5 dimethyladamantane)]
(amino adamantane, amino
cyclic aliphatic)

[Methadone (= 6-
Dimethylamino-4,4-
diphenyl-3-heptanone)]
{aryl tertiary amine)

[endo-3-(1-Methylindol-2-yl)-
8-methyl-8-azabicyclo-
[3.2.1]octane(indolotropane)

[exo-3-(1-Methylindol-2-yl)-
8-methyl-8-
azabicyclo[3.2.1]octane
(indolotropane)

[NMDA]

(amino acid)

[Phencyclidine (= Angel
dust; PCP; 1-(1-
Phenylcyclohexyl)
piperidine) (piperidine)

[Philanthotoxin]
(arylalkylamine)

[Quinolinic acid (= 2,3-
Pyridinedicarboxylic acid)]
{pyridine carboxylic acid)

Synthetic

Amanita muscaria, A. pantheria (fly
agaric mushroom) (Agaricaceae);
highly poisonous,
hallucinogenic mushrooms;
reported Amanita size-
perception effects inspired
Lewis Carroll (Charles
Dodgson) (Alice’s Adventures
in Wonderland)

Synthetic

Synthetic

Metabolic product of Tryptophan
via Kynurenine cyclization by
Kynurenine Aminotransferases
I & II (KATT & KATII)

Synthetic

Synthetic

Synthetic

Synthetic

Synthetic

Synthetic; drug of abuse with
dangerous, addictive,
psychotic effects

Spider toxin

Metabolic product of Tryptophan
via Kynurenine-3-hydroxylase

NMDA-Glu-R antagonist (0-R)
[antidyskinetic (in Tourette
Syndrome), antipsychotic]

NMDA-GIu-R (K-R) agonist
(iGlu-R, non-NMDA-Glu-R)
[insecticidal, narcosis-
potentiating, neurotoxic|;
highly toxic,
hallucinogenic; fly agaric
mushroom reputed
aphrodisiac

NMDA-GIu-R antagonist
[25nM; 34 nM] (sigma-R)
[cerebral & peripheral
vasodilator]

NMDA-GIu-R antagonist
(antagonist Dizocilpine
displacement)

Antagonist of NMDA-Glu-R
(181) (non-NMDA-Glu-R)

[anti-excitotoxic]

NMDA-Glu-R antagonist [anti-
parkinson, excitatory, memory
storage impairment, skeletal
muscle relaxant]

NMDA-Glu-R antagonist (O-R)

[analgesic, narcotic]

NMDA-GIu-R antagonist
{antagonist Dizocilpine
displacement)

NMDA-GIu-R antagonist
{antagonist Dizocilpine
displacement)

NMDA-Glu-R agonist
[excitatory, excitotoxic|
NMDA-GIu-R antagonist
[analgesic, anaesthetic,
depressant, hallucinogen,induces
schizophrenia-like state]
NMDA-Glu-R non-competitive
antagonist [non-amnesic,
does not impair LTP]
NMDA-Glu-R agonist
[excitatory, excitotoxic|

(continued )
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Compound (class)

Plant (family) | part/

Enzyme/ process inhibited
(other targets) | in vivo effects/

Glutamate ionotropic

receptor {(Glu-R) — Non-

NMDA binding Glu-R
{Non-NMDA-Glu-R) —

AMPA-R, Kainate-R (K-R)

Alkaloid

Domoic acid
(pyrrolidine)

Kainic acid (= 2-Carboxy-
3-carboxymethyl-4-
isoprenylpyrrolidine)
(pyrrolidine)

Quisqualic acid (= (8)-a-
Amino-3,5-dioxo-1,2,4-
oxadiazolidine-2-propionic
acid) (oxadiazolidine
amino acid)

Stizolobic acid (= 2-
Amino-3-(6-carboxy-2-
oxo-2H-pyran-4-yl)
propanoic acid) pyranyl
propionic acid)

Stizolobinic acid (= 2-
Amino- 3-(6-carboxy-2-
oxo-2H-pyran- 4-yl)
propanoic acid)
(pyranyl propionic acid)

Phenolic

Cyandione A
(biacetophenone)

Other

1-Glutamate (= (+)-a-
Amino-1.-glutaric acid)
{oi-amino acid)

$-(4-Hydroxybenzyl)-
glutathione
{phenolic peptide)
L-0t-Amino-y-
oxalylaminobutyric acid
(amino acid)
1.-3-Oxalylamino-2-
aminopropionic acid
(= 3-NOxalyl-2,3-diamino
propionic acid; B-ODAP;
3-A-Oxalylamino-
l-alanine; 1-BOAA)
(amino acid)

Chondria armata (red alga)
(Rhodomelaceae)

Digenea sumplex (red alga)
(Rhodomelaceae)

Quisqualis chinenss, Q. indica
(Combretaceae) [seed]

Stizolobium hassjoo (Fabaceae)

Stizolobium hassjoo (Fabaceae)

Cynanchum wilfordi
{Asclepidaceae) [root]

All organisms; numerous plant
sources; Brassica (Brassicaceae),
Ceratonia, Glycine, Lupinus
(Fabaceae) spp.

Gastrodia elata (Orchidaceac)

Acacia spp., Lathyrus latifolius
(Fabaceae) [seed]

Lathyrus satius (chickling pea)
(Fabaceae); a so-called “famine
plant” consumed in India
in the absence of other
sustenance but with potential
neurotoxic effects

3.3B

3.3Ba

Non-NMDA-Glu-R (K-R)
agonist [amnesic, excitotoxic|

Non-NMDA-Glu-R (K-R)
agonist [anthelmintic,
excitatory, excitotoxic (70)]

Non-NMDA-Glu-R (K-R)
agonist (displaced by Kainate
at 30) (KATII, mGlula-R,
mGluba-R) [anthelmintic,
excitatory]

Non-NMDA-Glu-R (K-R)
antagonist (at 500)

Non-NMDA-Glu-R (K-R)
antagonist (at 500; <Stizolobic
acid)

3.3Bp

Non-NMDA-Glu-R (K-R)
interaction — alleviates
neurotoxicity of Glutamate &
kainate (but not of NMDA)

3.3Bo
Non-NMDA-Glu-R agonist
(NMDA-GIu-R agonist)

Non-NMDA-Glu-R ligand

Non-NMDA Glu-R (AMPA-R)
agonist [causes
neurolathyrism]|

Non-NMDA-Glu-R (AMPA-R)
agonist (NMDA-Glu-R,
norepinephrine TR) [cytoxicity
(at 1 pM) prevented by
quinoxalinedione non-NMDA
antagonists, excitatory,
lathyrism (neuronal damage
disease) in humans]

(continued )



3. Neurotransmitter- and hormone-gated ion channels

Table 3.3 (Continued)

115

Compound (class)

Plant (family) | part/

Enzyme/ process inhibited
(other targets) | in vivo effects/

3-Methylamino-L-alanine
(= BMAA; 3-
Methylamino-1.-alanine)
{amino acid)

Isowillardine
{uracil amino acid)
1.-2-Oxalylamino-2-
aminopropionic acid
(= a-ODAP)

(amino acid)

Non-plant reference
[AMPA (= 2-Amino-3-(3-
hydroxy-5-methyl-4-
isoxazolyl)propionic acid)]
(isoxazole carboxylic acid)
[(S)-Homoibotenic acid (=
2-Amino-3-(3-hydroxy-5-
isoxazolyl)propionic acid)]
{isoxazole carboxylic acid)
[2-Amino-3-(3-hydroxy-4-
methyl-5-isoxazolyl)
propionic acid)]
{isoxazole carboxylic acid)
[2-Amino-3-(3-hydroxy-4-
butyl-5-isoxazolyl)
propionic acid)]
(isoxazole carboxylic acid)

[Ibotenic acid (= o-Amino-
3-hydroxy-5-isoxazole-
acetic)] (isoxazole
amino acid)

[Kynurenic acid (= 4-
Hydroxy-2-
quinolinecarboxylic acid)]
{quinoline carboxylic acid)

[NBQX (=2,3-Dihydroxy-
6-nitro-7-sulfamoyl-
benzo(f)quinoxaline)]
{quinoxaline)

[Willardine derivatives]
(uracil amino acids)

Inhibitory glutamate
receptor (iGlu-R)

I-Glutamate (= (+)-a-
Amino-1.-glutaric acid)
{oi-amino acid)

Cycas cireinalis (Cycadaceae)

Prsum sativum (pea) (Fabaceae)
[seed, seedling]

Lathyrus satius (chickling pea)
(Fabaceae)

Synthetic

Synthetic

Synthetic

Synthetic

Amamnita muscaria, A. panthera
{mushroom) (Agaricaceae);
highly toxic, hallucinogenic;
fly agaric reputed
aphrodisiac

Metabolic product of Tryptophan
via Kynurenine cyclization by
Kynurenine Aminotransferases
I & II(KATT & KATII)

Synthetic

Synthetic

Non-NMDA-Glu-R agonist
(weak, HCO4™ -dependent)
(norepinephrine transport)
[excitotoxin, lathyrism
(neuronal damage disease) in
humans]

Non-NMDA-Glu-R agonist

Non-NMDA-Glu-R agonist (cf.
Kainic & Quisqualic acids)
(NMDA-Glu-R) [excitatory,
excitotoxin, causal agent of
human neurolathyrism]

3.3Bn

Non-NMDA-Glu-R agonist
(AMPA-R) [excitatory,
excitotoxic (11)]

Non-NMDA-Glu-R agonist
(AMPA-R) (0.8) (mGlula-R,
mGluda-R) [excitatory (330),
excitotoxic|

Non-NMDA-Glu-R agonist
(AMPA-R) (0.3) (mGlula-R,
mGluba-R) [excitatory (18),
excitotoxic|

Non-NMDA-Glu-R agonist
(AMPA-R) (0.5) (mGlula-R,
mGluba-R) [excitatory non-
NMDA-Glu-R (17),
excitotoxic|

Non-NMDA-Glu-R (K-R)
agonist (cf. Kainic acid) (iGlu-
R, NMDA-Glu-R) [insecticidal,
narcosis-potentiating,
neurotoxic]|

non-NMDA-Glu-R antagonist
(NMDA-Glu-R) [anti-

excitotoxic]|

Non-NMDA-Glu-R (AMPA-R)
antagonist [ameliorates 3-
Nitropropionate-induced
neurodegeneration, ameliorates
EAE (mouse MS model)]

Non-NMDA-Glu-R agonists

3.3C

All organisms; numerous plant sources; 1Glu-R agonist (non-NMDA- and

Brassica (Brassicaceae), Ceratonia,
Glycine, Lupinus (Fabaceae) spp.

NMDA-Glu-R agonist)

(continued )
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Compound (class)

Plant (famuly) | part]

Enzyme/ process intubited
(other targets) | in vivo effects/

[Tbotenic acid (= a-Amino- Amanita muscaria, A. pantheria

3-hydroxy-5-isoxazoleacetic)]
(isoxazole ai-amino acid)

Quisqualic acid (= (S)-a-
Amino-3,5-dioxo-1,2,4-
oxadiazolidine-2-propionic
acid) (oxadiazolidine

amino acid)

Gly-R
Alkaloid
Brucine (=10, 11-

Dimethoxystrychnine)

(indole)

Calycanthine

(pyrrolidine); structure

determined (1960)

by Robert Burns

Woodward (USA, Nobel
Prize, Chemistry, 1965)

Colchicine

(tricyclic); synthesis

(mushroom) (Agaricaceae); highly
toxic, hallucinogenic; fly
agaric reputed aphrodisiac
Quisqualis chinensts, Q. indica
(Combretaceae) [seed]

Strychnos aculeata, S. wnatu, S. nux
vomica (Loganiaceae)

Calycanthus spp. (Calycanthaceae)
[seed], Palicourea alpina
(Rubiaceae) [leaf, stem)]

Colchicum autumnale, C. spp.,
Gloriosa superba (Liliaceac); named

(1963) by R.B.Woodward for Colchis, homeland of

(USA, Nobel Prize,

Chemistry, 19653)

Corymine

(indole)

Deformylcorymine

(indole)

N-Demethyl-3-¢pi-
dihydrocorymine
(indole)

{(—)-Laudanidine
(benzylisoquinoline)

(+)-Laudanidine
(benzylisoquinoline)

Laudanine (= (=)
Laudanidine)
(benzylisoquinoline)

Pleiocarpamine

(indole)

sorceress & herbalist Medea

Hunieria zeylanica (Apocynaceae)

[leat]

Hunieria zeylanica (Apocynaceae)

[leaf]

Alstonia glaucescens (Apocynaceae)
[stem bark]

Papaver somniferum (opium poppy)
(Papaveraceae)

Machilus obovatifolia (Lauraceae),
Thalictrum dasycarpum
(Ranunculaceac)

Xylopia pancheri (Annonaceae),
FPapaver somniferum (opium poppy)
(Papaveraceae)

Hunieria zeylanica (Apocynaceae)

[leaf]

1Glu-R (non-NMDA- and
NMDA-Glu-R) [insecticidal,
narcosis-potentiating,
neurotoxic]|

iGlu-R agonist (pulmonate
molluscs) (KATTI, mGlula-R,
mGluba-R, non-NMDA-Glu-R)

[anthelmintic, excitatory]

3.3D
3.3Da
Gly-R antagonist [bitter, toxic|

Gly-R antagonist [convulsant,
strychnine-like, toxic]

o 1Gly-R antagonist (64), a1G-
R antagonist (324) (GABAA-
R, microtubule tubulin)
[irritant, carcinogen, teratogen,
tubulin and cell division
inhibitor, toxic]

Gly-R antagonist (non-
competitive, chloride
channel blocker) (11) [CNS
stimulant, potentiates
convulsions by Strychnine &
Picrotoxin]

Gly-R antagonist (non-
competitive, chloride channel
blocker) (37; 55)

Gly-R antagonist (37; <100)
(GABAA-R)

Gly-R antagonist [Strychnine-

like, toxic]
Gly-R [Strychnine-like, toxic]

Gly-R antagonist [Strychnine-
like, toxic]

Gly-R antagonist (>100)

(continued )
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Compound (class) Plant ( famaly) | part/ Enzyme/ process intubited
(other targets) | in vivo effects/
Strychnine Strychinos nux-vomica [seed] (nux- Gly-R antagonist (¢ 7nACh-R)

(indole); Heinrich Otto
Wieland (Germany,
Nobel Prize, 1927, bile
acids); structure &
synthesis by Robert
Burns Woodward

(USA, Nobel Prize, 1965,
Chemistry)

Terpene

Picrotin
(tutinolide sesquiterpene
lactone)

Picrotoxin (= mixture of
Picrotin and Picrotoxinin)
(tutinolide sesquiterpene
lactone)

Picrotoxinin
(= Dehydropicrotin)
(tutinolide sesquiterpene
lactone)

Other

B-Alanine (= 3-
Aminopropionic acid)
(amino acid)

Glycine
(oi-amino acid)

Non-plant reference

[A-Demethyl-3-ep:-
dihydrocorymine]
(indole)

[Dihydrocorymine]
(indole)

[Nicardipine]

(arylamino pyridine)

[Nifedipine]
(aryl dihydropyridine)

[Nitrendipine]
(Dihydropyridine=DHP)

[Taurine (= 2-
Aminoethane-sulphonic

acid)] (B-amino acid)

vomica), S. ignati (ignatius bean),
S.icqpa, S. tieute, S. triplinervia
(Loganaciace); Adolph Hitler
took anti-flatulence pills
containing Strychnine &
Atropine. He also took
Methamphetamine &
Cocaine medications

Anamirta paniculata (= A. cocculus,
Menispermum occulus), Tinomiscium
philippinense (Menispermaceae)
[drupe]

Anamirta paniculata (= A. cocculus;
Menispermum occulus), Tinomiscium
philippinense (Menispermaceae)
[drupe]

Anamirta paniculata (= A. cocculus,
Menispermum occulus), Tinomiscium
plalippinense Menispermaceac)

[drupe]

Lunaria spp. (honesty)
(Brassicaceae), Iris tingitana
(Iridaceae) [seed]

All organisms; numerous plant
sources; Arachis, Ceratomia, Glycine,
Lupinus, Phaseolus (Fabaceae)

Semi-synthetic from Corymine

Semi-synthetic from Corymine

Synthetic

Synthetic

Synthetic

Animals

[bitter, CNS stimulant, toxic]|;
South African Mrs Daisy
De Melker poisoned

2 husbands with
Strychnine & thence her
son with arsenic (1923,

1927 & 1932)

3.3Dt

Gly-R competitive antagonist
(GABAA-R) [CNS stimulant,
barbiturate antidote,
insecticide]

Gly-R competitive antagonist
(GABAA-R) [CNS stimulant,

barbiturate antidote, insecticide]

Gly-R competitive antagonist
(GABAA-R) [CNS stimulant,
barbiturate antidote, insecticide,
nematocide]|

3.3Do

Gly-R ligand (effect reversed
by Gly-R antagonist Strychnine)
(GABA-R) [neurotoxic]

Strychnine-sensitive Gly-R
agonist (Strychnine-insensitive

NMDA Glu-R co-agonist)
3.3Dn

Gly-R chloride antagonist (non-
competitive, chloride channel
blocker) (37)

Gly-R chloride antagonist (non-
competitive, chloride channel
blocker) (34)

Gly-R CI” channel (at 1-10})
(V-gated Ca®" entry,
GABAA-R CI™ channel)

Gly-R CI” channel (at 1-10)
(DHP-Ca*"-CH)
[antthypertensive]

Gly-R CI” channel (at 1-10)
(Ca®" channel blocker)
[antthypertensive]

Gly-R agonist (GABAA-R)

(continued )
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Compound (class) Plant (family) | part/ Enzyme/ process inhibited
(other targets) | in vivo effects/
[Verapamil] Synthetic Gly-R CI™ channel (at 10)

{aryl tertiary amine)

Serotonin (5HT3-R)

Alkaloid

Ibogaine (= 12-
Methoxyibogamine)
{indole)

Serotonin (= 5-
Hydroxytryptamine)
(indole)

Tryptophan (= a-Amino-
indole-3-propionic acid)
(amino acid)

(+)-Tubocurarine (= curare
active principle)
(bisbenzylisoquinoline)

Phenolic
Jensenone
(acylphloroglucinol)

Non-plant reference
[Fluoxetine]
(trifluorophenoxy phenyl
tertiary amine)
[Granisetron]
(indazole carboxamide)
[Imipramine]
(dibenzazepine tertiary
amine)

Tabernanthe thoga, Voacanga
thouarsti (Apocynaceac)

Phoenix dactylifera (Arecaceae),
Ananas comosus (Bromeliaceac),
Hippophae rhamnoides
(Elacagnaceae), Mucuna pruriens
(Fabaceae), fuglans regia
(Juglandaceae), Musa sapientum
(Musaceae), Lycopersicon
esculentum, Solanum tuberosum
(Solanaceae), Uttica dioica
(Urticaceae) (Solanaceae),

T heobroma cacao (Sterculiaceae)

In all organisms

Chondrodendron tomentosum
{curare, pareira), C. spp.

(Menispermaceae) [bark]; S. Am.

Indian arrow poison curare
component

Eucalyptus jensenii (gum tree)
(Myrtaceae)

Synthetic

Synthetic

Synthetic

(1~ type Ca?* CH)
[antianginal, antiarrhythmic
(class IV), antihypertensive,
coronary vasodilator]

3.3E

3.3Ea

5HT3-R ligand (4) NMDA-
Glu-R antagonist (antagonist
Dizocilpine displacement) [1]
(AD-R, mACh-R, D-R,
S5HT-R, 5SHT-TR, NE-TR,
kO-R, V-D-TR, V-MA-TR)
[anticonvulsant, CNS activity,
hallucinogen, inhibits
morphine dependence]

5HT3-R agonist [0.2], channel
activation (2) (G5HT1-R,
SHTIA-R, 5SHT2-R) [CNS
stimulatory N'T]

Precursor of 5HT (Serotonin);
crosses blood—brain barrier
(BBB) (unlike 5HT) [for
depression, treatment of
aggression]|

5HT3-R antagonist [138 nM]
(nAChR) [toxic, skeletal muscle
relaxant]

3.3Ep

[antifeedant effect blocked by
S5HT3-R antagonist
Ondansetron]

3.3En

5HT3-R antagoenist [7] (SHT
uptake inhibitor)
[antidepressant]

5HT3-R antagonist [1 nM]
[antiemetic]

[Ondansetron (GHT3-R
antagonist) & Mianserine
(bHT?2-R antagonist) block
antinociceptive effect]

{continued )
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Table 3.3 (Continued)

Compound (class) Plant (family) | part/ Enzyme/ process inhibited
(other targets) | in vivo effects/
[Litoxetine] Synthetic 5HT3-R antagonist [85 nM]
(6HT uptake inhibitor)
[antidepressant, antiemetic|

[Metclopramide] Synthetic 5HT3 antagonist (D2-R
(benzamide) antagonist) [controls migraine-

associated nausea & vomiting]

[2-Methylserotonin Synthetic Specific SHT3-R agonist
(= 2-Methyl-5HT)

(indole)

[Mirtazepine]| Synthetic 5HT3-R antagonist GHT2-R
(pyrazinopyrido- antagonist) [antidepressant]
benzazepine)

[Ondansetron] Synthetic SHT3-R antagonist [antiemetic]
(imidazole carbazole)

[Tropisetron] Synthetic 5HT3-R antagonist [antiemetic|
(tropane indole)

[VC-605] Synthetic Potent 5HT3-R antagonist (pig
(quinoxaline) ileum) (1000X >Ondansetron)

Table 3.4 Sigma and vanilloid receptors

Hormone [effect]
Compound (class)

Plant (family) | part/

Process inhibited (other target
inhibited) | in vivo effects/

Sigma Receptors (G-R)

Alkaloid
Hydrastine
(phthalideisoquinoline)

Ibogaine (= 12-
Methoxyibogamine)
(indole)

Ibogamine

(indole)

Narceine
(ring-opened
isoquinoline)

Narcotoline (=
Desmethylnoscapine)
(phthalideisoquinoline)

Berberis vulgaris, Mahonia
aquifolium (Berberidaceae),
Corydalis stricta (Papaveraceae),
Hydrastis canadensis
(Ranunculaceac)

Tabernanthe thoga, Voacanga
thouarsit (Apocynaceae)

Tabernanthe iboga (Apocynaceae);
West African stimulant &
aphrodisiac

Papaver somniferum (opium)
(Papaveraceac)

Papaver somniferum (opium)
(Papaveraceac)

3.4A

3.4Aa

Displaces 0-R agonist
Noscapine [antiseptic,
non-narcotic antitussive,
haemostatic for uterine
haemorrhage]

o 1-R ligand [9], 02-R ligand
[0.2] (D-R, D-TR, 5SHT-TR,
NMDA-Glu-R, V-D-TR, O-R,
V-MA-TR, V-gated Na*
channel) [anti-addictive, anti-
convulsant, CNS activity,
hallucinogen]

ol-R [~1],02-R [0.1]

(O-R, V-gated Na™ channel)
[brachycardiac activity,
cytotoxic, hypotensive]

Displaces 0-R agonist
Noscapine [non-narcotic
antitussive, hypotensive,
peristalsis stimulant, respiratory
stimulant]

Displaces 0-R agonist
Noscapine [non-narcotic
antitussive, respiratory
stimulant, spasmolytic]

(continued )
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Table 3.4 (Continued)

Hormone [effect|
Compound (class)

Plant (famuly) | part]

Process infubited (other target
mhibited) | in vivo effects/

Noscapine (=
Methoxyhydrastine;
Narcosine; a-Narcotine;
Opianine)
(phthalideisoquinoline)

Papaverine
(benzylisoquinoline)

Tabernanthine (= 13-
Methoxyibogamine)
(indole)

Phenolic
Hypericin (= Hypericum
red) (bianthraquinone)

Non-plant reference
[Acromelic acid A]
(kainoid pyrrolidine)

[N{+)-Allylnormetazocine]
(benzomorphan)

[(2R-trans)-2-Butyl-5-
heptylpyrrolidine]
(pyrrolidine)

[Dextromethorphan]
(isoquinoline, morphine
analogue)

[1,2-Di-(2-tolyl)guanidine
(= DTG)] (guanidine)

[Haloperidol (= 1-(3-p-
Fluorobenzoylpropyl)-
4-p-chlorophenyl-4-
hydroxypiperidine)]
(aryl piperidine)

[Ifenprodil (= 4-Benzyl-
a-(p-hydroxyphenyl)-
[3-methyl-1-piperidi
neethanol)|(benzyl-
piperidine phenol)

[Metazocine]
(benzomorphan)

Papaver somniferum (opium poppy)
(Papaveraceae) [latex]

Rawwolfia serpentina
(Apocynaceae), Papaver
bracteatum, P. somniferum (opium
poppy) (Papaveraceae) [latex]

Conopharyngia
(Tabernaemontana) spp.,
Stemmadenia spp., Tabernanthe
tboga (Apocynaceae)

Hypericum perforatum (St John’s

wort) (Hypericaceae)

Clitocybe acromelaga (mushroom)

Synthetic

Streptomyces longisporosuber
(fungus)

Synthetic; cough suppressant
abused as the “DMX”
recreational drug

Synthetic

Synthetic

Synthetic

Synthetic

o-R agonist [7nM]
[antitumour, apoptotic,
non-narcotic antitussive,
spasmolytic]

Displaces -R agonist
Noscapine (cAMP PDE)
[antinociceptive, non-
narcotic antitussive, SM
relaxant, spasmolytic,
vasodilator]

ol-R [~1], 02-R [0.2]
(CBZ-R, V-gated Na™*
channel, O-R)

[CNS activity]

3.4Ap

o-R agonist (~1) [antidepressant
effect overcome by
Rimcazole]

3.4An

Non-NMDA-Glu-R (K-R)
agonist [excitatory (0.3),
excitotoxic (3) cf. Kainic acid
(70]]

o-R agonist [analgesic, anti-
tussive, narcotic, protectant
against gastric & duodenal
ulcer]

o-R ligand - o 1-R (2nM), 62-R
(23nM) (D2-R)

0-R agonist NMDA-Glu-R, D-
TR) [antitussive, anxiolytic,
psychoactive]

0-R agonist [antitussive,
protectant against gastric &
duodenal ulcer]

0-R antagonist (D2-R, NMDA-
Glu-R) [antidyskinetic (in
Tourette Syndrome),
antipsychotic]|

o-R agonist [cerebral &
peripheral vasodilator]

0-R agonist [analgesic,
antitussive, narcotic, protectant
against gastric & duodenal
ulcer]

(continued )
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Table 3.4 (Continued)

121

Hormone [effect| Plant ( famuly) | part/ Process infubited (other target
Compound (class) infubited) | in vivo effects/
[Pentazocine] Synthetic 0-R agonist [analgesic,
(benzomorphan) antiamnesic, antitussive,
narcotic, protectant against
gastric & duodenal ulcer;
Naloxone inhibits NMDA-
potentiating effect]
[Rimcazole] Synthetic 0-R antagonist (D-TR)

(piperazinyl carbazole)

Vanilloid receptor
(Capsaicin receptor)
(VAN-R)

Alkaloid

Evodiamine
(indoloquinazoline
alkaloid)

Piperine (= (E,E)-1-
Piperinoylpiperidine)
(piperidine)

Rutaecarpine

(indoloquinazoline alkaloid)

Phenolic

Capsaicin (= trans-8-Methyl-
N-[(4-hydroxy-3-
methoxyphenyl)methyl]-6-
nonenamide; frans-8-
Methyl-Avanillyl-6-non-
enamide) (vanilloid
phenolic)

Capsaicinoids
(vanilloid phenolics)
Gingerols
(phenylpropane ketones)
Shogaols
(phenylpropanoids)

Terpene
Cinnamodial

(dialdehyde sesquiterpene)

Resiniferatoxin (= Euphorbia
factor RLg; Resiniferol
vanillate & phenylacetate
diester)

(daphnane diterpenoid
diester)

Araliopsts tabouensis (Araliaceae),
Evodia rutaecarpa (Rutaceae)

Piper mgrum (pepper), P. spp.
(Piperaceac)

Evodia rutaecarpa, Hortia arborea
(Rutaceae)

Capsicum annuum, C. frutescens
(paprika) (Solanaceae); {ingiber
officinale (Zingiberaceac);
capsicum spray use in law
enforcement as an alternative
to “deadly force” but war use
forbidden; primary afferent
neuron deactivation for
chronic pain relief

Capsicum spp. (Solanaceae)

Langiber officinale (ginger)
(Zingiberaceae) [root]

Lingiber officinale (ginger)
[rhizome] (Zingiberaceae)

Cinnamosma fragrans | bark],
Warburgia salutaris [wood]
(Canellaceae)

Euphorbia poisonu, E. resinifera, E.
unispina (Euphorbiaceac);
primary afferent neuron
deactivation for
chronic pain relief

3.4B

3.4Ba

VAN-R agonist
[bronchoconstrictive (3),
diuretic, diaphoretic,
tachykinin release]

VAN-R (VR-1) agonist [hot
taste of pepper; vasoconstrictive,
blocks gastric emptying]

Inactive as VAN-R antagonist
(200) (cf. Evodiamine)
[hypotensive]

3.4Bp

VAN-R (e.g. V1-R) agonist
(sensory neuron) [1] (V-K* CH,
V-Na* CH, TYR) [burning
pain sensation, broncho-
constrictive (1), desensitizes
SEnsory neurons, irritant,
tachykinin release, topical
analgesic]

VAN-R agonists

VAN-R agonists (COX, 5-LOX)
(OD-R)

VAN-R agonists (COX, 5-LOX)
[AL PAI]

3.4Bt
VAN-R ligand (0.6) [insect

antifeedant]

VAN-R agonist (nociceptive
neurons) [2nM] (PKC)
[secondary tumour promoter,
irritant, bladder sensory fibre
desensitization]

(continued)
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Table 3.4 (Continued)

Process inhibited (other target
inlbited) | in vivo effects/

Hormone [effect/ Plant ( famuly) | part|

Compound (class)

Resiniferonol (= Euphorbia Euphorbia resimifera
factor RLyg) (Euphorbiaceac)
(daphnane diterpenoid)

Other

Anandamide (= N- Theobroma cacao (cocoa)
Arachidonylethanolamine)  (Sterculiaceae) [seed] (low
(unsaturated FA amide) amounts); endogenous mammalian

Cannabinoid R agonist

Non-plant reference

[Capsazepine] Synthetic
(benzazepine)
[Hebelomic acid I] Hebeloma senescens (mushroom)

(dialdehyde sesquiterpene)

[Olvanil (= NVanillyl-9- Synthetic (cf. Capsaicin)
oleamide]
(vanilloid phenolic)

[Ruthenium Red Synthetic
(=Ruthenium
oxychloride ammoniated)]
(ruthenium complex)

Inactive as VAN-R ligand (cf.

Resiniferatoxin)

3.4Bo
VAN-R agonist [2] [stimulates
Ca’" influx (2] (CBI-R agonist)

3.4Bn
VAN-R antagonist [0.1]

VAN-R ligand (19)

VAN-R agonist (Anandamide
transport)

VAN-R antagonist




4 Ion pumps, ligand- and voltage-gated
ion channels

4.1 Introduction

As outlined in Chapter 3, cell excitability can in part be determined by the maintenance of
gradients of Na*, K* and CI™ ions. Differential plasma membrane (PM) permeabilities to
such ions and the gradients of ion concentration contribute to the transmembrane potential
difference (s,,,), which is typically about —0.1 volt (V) (inside with respect to the outside). In
addition, the cytosolic free concentration of Ca?* is extremely low (0.1 wM in resting cells
and about 10 pM in excited cells) as compared to concentrations of Na*, CI~ and K" of
about 10, 10 and 100 mM, respectively, in the cytosol and about 100, 100 and 10 mM,
respectively, in the extracellular milieu. These huge ion gradients are maintained through
the operation of ion pumps such as the adenosine 5'-triphosphate (ATP)-energized Ca**
pump (Ca?*-ATPase) and the Na* and K* pump (Na*, K*-ATPase).

Conversely, cellular perturbation can occur through the opening or closing of PM-located
or endoplasmic reticulum (ER) membrane-located ion channels. These include voltage-
gated ion channels (ion-specific protein channels that open or close in response to changes in
) or ligand-gated ion channels that open through the conformational change-inducing
binding of a ligand molecule to the corresponding protein ion channel complex. Ligands
gating specific ion channels include various neurotransmitters (N'Ts) (as described in
Chapter 3) or cytosolic “second messenger” molecules generated through signalling such as
(channel ion specificity in parentheses) adenosine 3’,5'-cyclic monophosphate (cAMP)
(Na™), guanosine 3',5'-cyclic monophosphate (¢cGMP) (Na*), inositol-1,4,5-triphosphate
(IPy) (Ca**), Ca** (Ca®*), cyclic adenosine 5'-diphosphate ribose (cADPR) (Ca?*), nicotinic
acid adenine dinucleotide 2’-phosphate (NAADP) (Ca?*) and sphingolipid (Ca?*).

4.2 Jon pumps

Ca’* pumps (Ca?*-ATPases) are located on the PM and on the ER membrane and
pump Ca’* out of the cell or into the lumen of the ER, respectively. This process is driven
by the hydrolysis of ATP and involves the successive phosphorylation and dephosphoryla-
tion of an aspartyl residue of the Ca?*-ATPase. In the dephosphorylated state (state 1), the
pump binds Ca’* tightly at a site oriented towards the cytosol but in the phosphorylated
state (state 2) this site has a lower affinity for Ca?* and is oriented towards the other side of
the membrane (i.e. towards the outside of the cell or towards the ER lumen). Ca?" is
accordingly released in state 2, the pump reverts to state 1 through dephosphorylation and
the cycle continues.

The PM Ca’*-ATPase is activated by the Ca’*—calmodulin complex (calmodulin being
a key Ca?"-binding regulatory protein) and the ER Ca’*-ATPase is stimulated by the
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phosphorylated form of an ER membrane protein, phospholamban, that is phosphorylated
by cAMP-dependent protein kinase (PKA), these representing “feedback” mechanisms reg-
ulating how excited cells revert to the resting, unexcited state. The Ca?*-ATPase belongs to
the “P-type AT Pase” family as does the Na*, K*-ATPase. The best-known plant inhibitor of
the Ga?"-ATPase is the sesquiterpene secondary tumour promoter thapsigargin (Table 4.1).

The HT, K*-ATPase is a P-type ATPase proton (H*) pump responsible for acidification
of the stomach. Inhibition of this pump by the tannin pentagalloylglucose may be the basis
for the efficacy of Paeonia Radix (dried roots of Paeollia filciflora) for treatment of gastritis
and peptic ulcers (Table 4.1).

The Na®, K*-ATPase catalyzes the ATP-dependent, coupled transport of K* into cells
and of Na* out of cells. This involves the successive phosphorylation and dephosphoryla-
tion of an aspartyl residue of the Na™, K*-ATPase and the mechanism is similar to that of
the Ca?*-ATPase. In the dephosphorylated state (state 1), the pump binds Na™ tightly at
a site oriented towards the cytosol but in the phosphorylated state (state 2) this site has
a lower affinity for Na™ and is oriented towards the outside of the cell. Na* is accordingly
released to the outside in state 2 and the pump now binds K* at an outside-accessible site.
The pump then reverts to state 1 through dephosphorylation, K* is released from its binding
site that is now oriented towards the cytosol and the cycle continues.

The Na*, K*-ATPase generates the Na* and K" gradients required for transmembrane
potential-based neuronal signalling and cell perturbation by signalling molecules that open
specific ion channels. However the Na* gradient generated by the Na*, K*-ATPase can
also be used to “drive” the transport of other solutes. Thus in intestinal cells a Na*-dependent
glucose transporter on the intestinal lumen side binds glucose on the outside in
a process dependent upon Na* binding to the transporter (state 1). The transporter conse-
quently undergoes a change in conformation to state 2 in which the binding sites are
oriented towards the intestinal cell cytosol. The Na™ concentration inside the cell being rel-
atively low, Na™ is released and glucose is accordingly also released inside the cell. This
active Na*-dependent glucose transporter is called a Na™ /glucose symporter (i.e. Na* and
glucose move in the same direction into the cell) and is driven by the Na* gradient set up at
the expense of ATP (the cellular “energy currency”) through the operation of the Na™,
K*-ATPase. A similar mechanism is involved for Na’-dependent iodide (I") uptake by
the Na*/1~ symporter and chloride (C17) uptake by the Na*-K*—2CI™~ co-transporter
(symporter) (Table 4.5).

Na't/Ca?" antiporter (Na*/Ca?* TR). The Na' gradient generated by the Na™,
K*-ATPase can also be used to pump Ca’* out of cells across the PM, this being effected by
aNa*/Ca?* antiporter that exchanges Ca?* going out for Na* coming back in and moving
“downhill” from a high Na* concentration outside to a low Na* concentration inside the
cell. The best-known plant inhibitors of the Na*, K*-ATPase are the cardiac glycosides
(cardioactive steroid glycosides) such as Digitalis (foxglove) digitoxin, Strophanthus ouabain
and Nertum oleander (oleander) oleandrin (Table 4.1). The cardiac glycosides inhibit the
dephosphorylation step of the Na™, K*-ATPase cycle and hence block coupled Na* and
K* transport. The foxglove “digitalis” preparation is a centuries old remedy for cardiac
insufficiency, the mechanism of the cardiotonic effect involving the following successive
events: digitalis inhibits the Na*, K"-ATPase — cytosolic Na* concentration increases —
Na™ gradient decreases — coupled Nat/Ca®* transport decreases — increased cytosolic
Ca®* concentration — increased cardiac muscle contraction.

Ouabain is now known to be an endogenous hormonal regulator in humans deriving
from the adrenal cortex (in response to angiotensin II) and from the hypothalamus. Ouabain
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binding to the Nat, K*-ATPase induces a tyrosine kinase (TK)-mediated signalling pathway
leading to regulation of the transcription of specific genes (see Chapter 8).

Na*/H?* antiporter (Nat/H* TR). The Na* gradient is also used to pump protons
(H") out of cells via the Na*/H" antiporter which thus prevents cellular acidification. In
reperfusion of ischaemic hearts the Na*/H™ antiporter decreases cellular acidity and
increases cytosolic Na™ concentration (which thence increases cytosolic Ga%* in myocytes).

4.3 Voltage-gated Nat channels

Voltage-gated Na™ channels are critical for cell excitability and neurotransmission by move-
ment of action potentials. As outlined in Chapter 3, the transmembrane potential (s} at a
particular point on a nerve axon PM is typically negative at rest. However depolarization at
an immediately adjoining part of the membrane (through an advancing action potential
“train” of depolarization) will cause voltage-gated Na' channels to open and hence cause
the membrane to depolarize at that point. However depolarization causes the Na* channel
to temporarily “inactivate” and voltage-gated K" channels to open with the consequence
that the {5, now hyperpolarizes (i.e. goes more negative as K* exits). The s, “overshoots”
slightly and then depolarizes slightly to return to the original “resting” value at that particu-
lar point on the membrane. The transient inactivation of the voltage-gated Na* channels
establishes a unidirectional movement of the action potential down the axon or otherwise
along an excitable cell PM.

Voltage-gated Na* channels are made up of four bundles of six transmembrane helices
with every fourth helix having a basic (positively charged) voltage-sensing amino acid
sequence. Depolarization causes this “positive patch” to be electrostatically attracted
towards the now more negative outer side of the membrane with a consequent subtle effect
on protein complex conformation and an opening of the Na*t channel. Voltage-gated K*
and Ca?* channels operate in a similar fashion.

Inactivation of the Na*t channel is blocked by the Feratrum steroidal alkaloid veratridine
and by the highly toxic diterpenoid alkaloid aconitine from Aconitum species, these toxins
causing the Na' channel to stay open and hence disrupting neurotransmission. A variety of
toxic diterpenoid alkaloids related to aconitine and having aconitine-like effects include
aconifine, bikhaconitine, delphinine, falaconitine, indaconitine, jesaconitine, mesaconitine
and pseudoaconitine. The diterpenoid alkaloids lappaconitine, N-deacetyllappaconitine and
ajacine block the Na* channel and thus can act as antagonists of aconitine. The plant
monoterpene pyrethrins I and II are insecticidal by keeping the voltage-gated Na* channel
1n a persistent open state and a number of synthetic pyrethrins are used as insecticides.
A variety of other synthetic compounds {(e.g. DDT) and naturally occurring toxins from
spiders, frogs, gastropods and fish also interfere with the voltage-gated Na* channel (Table 4.2).

The potent “puffer fish” toxin tetrodotoxin is a potent inhibitor of most voltage-gated
Na* channels (K values 1-10 nM) (Table 4.2). A variety of voltage-gated Na* channels have
been resolved from various tissues as follows (subtypes in parentheses): brain (types I, IT, ITA,
VI), skeletal muscle (1), sympathetic ganglia (PN1), heart (h1) and dorsal root ganglia
(PN3/SNS). These channels are variously blocked by tetrodotoxin, the least sensitive being
the voltage-gated Na* channels of heart (IC;, 6 wM) and dorsal root ganglia (IC5, 60 wM).

In addition to the voltage-gated Na* channels described above and the NT-opened Na*
channels described in Chapter 3, second messenger-gated Na* channels are also involved in
signalling. Thus cAMP-gated Na*t channels are involved in signalling in olfactory and taste
perception and cGMP-gated Na* channels mediate signalling in vision (Chapter 5).
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4.4 Ligand-regulated and voltage-gated K™ channels

Voltage-gated K* channels are critical to transmembrane potential- and Ca’*-mediated
signalling. Voltage-regulated K* channels are critically involved in action potentials as
described above and such channels are blocked by the legume quinolizidine alkaloid
sparteine (lupinidine) as well as by various synthetic psychoactive compounds with disparate
effects such as amitryptiline, chlorpromazine, imipramine and phencyclidine.

While some K* channels are voltage-gated, others are modulated by G proteins (that are
in turn regulated by particular hormones such as dopamine or adenosine) (see Chapter 5)
and others are subject to Ca’*-dependent activation. A Ca’*-dependent K* channel is
opened by the lignan nordihydroguaiaretic acid (NDGA).

ATP-sensitive K* channels (K yp channels) are blocked by ATP and are involved in regu-
lation of muscle, synapses and endocrine secretion. Inhibition of K channels in pancreatic
B-cells leads to depolarization, Ca’* elevation and insulin secretion. K y;p channels are
inhibited by the synthetic carbamoylmethyl benzoic acid drug rugrepiglinide and synthetic
sulphonylurea drugs (such as glibenclamide, gliclazide and glimpiride). These drugs are used in
treating type 2 diabetes mellitus (mature age diabetes) in which there is an insufficiency of
insulin production as well as a decreased responsiveness to insulin (insulin resistance). Kypp
channels are also inhibited by the legume-derived quinolizidine alkaloid sparteine (Table 4.3).

4.5 Voltage-gated Ca’>" channels

Ca** is a major “second messenger” in eukaryote cells, the cytosolic free concentration of
Ca®* being elevated in response to depolarization and to many hormones and N'Ts.
Intracellular and PM voltage-gated Ca?* channels are accordingly involved in Ca**-mediated
signalling,

PM-located voltage-gated Ca?* channels of various kinds (L, N, P, Q, R and T classes)
have been resolved of which the L-type Ca?* channels are the best studied. The voltage-
gated Ca’* channels are homologous to the voltage-gated Na* and K* channels described
above and open in response to adjacent depolarization of the i, The L-type Ca?* channels
are blocked by various synthetic drugs including phenylalkylamines (e.g. verapamil), benzoth-
ioazepines (e.g. diltiazem) and dihydropyridines (e.g. azidopine and nifedipine) (Table 4.3).

In skeletal muscle open voltage-gated L-type Ca®* channels can interact directly with
muscle ER (sarcoplasmic reticulum) ryanodine receptors to open the ryanodine receptor
Ca”* channel and thence elevate cytosolic Ca?* concentration from sarcoplamic reticulum
Ca®* stores. However in neurons and cardiac muscle activation of PM voltage-gated Ca?*
channels indirectly activates ryanodine receptor Ca** channels as outlined in the section on
“Ligand-gated Ca** channels”.

4.6 Ligand-gated Ca’' channels

While skeletal muscle ryanodine receptors are involved in excitation — contraction coupling
through direct interactions with voltage-gated Ca* channels, in other cell types ryanodine
receptor Ca’*t channels located on the ER membrane are opened by cADPR in a Ca’*-
CaM-dependent fashion. Ca’?* and plant metabolites such as the diterpenoid alkaloid
ryanodine and the methylxanthine caffeine promote opening of the ryanodine receptor
Ca’* channel. Ryanodine can also negatively modulate the receptor (Table 4.4).

The second messengers cADPR (in which both N' and N® of adenine are ribosylated)

and NAADP (in which the nicotinamide of oxidized nicotinamide adenine dinucleotide
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phosphate (NADP™) is replaced by nicotinic acid) are synthesized by adenosine 5'-diphosphate
(ADP)-ribosyl cyclase from oxidized nicotinamide adenine dinucleotide (NAD™) and
NADP?*, respectively. Both cADPR and NAADP release Ca* from the ER via specific ER
receptors that are ligand-gated Ca®* channels. Thus cADPR and NAADP act as second
messengers for cholecystokinin (CCK) to trigger elevation of cytosolic Ca®" in pancreatic
acinar cells leading to digestive enzyme secretion (noting that CCK can also activate
phospholipase Ay (PLAy) and phospholipase D (PLD) activity) (Table 4.4).

A more general mechanism for release of Ca* from the ER is via channels that are gated
by the second messenger IP;. Thus in pancreatic acinar cells acetylcholine (ACh) acts via
metabotropic, G-protein-coupled, muscarinic acetylcholine receptors (mACh-Rs) (as
opposed to the ionotropic ACh receptors described in Chapter 3) to activate phospholipase
C (PLC). PLC generates IP; and diacylglycerol (DAG) by hydrolyzing the membrane phos-
pholipid phosphatidyl inositol 4,5-bisphosphate (P14,5P,). IP; binds to the ER IPs-receptor
(an IPs-gated channel) thereby elevating cytosolic free Ca’" concentration and ultimately
triggering digestive enzyme secretion. As will be outlined in Chapters 5 and 8, a variety of
hormones can variously act to increase cytosolic free Ca?* concentration through activating
PLC and thence generating IPs.

4.7 Chloride transport and voltage-regulated chloride channels

Nat-K"-2Cl1~ co-transporter (symporter). Chloride (Cl") is transported into cells
(e.g. from the blood across the basolateral membrane into intestinal epithelial cells) by a
Nat-K*-2CI™ co-transporter (symporter) driven by the Na* gradient generated as a result
of the operation of the Na*, K*-ATPase (Na*/K*-antiporter pump). Chloride (C17) can
then be secreted from cells (e.g. across the apical membrane into the lumen of the intestine)
via the cystic fibrosis transmembrane conductance regulator (CFTR), this process being
regulated in various ways by hormonal agonists elevating the cytosolic concentrations of the
second messengers cAMP and Ca?* as outlined in the section on “cystic fibrosis transmem-
brane conductance regulator (CFTR)”.

Cystic fibrosis transmembrane conductance regulator (CFTR). The CFTR
isa Cl™ channel and consists of two 6-transmembrane a-helix domains linked by a cytosolic
portion consisting of two nucleotide-binding domains (NBD1 and NBD2) and a regulatory
domain (R). The CFTR belongs to the “ATP-binding cassette” (ABC) family of solute
transporters (other examples being the P-glycoprotein solute transporters (PGPs) involved in
multidrug resistance (MDR) to chemotherapy of cancer cells or malaria-causing Plasmodium
Jaleparum cells) (Chapter 13). Opening and closing of the CFTR CI™ channel involves
energy from ATP hydrolysis due to successive operation of the ATP-binding domains NBD1
and NBD2. However this cycle is hormonally regulated as outlined below.

Hormones acting via G-linked receptors and generating an adenylate cyclase-activating
Gas—GTP complex cause an elevation of cAMP which regulates the operation of CFTR.
Elevated cAMP activates PKA which phosphorylates the CFTR regulatory domain R, this
resulting in an activation of the CFTR. However hormones causing an elevation of cytosolic
free Ca** also modulate the process. Thus elevation of cytosolic Ca?* results in opening of
Ca**-regulated K* channels (see Section 4.3) causing K* efflux and cell hyperpolarization
(cell interior more negative with respect to the outside). Hyperpolarization in turn favours the
exit of negatively charged chloride ion (Cl7) from the cell via the CFTR Cl™ channel.

Cholera toxin is an ADP ribosyl transferase that ADPribosylates Gas—GTP, this inhibiting
the Gas subunit GTP-hydrolyzing activity and thus preventing reversion to the inactive
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Goas—GDP form. Accordingly, cAMP levels are greatly elevated, PKA remains activated and
CFTR is persistently activated, resulting in the sustained NaCl and water loss (diarrhoea)
associated with cholera. Conversely, in cystic fibrosis (CF) (affecting 1 in 2000 newborn
Caucasians), insufficient CFTR is emplaced at the apical membrane (the most common
cause being a mutation preventing proper folding of the newly synthesized CFTR).
Insufficient CFTR in the lungs results in mucous secretion leading to bacterial infection and
lung damage. Approaches to CF include gene therapy and channel-interacting drugs
(e.g. CI” channel openers and Na* channel blockers).

Voltage-regulated chloride channels (CICs).
regulated CIC CIC-0 from electric organ of Zorpedo marmorata (electric eel), a multiplicity of
human CICs have been resolved (CIC-1 to CIC-7, C1ICKa and CICKb). Defective CIC-5
yields Dent’s disease (hypercalciuria, nephrolithiasis and low MW proteinuria). Defective
CICKDb yields type I1I Bartter’s syndrome (renal tubular malfunction, hypovolemia, hypona-
tremia and hypotension). The ClCs are involved in regulation of cell anion balance, pH,

Since the resolution of the voltage-

excitability and volume.

Table 4.1 Ca’*-ATPase, HY, K'-ATPase and Na®, K'-ATPase

Compound (class)

Plant ( family) | part/

Enzyme/ process imhibited
(other targets) [ in vivo effects/

Ca’*-ATPase (Ca’*/H"
antiporter pump)

Alkaloid
Nantenine
{aporphine isoquinoline)

Sanguinarine
(= Pseudochelerythrine)
{benzophenanthridine)

Phenolic
cis-F-3-Butylidene-4,
5,6,7-tetrahydro-6,7-
dihydroxy-1(3H}-
isobenzofuranone
{benzofuranone)
trans-E-3-Butylidene-4,
5,6,7-tetrahydro-6,7-
dihydroxy-1(3H)-
isobenzofuranone
{(benzofuranone)
Ellagic acid (= Benzoaric
acid; Lagistase)
{phenolic acid lactone)

[6]-Gingerol
{phenol)

Uvaria chamae (Annonaceae),
Platycapnos spicata (Papaveraceae)

Argemone, Bocconia, Chelidonium,
Corydalis, Eschscholtzia, Glaucium,
Macleaya, Papaver, Sanguinaria
(Papaveraceae), Fumaria
(Fumariaceae), Zanthoxylum
(Rutaceae), Pieridoplyllum
(Sapindaceae) spp.

Polygonum multrflorum
(Polygonaceae) [root]

Polygonum multiflorum
(Polygonaceae) [root]

Widespread [leaf [; ellagitannin
product

Lingiber officinale (ginger)
(Zingiberaceae) [root]

4.1A

4.1Aa

Ca?*-ATPase (ATP-K* CH,
Ca’*-CH, Ca?*-K* CH, Na*,
K*-ATPase)

Ca?*-ATPase (70) (AT Pase,
CDPK, Diamine oxidase,
MLCK, PKA, PKC, VAS-R)
[antibacterial, Al]

4.1Ap
Ca*"-ATPase (160)

Ca®"-ATPase (260)

Activates Ca?*-ATPase
(at 50) (MLCK, PKA, PKC,
p60° TK) [anti-mutagen,
haemostatic|

Activates Ca”"-ATPase
{at 50) COX (PGS) [antiemetic,

antiseratogenic]|

(continued )



Table 4.1 (Continued)

4. Ion pumps and ion channels 129

Compound (class)

Plant ( famuly) | part/

Enzyme/ process inhibited
(other targets) | in vivo effects/

[8]-Gingerol
{phenol)

a-Mangostin
{prenylated xanthone)

(£)-2,3,5,4'-
Tetrahydroxystilbene 2-
0-B-D-glucopyranoside
(stilbene phenolic
glycoside)

Terpene

Gossypol
{(dimeric phenolic
sesquiterpenoid)

Thapsigargin
{guaianolide
sesquiterpene lactone)

Other

Calmodulin (= Ca?"-
binding regulator
protein; CaM)
(18 kDa protein;
(Ca’*),~CaM)

Non-plant reference

[Cyclopiazonic acid]
(pentacyclic alkaloid
mycotoxin)

H', Kt-ATPase

Phenolic
Pentagallovlglucose
(tannin)

Salvianolic acid A
(stilbene,
phenylpropanoid)

Na*t, K'-ATPase
(Na*/K*-antiporter
pump)

Alkaloid

Cassaine
(diterpenoid alkaloid)

Lingiber officinale (ginger)
(Zingiberaceae) [root]

Garcinia mangostana (Guttiferae)
[fruit peel, resin]

Polygonum multiflorum
(Polygonaceae) [root]

Gossyprum spp. (cotton), Montezuma
speciosissima, Thespesia populnea
(Malvaceae) [seed]

Thapsia garganica (Apiaceae)

Universal in eukaryotes; activated
hydrophobic Ca®* ;~CaM form

Aspergillus & Penicillium spp. (fungi)

Acer (Aceraceae), Rhus, Cotinus,

Schinus (Anacardiaceae), Terminalia
(Combretaceae), Quercus (Fagaceae),

Gerantum (Geraniaceae), Nuphar

(Nymphaeaceae), Epilobuum, Fuchsia
(Onagraceae), Paconia (Paeoniaceae),

Rosa (Rosaceae), Camellia
{Theaceae) spp.
Salvia miltiorhiza (Lamiaceae)

J. Skou (Denmark, Nobel Prize,

Chemistry, 1997, Na™,
K*-ATPase)

Cassia carnaval, Erythrophleum
guneense, E. suaveolens [ bark]
(Fabaceae)

Activates Ca?"-ATPase

Ca’"-ATPase (CDPK, HIV-1
PR, H-R, MLCK, PKA)
[antibacterial, Al, antiulcer]

Ca’"-ATPase (240)

4.1A¢

Ca?*-ATPase (CAMA, PK)
[antifungal, antitumour,
inhibits spermatogenesis]

Ca®"-ATPase [activates
basophils, mast cells,
neutrophils, secondary
tumour promoter|

4.1A0

Activates Ca’*-ATPase — PM
Ca?*-ATPase (animals), PM
& ER Ca’*-ATPase (plants)
(10nM) (activates PP2B,
CAMKI-IV, MLCK, NADK,
PhosbK)

4.1An

ER Ca?*-ATPase (HIV-1 PR,
HIV-2 PR)

4.1B

4.1Bp

H*, K"-ATPase (0.2, 10)
(aGase; NADH DH, Na*,
K"-ATPase) [anti-gastritis,
anti-peptic ulcer]|

H*, K*-ATPase [anti-peptic
ulcer, inhibits gastric H*
secretion]

4.1C

4.1Ca
Na*, K*-ATPase [anaesthetic,

cardiotonic, toxic]

(continued )
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Table 4.1 (Continued)

Compound (class) Plant ( family) | part/ Enzyme/ process imhibited
(other targets) | in vivo effects/
Cassaidine Erythrophleum guineense, Na*t, K*-ATPase [anaesthetic,

(diterpenoid alkaloid)

Erythrophleguine (= 6-a-
Hydroxycassamine)
(diterpenoid alkaloid)

Harmaline (= 3,4-
Dihydroharmine;
Harmidine)

{indole)

Nantenine

(aporphine isoquinoline)

Shihunidine
{benzofuranone
tetrahydropyrrole)

Shihunine
(benzofuranone
tetrahydropyrrole)

Phenolic

Butein (= 2',4',3,4-
Tetrahydroxychalcone)
(chalcone)

Fisetin (= 5-Deoxy-
quercetin; 3,7,3",4'-
Tetrahydroxyflavone)
{flavonol)

Galangin (= 3,5,7-
Trihydroxyflavone)
{flavonol)

Luteolin (= 5,7,3",4'-
Tetrahydroxyflavone)
(flavone)

Myricetin
(=3,5,7,3",4',5'-
Hexahydroxyflavone)
(flavonol)

E. suaveolens (Fabaceae)
[bark]

Erythrophleum guineense,
E. suaveolens (Fabaceae)
[bark]

Banisteria caapi (Malpighiaceae),
FPassiflora incarnata (Passifloraceace),
Peganum harmala (Zygophyllaceae)

Uvaria chamae (Annonaceae),
Platycapmos spicata (Papaveraceae)

Dendroduum loddigesu (Orchidaceae)
[stem]

Bansteriopsis caapt (ayahuasca)
(Malpighiaceae), Dendrodium
loddigesii, D. lohohense, D. pierardii
(Orchidaceae) [stem]

Dalbergia odorifera, Robinia
pseudoacacia, Vicia faba (Fabaceae)
[wood]; glycosides in Coreopsis
douglasii, Bidens spp. (Asteraceae)
[flower], Butea monosperma,

B. frondosa (Fabaceae) [flower]

Rhus cotinus, R. rhodantherma
{Anacardiaceac), Acacia spp.,
Dalbergia odorifera, Glycine max
(Fabaceae) [heartwood]; as
glycosides in Rhus succedanea
(Anacardiaceae) [wood], Trifolium
subterraneum (Fabaceae)

Escalloma spp. (Saxifrageaceae),
Alpinaa officinarum (Zingiberaceae),
Betulaceae, Lamiaceae, Salicaceae
[bud], ferns [leaf]

Widespread in leaves e.g. Vitis
vinifera (grape) { Vitaceae) [leaf ];
widespread as glycosides in
Brassicaceae, Fabaceae, Lamiaceae,
Scrophulariaceae [aerial]

Haplopappus canescens (Asteraceac),
Azadirachta indica (neem), Soymida
Jebrifuga (Meliaceae); glycosides in

Vaccrnium (Ericaceae), Myrica
(Moraceae), Primula (Primulaceae),
Camellia (Theaceae) spp.

cardiotonic, cardiotoxic,
convulsant]

Na*t, K*-ATPase [cardiotonic,
diuretic]

Na*t, K*-ATPase (NMDA-
Glu-R inverse agonist) [anti-
Parkinson’s, ataxic,
excitatory, hallucinogenic]

Na®, K"-ATPase (ATP-K*
CH, Ca’"-ATPase, Ca’*-CH,
Ca?™-K* CH)

Na*, K"-ATPase

Na't, KT-ATPase

4.1Cp

Nat, K*-ATPase (<73)
(EGF- RTK, F;-ATPase,
p60* TK)
[yellow pigment]

Nat, K*-ATPase (<56)
(CDPK, ITDI, LOX, NADH
DH, NEF, MLCK, PKA,
PKC succinate DH)
[allergenic, antibacterial,
inhibits SM contraction &
histamine release]

Na*t, K*-ATPase (<148)
(CDPK, COX, MLCK, PKA)

[antibacterial]

Na®, K*-ATPase (<28), (ACE,
AR, CDPK, ITDI, MLCK
NADH DH, NEP, PKA,
PKC, succinate DH, TOPII)
[antibacterial, Al, nodulation
signal]

Nat, K*-ATPase (<25)
(CDPK, F,-ATPase, IKK, 5-
LOX, MLCK, NADH DH,
NEP, PKA, succinate DH,
TOPII) [antibacterial,

antigonadotropic]

(continued )
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Compound (class) Plant ( famuly) | part/ Enzyme/ process inhibited
(other targets) | in vivo effects/
Pentagallovlglucose Paconia filciflora (Paeoniaceae) Na®, K™-ATPase (3) (H", K*-
(tannin) [dried root, Paconia Radix]; anti- ATPase, NADH DH) [anti-
peptic ulcer plant gastritis, anti-peptic ulcer]
Quercetagetin Eupatorium gracile, Tagetes spp. Na™, K*-ATPase (< 50) (AR,

(= 6-Hydroxyquercetin;
3,5,6,7,3"4'-

Hexahydroxyflavone)
(flavonol)

Quercetin (= 3,5,7,3"4'-
Pentahydroxyflavone)
{flavonol)

Terpene

Asclepin
{cyclic bridged cardiac
glycoside)

Calactin
{cyclic bridged cardiac
glycoside)

[Carbenoxolone (=18(3-
Glycyrrhetinic acid
hydrogen succinate)]
{triterpene)

Convallatoxin

(= Strophanthidin
3-0-a-1-rhamnoside)
{cardenolide, cardiac
glycoside)
Cymarin
(= Strophanthidin
3-0-B-np-cymaroside)
(cardenolide, cardiac
glycoside)
Diginatigenin
(cardenolide)

Digitalis
(leaf extract)

(Asteraceace), other Asteraceae
[flower], Acacia catechu (Fabaceae);
glycosides in Tagetes erecta
{marigold) (Asteraceae) [flower]

Widespread; Asteraceae, Passiflorae,
Rhamnaceae, Solanaceae;
Podophyltum peltatum
(Berberidaceae), Allum cepa
(Liliaceae), Oenothera biennis
(Onagraceae), Roelreuteria henryt
{Sapindaceae); widespread as
glycosides

Asclepras curassavica, A. spp.
{Asclepiadaceac)

Asclepras curassavica, Calotropis
procera (Asclepidaceac)

Metabolite of 18B3-Glycyrrhetinic
acid

Convallaria majalis (lily of the
valley) [leaf], Ornithogalum
umbellatum (star of Bethlehem)
(Liliaceae), Antiaris toxicaria
(Moraceac)

Strophanthus huspidus, S. kombé,
Apocynum spp. (Apocynaceae),
Castilloa elastica (Moraceace), Adonis
vernalis (Ranunculaceac)

Dugitalis lanata, D. lutea
{(Scrophulariaceae) [leaf|; aglycone
of Lanatoside D

Digitalis purpurea (foxglove)
(Scrophulariaceae) [leaf extract] —
William Withering (English
physician & botanist)
reported cardiotonic use
for cardiac insufficiency-
induced oedema

(dropsy) (1785)

CDPK, F|-ATPase, MLCK,
PKA, TOPII) [antibacterial,
yellow pigment]

Na*, K*-ATPase (< 26) (AR,
cAMP PDE, CaM, F|-ATPase,
LOX, MDR-TR, NEP, PK,
PS - EF-1a, RTK, TOPII)
[allergenic, antibacterial, Al,
antiviral]

4.1Ct
Na*, K*-ATPase [cardiotonic,
toxic]

Na*, K*-ATPase [cardiotonic,
stored by some insects for
their defence, toxic]

Na*, K*-ATPase (113HSDH)
[sodium retention per
1 cortisol & ALDO-R
activation as with
18B-Glycyrrhetinic acid]

Na™, K*-ATPase (0.8)
[cardiotonic, toxic|

Na™, K*-ATPase (0.3)
[cardiotonic, toxic]

Na®, K"-ATPase
[cardiotonic, toxic|

Na*t, K*-ATPase — due to
Digitoxin, Digitoxigenin,
Digoxigenin, Gitoxigenin,
Gitoxin [cardiotonic, toxic]

(continued )
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Table 4.1 (Continued)

Compound (class)

Plant ( family) | part/

Enzyme/ process imhibited
(other targets) | in vivo effects/

Digitoxin
(=Digitoxigenin 3-0-
tridigitoxoside)
{cardenolide, steroid
triterpene glycoside)

Digitoxigenin
{cardenolide, steroid
triterpene)

Digoxin (= Digoxigenin
3-O-tridigitoxoside)
(cardenolide, steroid
triterpene glycoside)

Digoxigenin
(cardenolide, steroid
triterpene)

Gitaloxigenin
(cardenolide, steroid
triterpene)

Gitoxigenin
(cardenolide)

Gitoxin (= Gitoxigenin 3-
O-tridigitoxoside)
(cardenolide, cardiac
glycoside)

18B-Glycyrrhetinic acid
(= Glycyrrhetic acid)
{triterpene)

Glycyrrhizic acid
(=Glyeyrrhinic acid;
Glycyrrhizin;
Glycyrrhizinic acid)
{triterpene saponin)

Gypenoside
{triterpene glycoside)

Hellebrigenin 3-acetate
{(bufodienolide)

Lanatoside A (=
Digitoxigenin glycoside)
{cardenolide, cardiac
glycoside)

Dugitalis lanata, D. purpurea
{foxglove) (Scrophulariaceae)
[digitalis]; high dose yields
cloudy “yellow” vision &
red-green perception changes
(xanthopsia) — anti-epileptic
use affected late “yellow”
period of Vincent Van Gogh?

Dugitalis lanata, D. purpurea
(foxglove) (Scrophulariaceae);
aglycone of Digitoxin &
Lanatoside A

Dugitalis lanata, D. orientalss,
{Scrophulariaceae)

Dugitalis lanata, D. orientalss,

D. purpurea (foxglove)
{(Scrophulariaceae); aglycone of
Digoxin & Lanatoside C

Dugitalis lanata, D. purpurea
{foxglove)

{Scrophulariaceae)

Nerium oleander (Apocynaceae),
Cryptostegia grandifolia
(Asclepidaceae), Digitalis lanata,
D. purpurea (Scrophulariaceae);
aglycone of Gitoxin & Lanatoside B

Dugitalis lanata, D. purpurea
{foxglove) (Scrophulariaceae)

Glyeyrrhiza glabra (licorice)
(Fabaceae) [rhizome, root]

Glycyrrhiza glabra (licorice)
Fabaceae) [rhizome, root]

Gymnostemma pentaphyllum
(Cucurbitaceae)

Bersama abyssinica (Melianthaceae)

Dugitalis lanata, D. lutea,
D. vinidiflora (Scrophulariaceae)
[leaf]

Na®, K-ATPase (0.2) [60 nM]
[ bitter, cardiotonic,
cytotoxic (< 0.1), toxic]

Na®, K-ATPase (14 pM; 0.2)
[cardiotonic, cytotoxic
(<<0.1), toxic]

Na*t, K*-ATPase (0.6) (PS)
[50 nM] [cardiotonic,
cytotoxic (<0.1), toxic|

Nat, K*-ATPase (0.3)
[cardiotonic, toxic|

Na™*, K*-ATPase [cardiotonic,
toxic]

Na*t, K*-ATPase [cardiotonic,
toxic]

Na*t, K*-ATPase [cardiotonic,
toxic]

Na*t, K*-ATPase (ALDO-R,
CBG, CORT-R, EST-R,
11BHSDH, SBG) [elevated
cortisol, hypermineralo-
corticoidism)]

Na®, K-ATPase (ALDO-R,
CBG, CORT-R, EST-R,
11BHSDH, SBG) [anti-
ulcerogenic, expectorant,
sweet]

Na*, K*-ATPase (63)
[apoptotic, antineoplastic,
cytotoxic]

Na't, KT-ATPase

Na™*, K*-ATPase [cardiotonic,
toxic]

(continued )
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Compound (class)

Plant ( famuly) | part/

Enzyme/ process inhibited
(other targets) | in vivo effects/

Lanatoside B
(= Gitoxigenin glycoside)
(cardenolide, cardiac
glycoside)
Lanatoside C
(= Digoxigenin
glycoside) (cardenolide,
cardiac glycoside)
Lanatoside D
(= Diginatigenin
glycoside) (cardenolide,
cardiac glycoside)
Neriifolin
(cardenolide, cardiac
glycoside)
Oleandrin
(cardenolide, cardiac
glycoside)
Oleandrigenin
(cardenolide)

Ouabain (= Ouabagenin
3-0-1-thamnoside;
g-Strophanthidin)
{cardenolide, cardiac
glycoside, triterpene
glycoside)

Ouabagenin
(cardenolide)

Peruvoside
(= Cannogenin 3-0-a-1-
thevetoside)
(cardenolide, cardiac
glycoside)

Proscillaridin A
(bufadienolide cardiac
glycoside)

Saikosaponins A, B1-4,
C,D&E
{triterpene saponin)

Scilliroside
(= Scillirosidin 3-0-B-D-
glucoside)

(bufadienolide cardiac
glycoside)

Scillaren A (= Scillarenin
3-0-glucosylrhamnoside;

Transvaalin) (bufadienolide,

triterpene glycoside)

Dugitalis lanata, D. lutea
(Scrophulariaceae) [leaf |

Dugitalis lanata, D. lutea
{(Scrophulariaceae) [leaf |

Dugitalis lanata, D. lutea
(Scrophulariaceae) [leaf |

Cerbera odollam, Thevetia neriyfolia,
T. peruviana, 1. thevetioides (yellow
oleander) (Apocynaceae) [seed]

Nerium oleander (oleander)
(Apocynaceae) [leaf]

Nerium oleander (oleander)
{Apocynaceae) [leaf]; aglycone
of Oleandrin

Acokanthera ouabato, A. schimpert,
Strophanthus gratus [seed]
{Apocynaceac); endogenous
animal Na®, K*-ATPase
regulator

Acokanthera ouabato, A. schimpert,
Strophanthus gratus [seed]

{Apocynaceace); Ouabain aglycone

endogenous animal Na™,

K*-ATPase regulator
Thevetia nerifolia, T. peruviana

(trumpet flower) (Apocynaceae)

[seed]
Scilla (Urginea) maritima (Liliaceae)
[bulb]

Bupleurum spp. (Apiaceae) [root]

Scilla (Urginea) maritima (Liliaceae)

Scilla (Urginea) maritima (Liliaceae)

Na™, K"-ATPase [cardiotonic,
toxic]

Na*, K*-ATPase [cardiotonic,
cytotoxic (< 0.1), toxic]

Na™, K-ATPase [cardiotonic,
toxic]

Na™, K"-ATPase [cardiotonic,
toxic]

Na™, K"-ATPase [cardiotonic,
diuretic, toxic]

Na™, K"-ATPase [cardiotonic,
diuretic, toxic]

Na*, K"-ATPase (0.8) [5—40nM]
[cardiotonic, cytotoxic
(<<0.1), natriuretic, toxic|

Na™, K*-ATPase (2.4)
[cardiotonic, toxic|

Na™, K-ATPase [cardiotonic,
toxic]

Na*, K*-ATPase [cardiotonic,
cytotoxic (6 nM), toxic]

Na®, K"-ATPase
Na™, K*-ATPase [bitter,

cardiotonic, rodenticide,
toxic]

Na™, K*-ATPase [bitter,

cardiotonic, toxic]

(continued )
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Compound (class)

Plant ( family) | part/

Enzyme/ process imhibited
(other targets) | in vivo effects/

(25R,8)-Sa-Spirostan-33-
ol 3-O-glucosyl-
[glucosyl]-glucosyl-
galactoside
(tetrasaccharide steroidal
saponin)

Strophanthidin
{cardenolide, triterpenc)

Strophanthin
{cardiac glycoside,
cardenolide)
Strophanthin K
{cardiac glycoside,
cardenolide)
Thesiuside
(bufadienolide triterpene)
Thevetin A
(= Cannogenin 3-0-
gentiobiosylthevetoside)
{cardenolide, cardiac
glycoside)
Thevetin B
(= Cerberoside;
Digitoxigenin 3-0-
gentiobiosylthevetoside;
Thevanil)
{cardenolide, cardiac
glycoside)
Tyledosides C, D & F
(bufadienclide triterpene)

Non-plant reference
[Bufalin]
(bufadienolide steroid)
[Cinobufagin]
(bufadienolide steroid)
[Cinobufotalin]
(bufadienolide steroid)
[Ethacrynic acid
(= [4- (Methylenebutyryl)-
2,3-dichlorophenoxy]|
acetic acid)]
{chlorophenoxy acid)
[Gamabufotalin]
(bufadienolide steroid)
[Palytoxin]
{polyhydroxypyran)

Allium chinense (Liliaceae) [ bulb]

Strophanthus hispidus, S. kombé
(Apocynaceae), Convallaria majalis
(Liliaceae), Corchorus olitorius
(Tiliaceae); aglycone of
Convallatoxin, Cymarin &
Strophanthin

Strophanthus hispidus, S. kombé
{Apocynaceae)

Strophanthus kombé
{Apocynaceae)

Thestum lineatum (Santalaceae); toxic
plant (sheep poisoning)

Thevetia neniifolia (vellow oleander)
(Apocynaceae) [seed]

Cerbera odollam, Thevetia nerijfolia
{vellow oleander) (Apocynaceae)

[seed]

Tylecodon spp. (Crassulaceae)

Bufo asiaticus (Chinese toad) (dried
venom = Ch’an Su, Senso)

Bufo asiaticus (Chinese toad) (dried
venom = Ch’an Su, Senso)

Bufo asiaticus (Chinese toad) (dried
venom = Ch’an Su, Senso)

Synthetic

Bufo vulgaris formosus ( Japanese
toad) (venom)

Falythoa spp. (zooanthid coral);
Palytoxin is the most
poisonous non-protein
compound known

Na*, K*-ATPase (40)
(cAMP PDE)

Na*t, K*-ATPase (0.6)
[cardiotonic, toxic|

Na't, KT-ATPase
[cardiotonic, toxic|

Na't, KT-ATPase
[cardiotonic, toxic|

Nat, K*-ATPase [toxic]

Nat, K*-ATPase [toxic]

Na*t, K*-ATPase [cardiotonic,
toxic]

Nat, K*-ATPase [toxic]

4.1Cn

Na*t, K*-ATPase [cardiotonic,
toxic]

Na*t, K*-ATPase [cardiotonic,
toxic]

Na*t, K*-ATPase [cardiotonic,
toxic]

Na*, K*-ATPase [diuretic]

Na*t, K*-ATPase [cardiotonic,
toxic]

Na*t, K*-ATPase (0.1) — opens
ion channel on both sides of
PM [cardiotonic,
vasoconstrictant, very toxic|

(continued )
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Compound (class) Plant ( famuly) | part/ Enzyme/ process inhibited
(other targets) | in vivo effects/
[Resibufogenin] Bufo sp. (toad) (venom) Na™, K"-ATPase [cardiotonic,
(bufadienolide steroid) toxic]
[2,4',5",6'- Semi-synthetic Na*, K*-ATPase (< 15)

Tetrahydroxychalcone]
{chalcone)

[3,3",4'-
Trihydroxyflavone]
(flavonol)

Na*/Ca’" antiporter
(Na®/Ca’t TR)
[N-Acetylsphingosine]
{ceramide)
[A-Hexanoylsphingosine|
(sphingolipid)
Sphingosine (= 1,3-
Dihydroxy-2-amino-4-
octadecene; 4-
Sphingenine)
{(sphingolipid)

Na*/H™ antiporter
(Na*/H* TR)
Phenolic
[Alpinumisoflavone]
{prenyl isoflavone)
Erythrinin B
(= Wighteone)
{prenyl isoflavone)

[Erythrinin B triacetate
(= Wighteone triacetate)]
{prenyl isoflavone)

Euchrenone b10
{prenyl isoflavone)

1,3,5-Trihydroxy-4-
(3-methylbut-2-
enyl)xanthen-9-one
{prenyl isoflavone)

Terpene
[25-Hydroxycholesterol]
(sterol)

Semi-synthetic

Animal

Semi-synthetic

Universal; precursor of S1P,
ceramide, sphingomyelin,
glucosylcerebroside, globoside and
ganglioside sphingolipids

Semi-synthetic from Erythrinin B

Argyrocytisus battandieri [leaf |,

Erythrina variegata [bark], Laburnum
anagyroides [leaf]], Lupinus albus,
L. spp. (Fabaceae) [fruit, leaf],
Maclura cochanchinensis (Moraceae)
[root]

Semi-synthetic from Erythrinin B

Erythrina variegata (Fabaceae)
[bark]

Maclura coclunchunensis (Moraceae)
[root]

Generated by cooking from
Cholesterol

Na™, K*-ATPase (30)
(CDPK, MLCK, PKA)

4.1D
Na*/Ca®" TR (at 10)
Na®/Ca?* TR (at 10)

Na*/Ca®" TR (at 3) (SPH-R,
LTP)

4.1E

4.1Ep

Na*/H* TR (at >60)
[cytotoxic]

Na®/H" TR (at 4) [antifungal,
cytotoxic, phytoalexin]

Na®/H" TR (at 7) [cytotoxic]

Na®/H" TR (at 3) [cytotoxic]

Na®/H" TR (at 7) [eytotoxic]

4.1Et
Na*/H" TR (HMGCoAR)




136 4. Ion pumps and ion channels

Table 4.2 Voltage-gated Na* channel

Compound (class)

Plant ( family) | part/

Enzyme/ process imhibited
(other targets) | in vivo effects/

Voltage-gated sodium ion

channel (V-Na*CH)

Alkaloid
3-Acetylaconitine
(diterpene)

Aconifine (= 10-Hydroxy-
aconitine; Nagarine)

Aconitine
(=Acetylbenzoylaconine)
(diterpene alkaloid)

Ajacine (= N-Acetyl-
anthranilic acid ester of
lycoctonine)

(diterpene alkaloid)

Ajmaline (= Raugalline;
Rauwolfine)

{indole)

6-Benzoylheteratisine
(diterpene alkaloid)

Bikhaconitine
(diterpene alkaloid)

Cevadine

(steroidal alkaloid)

Cocaine
(=Benzoylmethylecgonine;
Methylbenzoylecgonine)
{tropane)

Coronaridine (=
Carbomethoxyibogamine)
{indole)

N-Deacetyllappaconitine
(diterpene alkaloid)

Aconitum flavum (Ranunculaceae)

Aconttum karakolicum,
A. nagarum (Ranunculaceae) [root]

Acomitum carmichaelir, A. napellus
{(wolfsbane), 4. spp.
(Ranunculaceae) [root, other
parts]; the first poison
wolfsbane made by Hecate
from the froth of Cerberus

Acomitum spp., Consolida ajacts
(Ranunculaceace)

Melodinus balansae, Rauwolfia
serpentina [root], R. spp.,
Tonduzia longifolia
(Apocynaceae), Pausinystalia
Johimbe (Rubiaceae)

Aconttum spp. (Ranunculaceae)
[aerial, tuber]

Aconitum ferox, A. spreatum,
A. violaceum (Ranunculaceae)
[root]

Schoenocaulon officinale [seed],
Veratrum viride (Liliaceae) [root]

Erythroxylum coca (coca),
E. recurrens, E. steyermarkiz,
E. brownianum [leaf’|, E. monogynum
[root] (Erythroxylaceae) [leaf];
1.5 million US Cocaine
users

Tabernaemontana coronaria,
Tabernanthe thoga (Apocynaceac)

Acomitum spp., Delphinium spp.
(Ranunculaceae) [aerial, tuber];
metabolite derived from
Lappaconitine

4.2

4.2a

V-Na* CH activator (cf.
Aconitine), site 2 [1]
[antinociceptive (5X>
morphine), antiarthritic,
arrhythmic, hypotensive,
slows heart rate, toxic]

Effects like Aconitine (V-Na™*
CH activator) [toxic]

V-Na* CH activator
(neurotoxin binding site 2 of
a-subunit) (abolishes
inactivation; causes channel
to stay open) [1] (nACh-R)
[antinociceptive (0.1),
arrhythmic (at 10nM),
hypotensive, slows heart rate,
very toxic|

V-Na" CH inhibitor (cf.
Lappaconitine)
[antiepileptiform,
hypotensive]

V-Na" CH inhibitor (7)
[antiarrhythmic, coronary
artery dilatory]

V-Na" CH antagonist
(abolishes Aconitine effect
at 10) (Heteratisine inactive
at 30) [antiarrhythmic, AI]

V-Na* CH (cf. Aconitine)
[respiratory depressant,
arrhythmogenic, toxic]

V-Na* CH activator (abolishes
Inactivation; causes channel
to stay open) [toxic]

V-Na" CH (inactivated form)
blocker (catecholamine
transport inhibition) [central
nervous system (CNS)
stimulant, local anaesthetic,
mydriatic, narcotic]

V-Na" CH antagonist [16]
(O-R) [cytotoxic, diuretic,
oestrogenic|

V-Na" CH inhibitor [anti-
nociceptive, hypotensive,
anti-arrhythmic, lowers
heart rate]

(continued )
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Compound (class) Plant ( famuly) | part/ Enzyme/ process inhibited
(other targets) | in vivo effects/
Delphinine Atragene siberica [root], Effects like Aconitine { V-Na™*
(diterpene alkaloid) Delphinium staphisagria [seed] CH activator)
(Ranunculaceae) [root] [arrhythmogenic,
bradycardic, hypotensive,
respiratory depressant,
toxic (Aconitine >
Delphinine)]
Deoxyaconitine Aconitum spp. (Ranunculaceae) Effects like Aconitine (V-
(diterpene alkaloid) gated Na™ channel activator)
Falaconitine Atragene falconert, Effects like Aconitine { V-Na*

(=Pyropseudoaconitine) (Ranunculaceae) [root] CH activator)

(diterpene alkaloid) [arrhythmogenic, convulsant,
hypotensive, respiratory
depressant, toxic|

Germidine Schoenocaulon officinale, V-Na* CH (TTX-resistant)

(steroidal alkaloid) Veratrum album, V. viride activator [toxic; positive

Harmaline (= 3,4-
Dihydroharmine;
Harmidine; 1-Methyl-7-
methoxy-3,4 dihydro-
-carboline)

(indole alkaloid)

Harmine (= Banisterine;
Leucoharmine;
Telepathine; Yageine)
{(indole alkaloid)

Heteratisine
(diterpene alkaloid)

Hypaconitine
(= 3-Deoxymesaconitine)
(diterpene alkaloid)

Ibogaine

(= 12-Methoxyibogamine)

{indole)
Ibogamine

{indole)

Indaconitine
(= 15-Deoxyaconitine)
Pyropseudoaconitine)
(diterpene alkaloid)

Jesaconitine
(diterpene alkaloid)

[rhizome] (Liliaceae)

Banisteria caapt (Malpighiaceae),
Fassiflora incarnata
(Passifloraceac), Peganum
harmala (Zygophyllaceae) [seed]

Banisteria caapt (Malpighiaceae),
Fassiflora incarnata (passion
flower) (Passifloraceae), Peganum
harmala, Tribulus terrestris
(Zygophyllaceae) [seed]

Aconttum heterophyllum,

A. zeravschanicum
{Ranunculaceae)
[aerial, tuber]

Aconttum callianthum,

A. carmichaelir, A. napellus
(Ranunculaceac)

Tabernanthe thoga (iboga),
Voacanga thouarsit
(Apocynaceae)

Tabernanthe thoga (iboga)

{Apocynaceae)

Atragene falconeri, A. ferox,
A. chasmanthum
{Ranunculaceae) [root]

Acomitum carmichaelir, A. fischer,
A. sachalinense, A. subcuneatum
(Ranunculaceac)

chronotropy & inotropy]|
V-Na* CH antagonist [12]

[ataxic, hallucinogenic,

tremorigenic|

V-Na* CH antagonist [11]
[CNS stimulant,
hallucinogenic]

V-Na* CH antagonist (weak)
[antiarrhythmic, Al, short
hypertension, altered
respiration]|

V-Na* CH activator (cf.
Aconitine), site 2 [1] [AL
antinociceptive
(5X < Aconitine), arrhythmic,
AP blocker, toxic]

V-Na* CH [8; 9] (O-R) [anti-
addictive, anti-convulsant,
hallucinogenic]

V-Na* CH [8] (O-R, o)
[brachycardiac activity,
cytotoxic, hypotensive]

Effects like Aconitine (V-Na*
CH activator)
[arrhythmogenic,
hypotensive, respiratory
depressant, toxic|

Like Aconitine (V-Na™ CH
activator) [analgesic, slows
heart, slows respiration,
hypotensive, toxic]

(continued )
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Compound (class) Plant ( family) | part/ Enzyme/ process imhibited
(other targets) [ in vivo effects/
Lappaconitine Aconitum excelsum, A. orientale, V-Na* CH inhibitor [12] [A],
(diterpene alkaloid) A. ranunculaefolium, arrhythmic, antinociceptive
A. septrentrionale, A. sinomontanum, (100X << Aconitine), anti-
Delphinium spp. (Ranunculaceae) epileptiform, toxic
[aerial, tuber] (< Aconitine), respiratory
inhibition]
Liriodenine Annona spp., Fissistigma V-Na* CH (0.7)

(aporphine isoquinoline)

Mesaconitine (= 3a-
Hydroxyhypaconitine)
(diterpene alkaloid)

Napelline (= Luciculine)
(diterpene)

Pseudoaconitine
(diterpene alkaloid)

Quinidine (= Cinchinidine;
Cinchocatine;
Cinchonan-9-ol)
{quinoline}

(—)-Sparteine (= Lupinidine)
{quinolizidine)

Tabernanthine
(= 13- Methoxyibogamine)
{indole)

Veratridine (= 3-Veratroyl
veracevine)

(steroidal alkaloid)

Veratrine (= mixture of
Cevadine, Cevine,
Cevadilline, Sabadine &
Veratridine)

(steroidal alkaloid mixture)

Glaucescens, Guatteria scadens

[fruit oil] (Annonaceae)
Aconttum carmichaelis,

A. napellus, A. spp.

(Ranunculaceace)

[root, other parts]

Aconttum carmichaeli,
A. napellus, A. spp.
(Ranunculaceae)
[aerial, tuber]

Atragene falconert, A. ferox,
A. spictatum (Ranunculaceae)
[root]

Olea europaca (olive), Ligustrum
vulgare (Oleaceae) [leaf |,
Cinchona officinalis,

C. succirubra, C. tucujensts,
Remyjia sp. (Rubiaceae)

Anagyns foetida, Baptisia sp.,
Cytisus scoparicus, Lupinus spp.,
Piptanthus nanus, Sarothamnus
Sp., Spartium junceum ( Fabaceae),
Aconttum napellus
(Ranunculaceae)

Conopharyngia
(Tabernaemontana) spp.,
Stemmadenia spp., Tabernanthe
thoga (Apocynaceae)

Schoenocaulon officinale [seed],
Veratrum album, V. viride
[rhizome] (Liliaceae) (Liliaceae)

Schoenocaulon officinale [seed],
Veratrum viride [root] (Liliaceae)

V-Na* CH activator
(cf. Aconitine; neurotoxin
binding site 2 of a-subunit)
(abolishes inactivation;
causes channel to stay open)
[Al, antinociceptive,
arrhythmogenic, hypotensive,
slows heart rate, very toxic|

V-Na" CH antagonist
[antiarrhythmic, Al,
hypotensive, altered
respiration]

V-Na* CH activator (effects
like Aconitine)
[arrhythmogenic,
hypotensive, respiratory
depressant, toxic|

V-Na* channel blocker {(56)
[antiarrhythmic, antimalarial]

V-Na" CH blocker (169)
(nAChR agonist)
[antiarrhythmic, diuretic,
insect feeding stimulant,
hypoglycaemic, oxytocic,
toxic]

V-Na* CH [8] (CBZ-R, O-R,
o-R) [CNS activity]

V-Na* CH activator
(abolishes inactivation;
causes channel to stay open)
[toxic; parent alcohol
Veracevine (= Protocevine)

insecticidal]
V-Na*t CH activator

(continued )
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Compound (class)

Plant ( famuly) | part/

Enzyme/ process inhibited
(other targets) | in vivo effects/

Yohimbine (= Aphrodine;
Corynine; Hydroergotocin;
Quebrachine)

{indole)

Phenolic

Capsaicin (= trans-8-Methyl-
N-[(4-hydroxy-3-
methoxyphenylymethyl]-6-
nonenarnide; frans-8-Methyl-
N-vanillyl-6-nonenamide)
{(vanilloid phenolic)

Daidzein (= 4',7-
Dihydroxyisoflavone)
(isoflavone)

Dihydrokawain
(=Dihydronosan;
Dihydrokavain)
{phenolic derivative)

Dihydromethysticin
{phenolic derivative)

Genistein (= Genisteol;
Prunetol; Sophoricol; 4/,
5,7-Trihydroxyisoflavone)
(isoflavone)

Kawain (= Gonosan;
Kavain) (phenolic
derivative)

Terpene
Asebotoxins I, IT

{(grayanotoxin-type diterpenes)

Asebotoxins 111

(grayanotoxin-type diterpene)

Grayanotoxin I
{(=Acetylandromedol;
Andromedotoxin;
Asebotoxin; G-1;
Rhodotoxin)
(grayanotoxin diterpene)

Grayanotoxin II
{(grayanotoxin diterpene)

Grayanotoxin IIT
{(grayanotoxin diterpene)

Catharanthus lanceus [ plant],
Rawwolfia serpentina
(Apocynaceac), Pausinystalia
yohimbe (yohimbe) (Rubiaceae)
[bark]

Capsicum annuum (sweet pepper,
paprika), C. frutescens
(Solanaceae) [fruit], Lingiber
officinale (Zingiberaceae)

Genista tinctoria, Glycine max,
Phaseolus coccineus, Trifolium
repens, Ulex europaeus (Fabaceae)

Piper methysticum (kava, yaqona)
(Piperaceae) [root]; kava
(yaqona =yangona)
traditional Fiji drink

Pyper methysticum (kava, yaqona)
(Piperaceae) [rhizome, root]

Genista spp., Trifolium
subterraneum,

1. brachycalycinum, Phaseolus
lunatus (Fabaceae), Prunus spp.
(Rosaceae) [wood]

Pyper methysticum (kava, yaqona)

(Piperaceae) [root]

Pieris japonica (Ericaceae)
Pieris japonica (Ericaceac)

Kalmia latifolia, Leucothoe
grayana, L. spp., Rhododendron
spp. {(Ericaceae); in honey
from Rhododendron-
feeding bees

Kalmaa latifolia, Leucothoe
grayana, L. spp., Rhododendron
spp. (Ericaceae); in honey from
Rhododendron-feeding bees
Kalmia latifolia, Leucothoe
grayana, L. spp., Pierts japonica
[leaf'], Rhododendron spp.
(Ericaceae); in honey from
Rhododendron-feeding bees

V-Na* CH ligand (22) (¢ 1A-
R, @2A-R, 5SHT-R) [blocks
vas deferens contraction [0.2];
Clonidine antagonism;
antidepressant, aphrodisiac,
mydriatic, toxic|

4.2p

V-Na* CH (VAN-R, V-K*
CH) [burning sensation,
bronchoconstrictive (1),
desensitizes sensory neurons,
irritant, tachykinin release,
topical analgesic]

V-Na" CH ligand (195)
(GABAA-R)

V-Na* CH ligand (30 nM)

V-Na* CH ligand (30 nM)
[spasmolytic]

V-Na* CH ligand (60)
(GABAA-R, HISK, lipase,
peroxidase, PK, RTK)
[antifungal, oestrogenic]

V-Na* CH ligand (30 nM)
[AL local anaesthetic,
antimycotic, spasmolytic]

4.2¢

V-Na* CH activator (open
state) [toxic]

V-Na" CH activator (open
state) [toxic]

V-Na* CH activator
[hypotensive, toxic]

V-Na*t CH activator

[hypotensive, toxic]

V-Na* CH activator
[hypotensive, toxic]

(continued)
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Compound (class)

Plant ( family) | part/

Enzyme/ process imhibited
(other targets) [ in vivo effects/

Grayanotoxins (~30 isolated)
{grayanotoxin diterpenes)

Pyrethrin I
(= Chrysanthemum
monocarboxylic acid
pyrethrolone ester)
{monoterpene)

Pyrethrin IT
(= Chrysanthemum
dicarboxylic acid
monomethyl ester
pyrethrolone ester)
{monoterpene)

Other
Docosapentaenoic acid
(= C22:6n-3)
{unsaturated FA)
Eicosapentaenoic acid
(C20:57-3)
{unsaturated FA)
Eicosatetraynoic acid
(C20:57-3)
{unsaturated FA)
Linoleic acid
{unsaturated FA)
Linolenic
{unsaturated FA)
y1-Zeathionin
(4 disulphide cysteine
knot polypeptide)
y2-Zeathionin
(4 disulphide cysteine
knot polypeptide)
Non-plant reference
[AalT]
{polypeptide)
[r-Agatoxin-I]

{cystine knot polypeptide)
[Allethrin I (= Allethrolone

ester of Chrysanthemum

monocarboxylic acid)]

{monoterpene, cyclopropane

carboxvylic acid ester)

[Allethrin II (= Allethrolone
ester of Chrysanthemum

monocarboxylic acid)]

{monoterpene, cyclopropane

carboxvylic acid ester)

Kalmia latifolia, Leucothoe
grayana, L. spp., Rhododendron spp.
{Ericaceae); in honey from
Rhododendron-feeding bees

Tanacetum (Chrysanthemum)
cinerarifolium (pyrethrumy
(Asteraceae); Leopold Ruzicka
(Croatia/Switzerland, Nobel
Prize, 1939, Chemistry,
polymethylenes & terpenes)

Tanacetum (Chrysanthemum)
cinerarifolium (pyrethrumy
(Asteraceae)

Widespread in plant oils

Widespread in plant oils

Widespread in plant oils

Widespread in plant oils
Widespread in plant oils

Lea mays (Poaceae) [seed]

Lea mays (Poaceae) [seed]

Androctonus australis (Buthid
scorpion venom)
Spider venom

Synthetic Type I pyrethroid
analogue of Pyrethrin I

Synthetic Type I pyrethroid
analogue of Pyrethrin I

Related Grayanotoxins I-11I
are V-Na" CH activators
[ hypotensive, toxic|

V-Na* CH activator
( persistent open state)
[allergic dermatitogenic,
CNS active, insecticidal,
respiratory depressant, toxic]

V-Na* CH activator
(persistent open state)
[allergic dermatitogenic,
CNS active, insecticidal,
respiratory depressant, toxic]

4.20
V-Na" CH ligand (30)
[antiarrhythmic]

V-Na" CH ligand (30)
[antiarrhythmic]

V-Na" CH ligand (30)
[antiarrhythmic]

V-Na" CH ligand (30)
[antiarrhythmic]
V-Na" CH ligand (30)
[antiarrhythmic]
V-Na* CH blocker
[cf. non-plant Conus sp.
p-Conotoxins]|
V-Na* CH blocker
[cf. non-plant Conus sp.
p-Conotoxins]|

4.2n
V-Na* CH activator [1-3nM]

V-Na" CH activator (blocks
channel inactivation) [toxic]

V-Na* CH (esp. TTX-
resistant) activator ( persistent
open state, hyperexcitation)
[insecticidal, proconvulsant,
toxic]

V-Na* CH (esp. TTX-
resistant) activator ( persistent
open state, hyperexcitation)
[insecticidal, proconvulsant,
toxic]

(continued )
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Compound (class) Plant ( famuly) | part/ Enzyme/ process inhibited
(other targets) | in vivo effects/
[Amiloride] Synthetic V-Na* CH
{pyrazine carboxamide)
[Anthopleurins A & B Anthopleura xanthogrammica V-Na" CH ligand (blocks Na™*
(= sea anemone toxins (sea anemone) current decay)
ApA & ApB)]
(polypeptide)
[Atracotoxins] Funnel web spiders (Australia) V-Na* CH activators
{(polypeptides) (persistent open state,

[Batrachotoxinin A
(steroid alkaloid)

[Batrachotoxinin-A-20
a-benzoate]
(steroid alkaloid)
[Batrachotoxins

{many others)]
(steroid alkaloids)

[Brevetoxins A, B & C
(=BTXs A, B & C)]
{polyalicyclic polyether)

[Bukatoxin (- type
Scorpion toxin)]
{polypeptide)

[8-Conotoxin]

{polypeptide)

[n-Conotoxin]|
{polypeptide)

[DDT (= a,a-Bis ( p-
chlorophenyl)-3,3,8-
trichloroethane}]
(chlorinated aromatic)

[Deltamethrin]

{brominated cyclopropane

carboxylic acid ester)

[Dibucaine]
{quinoline carboxamide
tertiary amine)

[Fenvalerate
(=Phenvalerate)]
(chlorinated aryl
carboxylic acid ester)

[Flunarizine]
(aryl piperazine)

Phyllobates sp. (South American
poison dart frog) [skin]

Semi-synthetic from
Batrachotoxinin A

Frog; also found in bird feathers
(passerine birds, Pitohui spp.,
Itohui spp. — sequestered from
a toxic source for self-defence)

Prychodicus brevis

(Gymmodimanuum breve) (toxic
“red tide” dinoflagellate)
Buthus martenst (scorpion)

Conus textile (poisonous sea
mollusc)
Conus sp. (poisonous sea mollusc)

Synthetic; Paul Miiller
(Switzerland, Nobel Prize,

Medicine, 1948, DDT as insect

contact poison)
Synthetic Type II (a-cyano group)
pyrethroid

Synthetic

Synthetic Type II {a-cyano group)

analogue of Pyrethrin I

Synthetic

Inactivation inhibited)

V-Na* CH activator
(persistent open state,
Inactivation inhibited)

V-Na* CH activator
(persistent open state,
inactivation inhibited) (28 nM)

V-Na* CH activators
(persistent open state,
Inactivation inhibited)

V-Na* CH activator [lipid-
soluble, toxic]

V-Na" CH activator (blocks
channel inactivation) [toxic]

V-Na* CH activators
(persistent open state,
Inactivation inhibited)

V-Na*t CH blocker

V-Na* CH activator
(persistent open state)
[insecticidal, toxic]

V-Na* CH (both TTX-
sensitive & T TX-resistant)
activator (persistent open
state; depolarization, block,
paralysis) [insecticide,
proconvulsant, toxic]

V-Na" CH blocker (inhibits
AP} (23) [allergic contact
dermatitogenic, local
anaesthetic, antiarrhythmic]|

V-Na* CH (both TTX-
sensitive & TTX-resistant)
activator (persistent open
state; depolarization, block,
paralysis) [insecticide,
proconvulsant, toxic|

V-Na* CH blocker
(Ca®* channel blocker)
[antinociceptive]

(continued )
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Compound (class) Plant ( family) | part/ Enzyme/ process imhibited
(other targets) [ in vivo effects/
[Geographutoxin II Conus geographicus (cone shell V-Na* CH blocker (at 0.1-1)
(=GTXID)] mollusc)
{(polypeptide)
[Lamotrigine| Synthetic V-Na* CH blocker
(arvl triazine) [anticonvulsant,
antinociceptive]
[Lidocaine Synthetic V-Na* CH blocker (inhibits

(= 2-Diethylamino)-
N(2,6-dimethylphenyl)-
acetamide)] (aryl
tertiary amine)

[Permethrin)]
{chlorinated aryl
cyclopropane carboxylic
acid ester)

[Pumiliotoxin B]
(alkaloid)
[Robustoxin]
(42 residue, 4 disulphide
cysteine knot polypeptide)
[Saxitoxin (= mussel/clam
poison; STX)]
{(guanidinium
tricyclic imine)
[B-Scorpion toxins|
{polypeptides)
[ Tetracaine]
(benzoic acid ester tertiary
and secondary amine)
[Tetrodotoxin (= Fugu
poison; TTX)]
{guanidinium alicyclic)

[ Versutoxin]
{cystine knot polypeptide)

Synthetic Type I pyrethroid
analogue of Pyrethrin I

Trog skin

Atrax robustus (Sydney funnel
web spider) [venom]

Gonpaulax catenella,
G. tumarensis (“red tide”
dinoflagellates) [contaminates
clam, mussel, scallop]
Scorpion venom

Synthetic

Spheroides rubripes (puffer fish)
(Tetraodontidae) [liver, ovary] —
notwithstanding careful
preparation about 100
fatalities per year from
Japanese puffer fish
delicacy fugu

Hadronyche versuta (Australian
Blue Mountains funnel web spider)

AP) (204, 326) [allergic
contact dermatitogenic,
local anaesthetic,
antiarrhythmic]

V-Na* CH (esp. TTX-
resistant) activator ( persistent
open state, hyperexcitation)
[insecticidal, proconvulsant,
toxic]

V-Na* CH activator

V-Na* CH ligand

V-Na* CH blocker [toxic]

V-Na" CH blockers (block
channel activation) [toxic]

V-Na* CH blocker (inhibits
AP) (0.7) [ local anaesthetic,
topical anaesthetic]

V-Na* CH blocker [1-10nM]

[extremely toxic]|

V-Na" CH activator (slows
channel inactivation)

Table 4.3 Ligand- and voltage-gated K*channels

Compound (class)

Plant ( family) | part/

Enzyme/ process imhibited
(other targets) | in vivo effects/

ATP-sensitive K*
channel (ATP-K*CH)

Alkaloid

ATP (nucleoside
triphosphate)

Universal; synthesized by Lord
Todd (UK, Nobel Prize,
Chemistry, 1957, nucleotides)

4.3A

4.3Aa
ATP-K*CH

(continued )
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Compound (class)

Plant ( famuly) | part/

Enzyme/ process inhibited
(other targets) | in vivo effects/

Caffeine (= 1,3,7-
Trimethylxanthine;
Cofteine; Guaranine;
Thein; Theine) (purine,
methylxanthine); the
plant bioactive most
consumed by humans?

Nantenine
(aporphine isoquinoline)

(—)-Sparteine
(= Lupinidine)
{quinolizidine alkaloid)

Phenolic
(—)-Epiafzelechin
{flavan-3-ol)

Ethyl gallate
{phenolic)

Methyl gallate
{phenolic)

Pedunculagin (= 2,3
Hexahydroxydiphenoyl
4,5- hexahydroxyl-
diphenoyl glucose)
(ellagitannin)

B-1,2,3,4,6-Penta-0-galloyl-
D-glucose
(gallotannin)

Tellimagrandin I
(= 4,5 Hexahydroxy-
diphenoyl 2,3-
digalloylglucose)
(ellagitannin)

B3-1,2,4,6-Tetra-O-
galloyl-D-glucose
(gallotannin)

llex paraguayensis (maté)
(Aquifoliaceae), Coffea arabica,
Coffea spp. (coffee) (Rubiaceae)
[coffee bean], Paullinia cupana
{(guarana) (Sapindaceae),
Cola acuminata (cola)
(Sterculiaceae) [seed],
Camellia sinensis (tea)
(Theaceac) [leaf]

Uvaria chamae (Annonaceae),
Platycapnos spicata
(Papaveraceae)

Anagyris foetida, Baptisia sp.,
Cytisus scoparius, Lupinus luteus,
L. mgra, Piptanthus nanus,
Sarothamnus sp., Spartium
Junceum (Fabaceae), Aconitum
napellus (Ranunculaceae)

Celastrus orbiculatus
(Celastraceae) [aerial], Camellia
stnensis (Theaceae) [leaf]

Phyllanthus urinaria
(Euphorbiaceae), Haematoxylum
campechianum (Fabaceae) [leaf ]

Phyllanthus urinaria
(Euphorbiaceae), Acacia

Jarnesiana (Fabaceae) [plant]

Casuarina stricta (Casuarinaceae),
Quercus sp. (Fagacacae),
Potentilla sp., Rubus spp.
(Rosaceae), Stachyurus praecox
(Stachyuraceae), Cameltia
Japonica (Theaceae)

Quercus spp. (Fagaceae) [bark],
Geranwum thunbergu
(Geraniaceae), Paeonia lactiflora
(Paeoniaceae)

Casuarina (Casuarinaceac),
Quercus (Fagacacae), Syzygum,
Feyoa, Psidium, Eucalyptus
(Myrtaceae), Fuchsia
{(Onagraceac), Geum, Rosa,
Tellima (Rosaceae), Stachyurus
(Stachyuraceae), Cameltia
(Theaceae) spp.

Quercus spp. (Fagaceae) [bark]

ATP-K* CH (A|AD-R, A,AD-
R, cAMP PDE, cGMP PDE,
ryanodine R) [bitter; cardiac,
CNS & respiratory stimulant,
diuretic, smooth muscle
relaxant, vasodilator]

Activates ATP-K* CH (Ca®*-
ATPase, Ca’"-CH, Ca’t-K™*
CH, Na™, K*-ATPase)

ATP-K*CH [171](V-Na* CH)
[cardiotonic, depolarizes,
diuretic, insect feeding
stimulant, oxytocic, toxic|

4.3Ap

ATP K" CH ligand (> 10)
(alA-R, a2A-R, BA-R,
D2-R, COX-1,5HTIAR,
O R) [AI with carrageenin-
induced paw edema]

Opens ATP-K*CH (Ca®*-K*
CH) [hyperpolarizes, SM
relaxant]

Opens ATP-K*CH (Ca®*-K*
CH) [hyperpolarizes, SM
relaxant]

ATP-K*CH ligand (> 10)
(@2A-R, BA-R, DI1-R, GPT,
O-R) [inhibits Epinephrine-
induced adipocyte lipolysis]

ATP-K*CH ligand (> 10)
(@2A-R, DI-R, D2-R, O-R)

ATP-K*CH ligand (> 10)
(@lA-R, a2A-R, D2-R, GPT,
O-R) [inhibits Epinephrine-
induced adipocyte lipolysis]

ATP-K*CH ligand (> 10)
(@2A-R, BA-R, D2-R, O-R)

(continued)
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Table 4.3 (Continued)

Compound (class) Plant ( family) | part/ Enzyme/ process imhibited
(other targets) [ in vivo effects/
Terpene 4.3At

Betulinic acid
(lupene triterpene); so far
isolated from some
460 plant species,
indicative of the
plant distribution
complexity dimension

Other
Ethyl-a-D-glucopyranoside
(sugar)

Non-plant reference
[Amantadine (= 1-
Aminoadamantane)]
{polyalicyclic amine)
[Glibenclamide
(=Glyburide}]
(aryl sulphonylurea)
[Gliclazide (= Diamicron)]
(arvl sulphonylurea)
[Glimepiride]
(arvl sulphonylurea)
[Glipizide]
{pyrazinecarboxamido
arylsulphonylurea)
[Repaglinide]
{(carbamoylmethyl
benzoic acid)

Widespread; Diospyros
(Ebenaceae), Rhododendron
(Ericaceae), Psophocarpus
(Fabaceae), Syzygium (Myrtaceae),
Solanum (Solanaceae),
Clerodendrum ( Verbenaceae)

Clerodendrum mandarinorum
{Verbenaceae) [root bark]

Synthetic

Synthetic

Synthetic
Synthetic

Synthetic

Synthetic

Ca’*-dependent K channel

(Ca’*-K* CH)

Alkaloid
Caffeine (= 1,3,7-
Trimethylxanthine;

Coffeine; Guaranine;
Thein; Theine) (purine,
methylxanthine)

Nantenine
(aporphine isoquinoline)

[Paxilline]
{indole)

Theophylline (= 1,3-
Dimethylxanthine)
{methylxanthine)

Llex paraguayensis
(Aquifoliaceae), Coffea arabica,
Coffea spp. (Rubiaceae), Paullimia
cupana (Sapindaceae), Cola
acuminata (Sterculiaceae) [seed],
Camellia sinensis (Theaceae) [leaf ]

Uvaria chamae (Annonaceae),
Platycapnos spicata
(Papaveraceae)

Acremonium loli-infected Lolium
perenne ( perennial rye grass)

Faullinia cupana (guarana)
(Sapindaceae), Theobroma cacao
(Sterculiaceae) [seed], Camellia
sinensis (tea) (Theaceae) [leafl |

ATP-K*CH ligand (8)
(CDPK, HIV-1 PR, PKA,
PKC) [antineoplastic]

4.3A0
ATP-K* CH ligand (8)

4.3An
ATP-K* CH [120]

ATP-K* CH [I1nM; 2nM]
(CFTR) [antidiabetic,
1 insulin secretion]

ATP-K* CH [antidiabetic,
1 insulin secretion]

ATP-K* CH [antidiabetic,
1 insulin secretion]

ATP-K* CH [antidiabetic,
hypoglycaemic, 1 insulin
secretion]

ATP-K* CH [antidiabetic,

1 insulin secretion]

4.3B

4.3Ba

Activates Ca®"-K* CH (A|AD-
R, A AD-R, cAMP PDE,
c¢GMP PDE, ryanodine R)
[cardiac, CNS & respiratory
stimulant, diuretic, smooth
muscle relaxant, vasodilator]

Activates Ca®"-K* CH (ATP-
K* CH, Ca’"-ATPase, Ca’*-
CH, Na*, K"-ATPase)

Ca’"-K*CH (IP4-R; precursor
of mACh-R agonist &
tremorgen Lolitrem B)
[tremorgen mycotoxin]

Activates Ca?*-K"CH (AD-R,
cAMP PDE) [cardiac
stimulant, coronary
vasodilator, diuretic,
smooth muscle relaxant,
anti-asthmatic]

(continued )
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Table 4.3 (Continued)

Compound (class) Plant ( famuly) | part/ Enzyme/ process inhibited
(other targets) | in vivo effects/
Phenolic 4.3Bp
Ethyl gallate Phyllanthus urinaria Opens Ca?*-K*CH (ATP-K*
{phenolic) (Euphorbiaceae), Haematoxylum CH) [hyperpolarizes, SM
campechianum (Fabaceae) [leaf] relaxant]
Methyl gallate Phyllanthus urinaria Opens Ca?*-K*CH (ATP-K*
{phenolic) {Euphorbiaceae) CH) [hyperpolarizes, SM

Nordihydroguaiaretic acid  Guaicum officinale, G. sanctum

(= NDGA) Larrea spp. (Zygophyllaceae)
(lignan) [resin]
Terpene

Desmodium adscendens (Fabaceae);
Ghana anti-asthma herb

Dehydrosoyasaponin I
{triterpene glycoside)

Voltage-gated potassium
ion channel (V-K*CH)

Alkaloid
Caffeine (= 1,3,7- Llex paraguayensis
Trimethylxanthine; (Aquifoliaceae), Coffea spp.

(Rubiaceae), Paullinia cupana
(guarana) (Sapindaceae), Cola

Coffeine; Guaranine;
Thein; Theine) (purine,

methylxanthine) acuminata (Sterculiaceac),
Camellia sinensis (Theaceae)
Quinine Cinchona officinalis, C. spp.,
{quinoline} Remyia pedunculata (Rubiaceae)

Anagyris foetida, Baptisia sp.,
Cytisus scoparius, Lupinus luteus,
L. mgra, Piptanthus nanus,
Sarothamnus, Spartium spp.
(Fabaceac), Aconitum napellus
(Ranunculaceae)

(—)-Sparteine
(= Lupinidine)
{quinolizidine alkaloid)

Phenolic

Capsaicin (= trans-8-Methyl-  Capsicum annuum (sweet pepper,
N-[(4-hydroxy-3- paprika) [fruit], C. frutescens
methoxyphenylymethyl]-6-  (Solanaceae), Zingiber officinalis
nonenamide; #ans-8-Methyl-  (Zingiberaceae)
N-vanillyl-6-nonenamide)
{(vanilloid phenolic)

Inositol hexaphosphate
(=IPg; Phytic acid)
{cyclitol hexaphosphate)

Widespread esp. in seeds of
Brassicaceae (oilseed), Fabaceae
& Poaceae (grain seed)

Nordihydroguaiaretic acid ~ Guaicum officinale, G. sanctum

(= NDGA) Larrea spp. (Zygophyllaceae)
(lignan) [resin]
Procyanidins Widespread; Crataegus monogyna,

(condensed tannins) C. oxyacantha (Rosaceac)

relaxant]

Opens Ca?*-K*"CH (V-
Ca’*CH, V-K"CH)
[antibacterial, antifungal,
antioxidant, antitumour]

4.3Bt
Opens Ca?*-K*CH [0.1] (from

inside only)

4.3C

4.3Ca

V-K* CH (A|AD-R, AyAD-R,
cAMP PDE, cGMP PDE
(ryanodine R) [cardiac, CNS
& respiratory stimulant,
diuretic, smooth muscle
relaxant, vasodilator]

V-K*CH (MDR-TR)
[antifibrillatory, antimalarial,
very bitter]

V-K* CH (ATP-K*CH)
[cardiotonic, depolarizes,
diuretic, insect feeding
stimulant, oxytocic, toxic|

4.3Cp

V-K* CH (VAN-R, V-Na™*
CH) [burning sensation,
bronchoconstrictive (1),
desensitizes sensory neurons,
irritant, tachykinin release,
topical analgesic]

V-K* CH (plant stomatal
guard cell inward
rectifying) [ABA induces
IP6 — V-K* CH block
—> stomatal closure;
hypocalcemic]

V-K'CH (10) (Ca?*-K"CH
(V-Ca?"CH)[antibacterial,
antifungal, antioxidant,
antitumour]

Activate V-K*CH

(continued )
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Table 4.3 (Continued)

Compound (class) Plant ( family) | part/ Enzyme/ process imhibited
(other targets) [ in vivo effects/
Terpene 4.3Ct
Azadirachtin Azadirachta indica (neem tree) V-K*"CH (ECMOX) [insect
(limonoid nortriterpenc) (Meliaceae); multi-millennial antifeedant]
Indian anti-insect use; cited
over plant resource rights of
indigenous people
Other 4.3Co
Acetophenone Custus ladangferus (Cistaceae), Abolishes V-K*CH block by
(= Acetylbenzene) Orthodon (Lamiaceae), Stirlingia Zn?* (OD-R) [hypnotic,
(aryl ketone) (Proteaceae), Populus (Salicaceae), odorant]

Non-plant reference
[4-Aminopyridine]
{(aminopyridine)
[Amitriptyline]|
(dibenzoheptene tertiary
amine)
[Chlorpromazine]
(phenothiazine tertiary
amine)
[a-Dendrotoxin]
(7 kDa protein; 6 Cys)
[Dendrotoxin K]
(7 kDa protein; 6 Cys)
[Imipramine]
(dibenzazepine tertiary
amine)
[Phencyclidine (= PCP;
1-(1-Phenylcyclohexyl)-
piperidine)
(piperidine, tertiary
amine)
[Tetraethylammonium]
{(quaternary ammonium
cation)
[ Verapamil]
(aromatic tertiary
amine)

Urtica (Urticaceae) spp.

Synthetic

Synthetic

Synthetic

Dendroaspis angusticeps (green
mamba snake venom)
Dendroaspis polylepis (black
mamba snake venom)
Synthetic

Synthetic; drug of abuse
(angel dust); addictive,
dangerous, psychotic
effects

Synthetic

Synthetic

4.3Cn
V-K* CH [depolarizes]

V-K* CH [antiemetic,
depolarizes, tranquillizer]

V-K* CH [depolarizes,

tricyclic antidepressant]

V-K* CH (Kvl.1, Kvl.2 &
Kv1.6 channels) (at nM)

V-K* CH (Kv1.1channel)
(at nM)

V-K* CH [depolarizes,
tricyclic antidepressant]

V-K* CH (SHT-TR, NMDA-
Glu-R) [analgesic,
anaesthetic, depressant,
psychotic, schizophrenia
mimetic]

V-K* CH [depolarizes]

V-K* CH (L-type Ca’* channel)
[antianginal, antiarrhythmic,
anti-hypertensive, coronary
vasodilator]

Table 4.4 Voltage- and ligand-gated Ca’" channels and Na*/Ca’* antiporter

Compound (class)

Plant ( family) | part/

Target/ process inhibited
(other targets) | in vivo effects/

Voltage-gated calcium
ion channel (V-Ca?* CH)

Alkaloid

Antioquine
(bisbenzylisoquinoline)

Guatteria boliviana
(Annonaceae) [stem bark]

4.4A

4.4Aa
L-type Ca?" CH blocker

(continued )
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Compound (class)

Plant ( famuly) | part|

Target/ process intibited
(other targets) | in vivo effects/

Berbamine (= Berbenine)
(bisbenzylisoquinoline)

Crychine
{pavine)
7-O-Demethylisothalicherine
(bisbenzylisoquinoline)

Dauricine
(bisbenzylisoquinoline)

Daurisoline
{bisbenzylisoquinoline)

Dictamnine (= Dictamine)
(furoquinoline)

Ethaverine
{(benzylisoquinoline)

Evodiamine

{indole)

Glaucine (= Boldine
dimethyl ether)
(aporphine isoquinoline)

Harman (= [-Methyl-
-carboline)
(B-carboline, indole)

Harmine (= Banisterine;
Leucoharmine;
Telepathine; Yageine)
{B-carboline, indole)

Berberis aquifolium,
B. thunbergii, B. vulgaris,
Mahoma aquifolium
(Berberidaceae), Atherosperma
moschatum (Monimiaceae)

Cryptocarya chinensis
(Lauraceac)

Berberts chilensis
(Berberidaceae)

Menispermum dauricum,
M. canadense (Menispermaceae)

Menispermum dauricum
{Menispermaceac)

Adiscanthus fusciflorus, Aegle
marmelos, Afraegle paniculata,
Casimiroa edulis, Dictamnus
albus, D. dasycarpus, Esenbeckia
spp-, Flindersia spp., Geygera
spp., Glycosmis spp.,
Haplophyllum spp., Ruta
graveolens (rue), Lanthoxylum
spp- (Rutaceae)

Papaver somniferum (opium
poppy) (Papaveraceae) [opium
exudate]

Araliopsts tabouensis
(Araliaceae), Evodia rutaecarpa
(Rutaceae)

Annona squamosa (Annonaceac),
Dicentra eximia, Corydalis
ambigua (Fumariaceae),
Beilsctumiedia podagrica
(Lauraceae), Eschscholzia
californica, Glaucium flavum
(Papaveraceae)

Fassiflora edulis, P incarnata
(Passifloraceae), Sickingia rubra
(Rubiaceac), Symplocos
racemosa (Symplocaceae),
Peganum harmala, Tribulus
terrestris, {ygophyllum fabago
(Zygophyllaceae)

Fassiflora incarnata (passion
flower) ( Passifloraceac),
Banisteria caapr
(Malpighiaceae), Peganum
harmala, Tribulus terrestris
(Zygophyllaceac)

V-Ca’* (nACh-R

antagonist)

Ca®" CH (V- & R-regulated)

Ca®" CH [cardiodepressor,
chronotropic (180), negative
inotropic (150)]

L-type V-Ca>* CH
(nACh-R antagonist)

[AL anaesthetic, toxic|

P-type Ca®" channel (CaM,
CaM-PDE) [inhibits ADP-
induced PA]

V-Ca®" CH &
norepinephrine-induced
Ca®* CH opening (SM)
(DNA) [vasorelaxant; photoxic
contact dermatitis, photo-
induced genotoxicity|;
contributes to rue
phototoxic
phytodermatitis

L-type Ca’* CH [blocks

catecholamine secretion]

Ca®" CH (Phenylephrine-
a2A-R-regulated)
[vasorelaxant]

V-Ca’* CH (cAMP PDE)

[antitussive, hypotensive]

L-type Ca?* CH ligand (a1-
A-R, BZ-R, DNA, 5HT2-R)

[convulsant, cytotoxic)

L-type Ca’* CH («1A-R,
MAO-A) [CNS stimulant,
hallucinogenic; WW2 Nazi
Gestapo use as “truth

drug”]

(continued )
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Table 4.4 (Continued)

Compound (class) Plant ( famuly) | part] Target/ process inhibited
(other targets) [ in vivo effects/
Hernandezine Stephania hernandisfolia V-Ca?* CH [A]]
(=Thalicsimine; {Menispermaceae) [fish poison
Thaliximine) use], Thalictrum simplex

(bisbenzylisoquinoline)
Lacinilene C 7-methyl
ether (sesquiterpene)

Laudanosine (= Laudanine
methyl ether)
{benzylisoquinoline)

Liriodenine
(= Spermatheridine)
{(benzylisoquinoline)

Nantenine
(aporphine isoquinoline)

Norushinsunine
(aporphine isoquinoline)

Papaveraldine
{(benzylisoquinoline)

Papaverine
{(benzylisoquinoline)

Ryanodine
(diterpene pyrrole
alkaloid)

Taxine A
{aryl tertiary amine)

Tetramethylpyrazine
(pyrazine)

(+)-Tetrandine
{bishenzylisoquinoline)

[ Thaligrisine]
(bishenzyltetra-
hydroisoquinoline)

Thaliporphine
(aporphine isoquinoline)

(Ranunculaceae)
Gossypium hirsutum (cotton)
(Malvaceac)

Papaver somniferum (opium
poppy) (Papaveraceae) [opium
exudate]

Widespread; Annona cherimolia,
A. spp., Guatteria scadens
(Annonaceac), Liriodendron
tultpifera, Magnolia obovata
{Magnoliaceae)

Uvaria chamae (Annonaceae),
Platycapnos spicata
(Papaveraceae)

Annona cherimolia, A. glabra,

A. squamosa (Annonaceae)

FPapaver somniferum (opium
poppy) (Papaveraceae) [opium
exudate]

Rawwolfia serpentina
(Apocynaceae), Papaver
bracteatum, E somniferum
{opium poppy) (Papaveraceae)
[opium flower exudate]

Ryania speciosa (Flacourtiaceae)

Taxus baccata (yew) ( Taxaceae)
[leaf]

Ligusticum wallichii (Apiaceae),
Glycine max, Glycyriniza glabra
[root] (Fabaceae), Capsicum
annuum (Solanaceae), Camellia
sinensis ( Theaceae) [leaf]

Cissampelos parerra, Cyclea
peltate, Stephania tetranda,

S. discolor (Menispermaceae)

Semi-synthetic

Neolitsea konishu (Lauraceace)

Enhances Ca?* movement
per V-Ca’?* CH [likely
causative agent of cotton
dust-induced byssinosis]
L-type Ca®" CH ligand (26),
(@lA-R, GABAA-R,
p1O-R) [analgesic, convulsive,
hypotensive, tetanic, toxic]
L-Ca’?* CH (at 0.1-100)
(alA-R) [vasodilator]

Ca’*-CH (ATP-K* CH,
Ca’"-ATPase, Ca’t-K" CH,
Na™, K*-ATPase)

L-Ca’* CH (at 0.1-100)
(alA-R) [vasodilator]

[V-gated Ca’* entry
inhibition]

L-Ca’* CH (34) (A-R,
cAMP PDE, cGMP PDE,
Na®K " ATPase)
[spasmolytic, SM relaxant,
vasodilator, coronary
vasodilator, antitussive]

L-Ca’* CH (45) (RY-R)
[insecticide, vasoconstrictant
per RY-R agonist action]

L-Ca’* CH (0.6)

V-Ca®* CH & IP;-mediated
1 cytosolic Ca®*
[hypotensive, vascular
relaxant]

V-Ca?* CH (L-Ca*" CH)
[also inhibits Bradykinin- &
Angiotensin II- induced, IP;-
mediated 1 cytosolic Ca’*,
analgesic, Al, antipyretic,
antitumour, apoptotic|

L-Ca’* CH (diltiazem
displacement) [2] (x1A-R)

1 DHP-sensitive (L-type)
Ca®* influx [positive
inotropic, vasoconstrictant]

(continued )
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Compound (class) Plant ( famuly) | part| Target/ process intibited
(other targets) | in vivo effects/
Phenolic 4.4Ap
Cinnamophilin Cinnamomum philippense V-Ca?* CH (at 1-15) (TXA2-
(= -(8R, 8'8)-4,4 (Lauraceae) R) [PAI, relaxant]

Dihydroxy-3,3'-
dimethoxy-7-0x0-8,8'-
neolignan) (neolignan)
8-Epiblechnic acid
(= des(a-Carboxy-3,4-
dihydroxyphenethyl)
lithospermic acid)
(benzofuran)
Fargesone A & B
{monoepoxylignans)
Hyperforin
{phloroglucinol)

Kurarinone
(flavanone)
Liriodendrin

(lignan)

NDGA
(lignan)

Paeoniflorin
{benzoyl polycyclic
glycoside)

Pd-Ta (= 3’-Angeloyloxy-
4'- acetoxy-3' 4'-
dihydroselesin)
{coumarin)

Pd-C-1I

(coumarin)

Pd-C-III

{coumarin)

Pd-C-IV

{coumarin)

Tinctormine
{quinochalcone

C-glycoside)

Salvia maltiorrhiza (Lamiaceae)

Magnolia fargesit
{Magnoliaceae)

Hypericum perforatum (St John’s
wort) (Hypericaceae); major
herbal antidepressant

Sophora angustifolia,

S. flavescens (Fabaceae) [root]

Liriodendrum tulipifera
(Magnoliaceae) [bark],
Boerhaavia diffusa
(Nyctaginaceae) [root],
Penstemon deustus
{(Scrophulariaceae)

Guatcum gfficinale, G. sanctum
Larrea spp. (Zygophyllaceae)
[resin]

Paconia albiflora, B lactiflora,
P mouton, P officinalis,
P suffricosa (Paconiaceac)

Peucedanum praeruptorum

(Apiaceae) [“Qjan hu”]

Pewcedanum decursioum
(Apiaceae) [“Qian hu”]

Peucedanum decursioum

(Apiaceae) [“Qjan hu”]

Pewcedanum decursioum

(Apiaceae) [“Qjan hu”]

Carthamus tinctorius
(Asteraceac)

Ca’" CH (ER) [hypotensive,
vasodilator]

Ca’" CH

P-Ca?* CH (at 0.8)

Ca®" CH [vasodilatory]

Ca’ CH

V-Ca’"CH (3) (Ca®*-K* CH,
V-K* CH) [antibacterial,
antifungal, antioxidant,
antitumour|

L-Ca’?* CH [inhibits atrial
contraction induced by
Veratrine and Veratridine;
antiallergic, anti-
coagulant, PAT]

Ca’" CH [inhibits
Concanavalin A-induced
anaphylactic mediator
release from mast cells (79)]

Ca®" CH [inhibits
Concanavalin A-induced
anaphylactic mediator
release from mast cells (100)]

Ca’" CH [inhibits
Concanavalin A-induced
anaphylactic mediator
release from mast cells (102)]

Ca®* CH [inhibits
Concanavalin A-induced
anaphylactic mediator
release from mast cells (73)]

Ca®" CH [vellow pigment]

(continued )
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Table 4.4 (Continued)

Compound (class)

Plant ( famuly) | part]

Target/ process inhibited
(other targets) [ in vivo effects/

(—)-Trachelogenin
(lignan)

Vexibinol
(flavanone)

Visnadin (= Cardine;
Carduben; Provismine;
Vibeline; Visnamine)
(dihydropyranocoumarin}

Terpene

Abscisic acid (= ABA;
Abscisin II; Dormin)
(sesquiterpene)

14-Acetoxycedrol (= 14-
Acetyl 8,14-cedranediol)
(sesquiterpene)

14-Acetoxy-73-(3'-
ethylcrotonoyloxy)-
notonipetranone
{terpene)

1,9-Dideoxyforskolin
(labdane diterpenoid)

Farnesol
(linear sesquiterpene)

3B-Formyloxyurs-11-en-
18,13p3-olide
{triterpene)

Forskolin

(labdane diterpenoid)

Traxinellone
{degraded limonoid
nortriterpene)

Ginsenoside Rf
(triterpene glycoside
saponin)

Ginsenosides Rb1, Re,
Re, Rf & Rgl
{trierpene glycoside
saponins)

Jatrophone
(jatrophane A diterpenc)

Lacinilene C 7-methyl
ether (sesquiterpene)

Arctium lappa, Cnicus benedictus
(Asteraceae), [pomoea cairica
{Convolvulaceac)

Sophora flavescens (Fabaceae)
[root]

Amimi visnaga, Anethum sp.,
Ferula sp. (Apiaceae)

Universal in plants as growth
regulator; high in Persea
gratissima (avocado) (Lauraceae)
[fruit], Gossypuum hursutum
{cotton) (Malvaceae) [fruit]

Junwperus squamata (Pinaceac)

Tusstlago farfara (coltsfoot)
(Asteraceae) [bud]

Coleus forskohli (Lamiaceae)

Widespread in plant oils

Eucalyptus camaldulensis
(Myrtaceae) [leaf]

Coleus barbatus, C. forskohli

(Lamiaceae)

Melia azedarach (Meliaceae),
Ductamnus dasycarpus
(Rutaceae)

Panax ginseng (ginseng)
(Araliaceae) [root]

Panax ginseng (ginseng)
(Araliaceae) [root]

Jatropha elliptica,
J- gossypufolia (Euphorbiaceae)
Gossypium hirsutum (cotton)
(Malvaceae) [ bract, cotton dust]

Ca%*-CH (HIV-1 RT)

Ca*" CH [vasodilatory]

Ca’* CH [coronary
vasodilator, spasmolytic]

4.4At

Activates V-Ca?* CH
(ABA — H,0, - ® V-Ca*"
CH (plant stomata) [regulates
abscission, bud dormancy &
stomatal closure]

V-gated Ca?" channel
blocker [vasorelaxant]

L-Ca’* CH [1] (PAF-R)
[blocks PAF- & carageenan-
induced oedema]

Ca’" CH (nACh-R
antagonist, MDR, inactive as
AC activator)

N-type Ca’* CH (at 0.3)

Ca’" CH [spasmolytic]

Ca’" CH (AC activator,
nACh-R antagonist, MDR]
[hypotensive per arterial SM
relaxation, increases cAMP,

increases heart rate]
V-Ca®* CH [vasorelaxant]

N-Ca?" CH (via PTX-

sensitive Go/Gi-linked R)

(40) [antistress]

V-Ca®" CH (at 100)
[antistress, inhibit adrenal
chromatffin cell

catecholamine secretion]

L-Ca?* CH [antitumour,
uterine relaxant]

1 Ca®" influx per V-Ca’* CH
[implicated in cotton dust-
induced byssinosis of
cotton workers, tracheal
SM constrictant]

(continued )
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Compound (class)

Plant ( famuly) | part|

Target/ process intibited
(other targets) | in vivo effects/

Panaxadiol saponins
{triterpene saponins)

Panaxatriol saponins
{triterpene saponins)

Panax saponins
{triterpene saponins)

S-Petasin
(sesquiterpene)

Stevioside (= Steviol
trisglycoside)
(kaurane diterpene
glycoside)

Ursolic acid lactone
(triterpene)

Ursolic acid lactone
acetate (triterpene)

Xanthorrhizol
(sesquiterpene)

Other

a-L-Rha-(1—-4)-0-3-D-
Gle-(1—6)-3-D-Glc
(trisaccharide)

Pyychotria Cyclopsychotride
A (31 aa; 3kDa; cyclic
protein)

Purularia thionin
{(5kDa protein)

Viscum Viscotoxins (A2, A3,
B, ThiVal, ThiVa2)
(5kDa; 6 Cys;

thionin protein)

Non-plant reference

[Azidopine]
(1,4-dihydropyridine)

[6-Benzylaminopurine

(= BAP)] (purine)

[w-Conotoxin|
{protein)
[3,4-Dihydropapaverine]|
{(benzylisoquinoline)

[Diltiazem]
(aryl benzothiazepin)

Panax ginseng (ginseng)
(Araliaceae) [root]

Panax ginseng (ginseng)
(Araliaceae) [root]

Panax notoginseng (Araliaceae)
[root]

Petasites formosanus
(Asteraceae)

Stevia phlebophylla,
S. rebaudiana (Asteraceac)
[leaf]; sweetener
in Thailand

Eucalyptus camaldulensis
(Myrtaceae) [leaf ]

Eucalyptus camaldulensis
{Myrtaceae) [leaf']

lostephane heterophylla
(Asteraceae), Curcuma
xanthorrhiza, Zingiber officinale
(Zingiberaceae)

Schefflera bodinieri (Araliaceae)
[leaf, root]

Pyychotria longipes (Rubiaceae)
Pyrularia pubera (buffalo nut)
Santalaceae) [nut]

Viscum album (mistletoe)
(Viscaceae) [leaf & stem]

Synthetic dihydropyridine
(DHP)
Synthetic

Conus (gastropod) [venom]

Semi-synthetic

Synthetic

[L-, T- & B-Ca’* CH
(at 1000-1500)]

[L-, T- & B-Ca®" CH
(at 200-300)]

Ca’" CH

L-Ca’* CH [hypotensive]

Ca®" CH (sweet)

Ca’" CH [spasmolytic]
Ca®" CH [spasmolytic]

V-Ca®* CH & R-regulated

Ca?* CH [vascular relaxant]

4.4A0
L-Ca’?* CH ligand (8) [3]
(5HT2-R)

1 intracellular Ca®* (NT-
independent) (NT-R)

1 Ca’" influx [induces AA &
prolactin release, toxic|

Action via Ca®* CH (blocked
by Verapamil] [cytotoxic]

4.4An
L-type Ca’* CH [5nM]

1 DHP-sensitive (L-type)
Ca®" influx (moss) (at 1 nM)
[plant cytokinin —
antisenescent, growth
regulator, mitogenic]|

N-type Ca?" CH

DHP-binding & L-type Ca**
CH blocker (diltiazem
displacement) (104)

(@lA-R)

L-type Ca?* CH [antianginal,
antiarrhythmic,
antihypertensive, coronary
vasodilator]

(continued )
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Table 4.4 (Continued)

Compound (class) Plant ( famuly) | part] Target/ process inhibited
(other targets) [ in vivo effects/

[Gabapentin Synthetic V-Ca?* CH (via GABA(B)-R)
(= 1-(Aminomethyl)- [anticonvulsant]
cyclohexaneacetic
acid)] (alicyclic
amine carboxylic
acid)

[Haloperidol] Synthetic V-Ca’* CH (D2-R)
{(fluorobenzoyl
hydroxypiperidino
chlorobenzene))

[Kinetin (= A-6- Generated from DNA 1 DHP-sensitive (L-type)
Furfurylaminopurine) breakdown Ca’" influx (moss); 1
{purine) Azidopine binding

[130pM] [plant
cytokinin — antisenescent,
growth regulator,
mitogenic]|

[8-Methoxydiltiazem] Synthetic L-type Ca”™ CH blocker
{(benzothiazepine) (>Diltiazem)

[A-Methylpapaverine] Semi-synthetic [V-gated Ca’" entry
{(benzylisoquinoline) inhibition]

[ Nicardipine] Synthetic V-gated Ca’" entry
{arylamino pyridine) (GABAA-R & Gly-R CI™

channels)

[ Nifedipine] Synthetic DHP-Ca®* CH (Gly-R CI~
(arvyl dihydropyridine) channel); [L-type Ca>* CH

(0.8nM; 90 nM;
antihypertensive]

[ Nimodipine] (aryl Synthetic Ca?* CH blocker
dihydropiperidine) [antihypertensive,

vasodilator]

[ Nitrendipine] Synthetic Ca?* CH blocker [0.3nM]
{Dihydropyridine) (Gly-R CI™ channel)

[antihypertensive]

[ Papaverinol] Semi-synthetic [V-gated Ca’?* entry

{(benzylisoquinoline) inhibition]

[Prymnesin-1, Prymnesin-
2] (long-chain acetylenic,

polycyclic, aliphatic)
Tetrahydropapaverine

(tetrahydro-benzo

isoquinoline)

[ Tetrahydropapaveroline]

{benzoisoquinoline)

[ Verapamil]
{arvl tertiary amine)

Prymnesium paroum (“red tide”
dinoflagellate) [toxic]
Semi-synthetic

Semi-synthetic

Synthetic

[Ca®*-enhanced ichthyotoxic
—Ca?* (300nM), + Ca?*
(3nM)]

DHP-binding & L-type Ca’*
CH (102) (a1A-R)

DHP-binding Ca>* CH
blocker L-type Ca®" channel
blocker (weak)

L-type Ca®* CH (6nM)
(Gly-R CI™ channel)

[L-type Ca”* CH

(30 nM; 5); antianginal,
antiarrhythmic,
antihypertensive, coronary
vasodilator]

(continued )
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Compound (class)

Plant ( famuly) | part|

Target/ process intibited
(other targets) | in vivo effects/

IP;-gated Ca’" channel
(IP; receptor) (IP;-R)

Helenalin
{pseudoguaianolide
sesquiterpene lactone)

Inositol 1,4,5-triphosphate
(= IP;) (phosphorylated
cyclitol)

[Paxilline]

{indole)

NAADP-gated Ca’*
channel (NAADP
receptor) (NAADP-R)

Nicotinic acid adenine
dinucleotide 2’-phosphate
(= NAADP)

{adenine nucleotide)

ER Ca’*-induced
channel Ca? release
channel

Caffeine (= 1,3,7-
Trimethylxanthine;
Coffeine; Guaranine;
Thein; Theine)

{(purine, methylxanthine)

[Eudistomin D]
{pyridinoindole)

[9-Methyl-7-
bromoeudistomin]
{pyridinoindole)

Ryanodine-gated Ca’"
channel (Ryanodine
receptor) (RY-R)

Abscisic acid (= ABA)
(sesquiterpene)

Caffeine (= 1,3,7-
Trimethylxanthine;
Coffeine; Guaranine;
Thein; Theine) (purine,
methylxanthine)

Calmodulin (= Ca®*-
binding regulator protein;
CaM) (18 kDa protein;
(Ca®"),~CaM)

Anaphalis, Armica, Balduina,
Eupatorium, Galardia,
Helenzum spp., Inula helenium
(Asteraceac)

Universal in plants & animals

Acremonium loli-infected Lolium
perenne ( perennial rye grass)

Universal in animals; likely
universality in plants (NAADP-
induced Ca?" release)

llex paraguayensis (maté)
(Aquifoliaceae), Coffea spp.
(Rubiaceae), Paullinia cupana
(Sapindaceae), Cola acuminata
(Sterculiaceae), Camellia sinensts
(Theaceae) [leaf ]

From marine tunicate Eudistoma
oltvaceum

Semi-synthetic from tunicate-
derived Eudistomin D

Universal in plants as abscission,
dormancy & stomatal closure

phytohormone; John Cornforth

(Australia, UK, Nobel Prize,
1975, Chemistry, terpenes)

Llex paraguayensis (maté)
(Aquifoliaceae), Coffea arabica
(Rubiaceae), Paullinia cupana
(Sapindaceae), Cola acuminata
(Sterculiaceae), Camellia sinensis
(Theaceae)

Universal in eukaryotes; activated
hydrophobic (Ca**),—CaM form

4.4B

Potentiates IP3-R-dependent
ER Ca?" release (AROM)
[toxic]

Opens IP3-R [IP;-specific
ER Ca’" release]

IP3-R (Precursor of mACh-R
agonist & tremorgen Lolitrem B)
[tremorgen mycotoxin]

4.4C

Opens NAADP-R [NAADP-
specific ER Ca’* release]

4.4D

Opens ER Ca?* channel
(AJAD-R, AyAD-R, ATP-,
Ca’*- & V-K" CH, cAMP
PDE, cGMP PDE, RY-R)
[stimulant, diuretic, smooth
muscle relaxant, vasodilator]|

Opens non-RYR, caffeine-
opened Ca®* channel

Opens non-RYR, caffeine-
opened Ca’* channel
(1000X > Caffeine)

4.4E

Induces cADPR-mediated
RY-R opening [leaf
abscission, bud dormancy,
stomatal closure]

Opens RY-R (A;AD-R,
AyAD-R, ATP-, Ca*"- &
V-K* CH, cAMP PDE,
c¢GMP PDE) [stimulant,
diuretic, smooth muscle
relaxant, vasodilator]

Promotes cADPR-dependent
RY-R opening (activates Ca’*
-ATPase, CAMKI-IV, MLCK,
NADK, PhosbK, PP2B)

(continued )
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Table 4.4 (Continued)

Compound (class)

Plant ( famuly) | part]

Target/ process inhibited
(other targets) [ in vivo effects/

Cyclic adenosine-5
-diphosphate ribose
(= cADPR) (purine
nucleotide)
Nicotinamide
(= Niacinamide; 3-
Pyridine carboxylic acid
amide) (pyridine)
Nicotinic acid (= Niacin;
Pyridine 3-carboxylic acid)
{pyridine)

Ryanodine
(diterpene, indole

alkaloid)

Non-plant reference

[8-Amino-cyclic ADP-
ribose (= 8-Amino-
cADPR)]

(purine nucleotide)

[ Bromoecudistomin]
{pyridinoindole)

[Procaine (= 2-
Diethylaminoethyl -
aminobenzoate)|
(aryl ester, tertiary amine)

[Ruthenium red (=
[(NH3)sRu-O-Ru(NHs),—
O-Ru(NHj3)5]Clg) (metal
coordination complex)

Sphingolipid-gated Cal*
channel (Sphingolipid
receptor) (SPH-R)

[Psychosine (= p-Galactosyl-

B-1,1"-sphingosine)]
{(sphingolipid)

Sphingosine (= 1,3-
Dihydroxy-2-amino-4-
octadecene; 4-Sphingenine)
{(sphingolipid)

Sphingosine-1-phosphate
(= S1P) (sphingolipid)

Sphingosylphosphoro-
choline (=SPC)
{(sphingolipid)

Non-plant reference

[Fumonisins (e.g Fumonisin
B1, B2)]

{mycotoxins)

Universal in animals; likely
universality in plants (cADPR-
induced Ca®" release)

Universal (in coenzymes NAD™*
& NADP™ involved in redox
reactions)

Oryza satwa (rice seed coat),
Solanum tuberosum (potato
tuber) (Solanaceae); Fabaceae,
Poaceae seed; low in Lea mays
{corn seed) (Poaceae) — pellagra

from deficiency
Ryania speciosa (Flacourtiaceae)

Synthetic

Semi-synthetic

Synthetic

Synthetic

Widespread lipid mediator in
animals; likely to be in plants

Universal; named after the

Opens RY-R (Ca?*-CaM
participates) [cADPR-
specific ER Ca?? release]

ADP-ribosyl cyclase
(catalyses synthesis of

cADPR & NAADP)

Precursor of Nicotinamide
[dietary deficiency gives
pellagra — diarrhoea,
irritability, skin rash,
dementia (insane asylum
before cure recognized)]

Opens RY-R [ER Ca’*
release, muscle contraction,
vascular constriction]

4.4En

RY-R

RY-R

RY-R [local anaesthetic]

RY-R [microscopy dye]

4.4F

Inactive as SPH-R ligand

SPH-R (weak) -

enigmatic Sphinx by discoverer phosphorylated by

Johann Thudichum (physician,

chemist, German)
Universal; likely signaller in

plants and fungi as well as animals
Universal

Fusarium moniliforme (fungus) —
plant pathogen e.g. plant leaf,
Lea mays (corn) (Poaceae) seed

sphingosine kinase — S1P

SPH-R (SPC-specific ER
Ca’" release)
SPH-R (SPC-specific ER

4
Ca’" release)

4.4Fn

Sphinganine/Sphingosine
N-acyltransferase
[carcinogenic, toxic|
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Table 4.5 CFTR, voltage-gated C1~ channels and Na"-K*-2Cl~ co-transporter

Compound (class) Plant ( family) | part/ Target/ process inhibited
(other targets) | In vivo effects|
CFTR 4.5A
Apigenin (= 5,7,4- Widespread; Apium, Daucus spp. Stimulates CFTR (11) (BZ-
Trihydroxyflavone) (Apiaceae), Achillea, Matricaria R-like R, EST-R, PK, RTK,
(flavone) spp- (Asteraceae), Mentha, TPO) [antibacterial, Al,

Daidzein (= 4',7-
Dihydroxy-isoflavone)
(isoflavone)

Genistein (= Genisteol;

Prunetol; Sophoricol; 4,5,

7-Trihydroxy-isoflavone)
(isoflavone)

Kaempferol (= 3,5,7,4'-
Tetrahydroxyflavone)
{flavonol)

Quercetin (= 3,5,7,3"4'-
Pentahydroxyflavone)
(flavonol)

Rice factor
{unknown)

Non-plant reference
[Glibenclamide

(= Glyburide)]

(aryl sulphonylurea)
[4-Phenybutyrate]

{aryl carboxylic acid)

Voltage-gated C1C
[5-Nitro-2-
(3- phenylpropylamino)-
benzoic acid (= NPPB)]

{arylamino benzoic acid)

Oreganum, Thymus spp.
(Lamiaceae), ferns [leaf surface];
Dugitaria-exilis (fonio, semi-
arid zone millet variety)
(Poaceae) [seed]

Glycine max, Trifolium repens, Ulex

europaeus (Fabaceae); 7-O-glucoside

(Daidzin) in Baptisia spp., Glycine

max, Pueraria spp., Trifolium pratense

(Fabaceace)
Widespread; Genista, Glycine,

Phaseolus, Trifolium spp. (Fabaceac);

Prunus spp. (Rosaceae) [wood],
glucosides in Genista tinctoria,
Glycine max, Lupinus luteus, Ulex
nanus, Sophora japonica (Fabaceae)

[ped]

Widespread as aglycone & glycosides;

Cuscuta reflexa (Convolvulaceae),
Azadirachta indica (Meliaceae),
Delphanuum consolida
(Ranunculaceae), Citrus paradist
(Rutaceae), Roelreuteria henryt
{(Sapindaceae)

Widespread; Asteraceae, Passiflorae,

Rhamnaceae, Solanaceae;
Podophyllum peltatum
(Berberidaceae), Allum cepa
(Liliaceae), Oenothera biennis
(Onagraceac), Roelreuteria henryt
{Sapindaceae); widespread as
glycosides

Orpza sativum (Poaceae) [boiled rice

seed]

Synthetic

Synthetic

Synthetic

diuretic, hypotensive,
Rhizobium nodulation
stimulant]

Stimulates CFTR (DNAP,
EST-R, GABAA-R, lipase,
TOPII, TPO) [antifungal,
phytoestrogen]

Stimulates CFTR (14) (AD-
R, EGF-RTK, GABAA-R,
HISK, lipase, MLCK,
peroxidase, RTK, TOPII,
TPO) [antifungal,
oestrogenic|

Stimulates CFTR (6)
(AROM, CDPK, EGF-RTK,
EST-R, MLCK, PKA,
RTK, TPO)

Stimulates CFTR (22) (AR,
cAMP PDE, F|-ATPase,
11BHSDH, LOX, MDR-TR,
Na*, K*-ATPase, NEP, PK,
PS-EF-la, RTK, TOPI])
[allergenic, antibacterial, Al,
antiviral]

Blocks cAMP-dependent
CFTR activation
[antidiarrhoea]

4.5An

CFTR (ATP-K* CH)
[antidiabetic, 1 insulin
secretion]

[Increases PM CFTR

expression]

4.5B
CIC (PSII)

(continued)
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Table 4.5 (Continued)

Compound (class) Plant ( famuly) | part]

Target/ process inhibited
(other targets) [ in vivo effects/

Na*-K"-2Cl™ co-
transporter
(Na*/K*/Cl” TR)

Apigenin (= 5,7,4'-
Trihydroxyflavone)
(flavone)

Widespread; Apium, Daucus spp.
(Apiaceae), Achullea, Matricaria spp.
(Asteraceace), Mentha, Oreganum,
Thymus spp. (Lamiaceae), ferns
[leaf surface]; Digitaria exilis -
(fonio, semi-arid zone millet
variety) (Poaceae) [seed]

Widespread; Genista, Glycine,
Phaseolus, Trifolium spp. (Fabaceac);
Prunus spp. (Rosaceae) [wood],

Genistein (= Genisteol;
Prunetol; Sophoricol; 4',5,
7-Trihydroxyisoflavone)

isoflavone lucosides in Genista tinctoria,
g
Glycine max, Lupinus luteus, Ulex
nanus, Sophora japonica (Fabaceae)
[Furosemide Synthetic

(= Frusemide; Lasix)
{furyl sulphamoyl-
anthranilic acid)

4.5C

Stimulates Na*/K*/Cl~ TR
(BZ-R-like R, CFTR, EST-
R, PK, RTK, TPO)
[antibacterial, Al diuretic,
hypotensive]

Stimulates Na*/K*/Cl~ TR
(AD-R, GABAA-R, HISK,
lipase, peroxidase, PK,
RTK, TOPII, TPO)

[antifungal, oestrogenic]

Nat/K*/Cl” TR

[antihypertensive, diuretic]




5 Plasma membrane G protein-coupled
receptors

5.1 Introduction — signalling via heterotrimeric G proteins

A major hormone signal transduction mechanism involves heterotrimeric guanyl nucleotide-
binding protein (G protein) complexes. Hormone binding to a specific plasma membrane
(PM)-located G protein-coupled receptor (GPCR) gives a hormone-receptor complex
(H-R) that interacts with a PM-located heterotrimeric G protein complex
(GDP-Ga—GB—G+y) in which the guanyl nucleotide guanosine 5'-diphosphate (GDP) is
bound to the Ga subunit. This H-R complex—G protein interaction causes release of
GBGry, dissociation of GDP and replacement of GDP on Ga with guanosine 5'-triphos-
phate (GTP) to form an “activated” Ga—GTP complex. The active Ga—GTP complex acti-
vates downstream “effector” enzymes depending upon the specific type of Go (as detailed
below). The activation process is reversed through the GTP hydrolysing (G'TPase) activity of
the Ga subunit generating Ga—GDP, which can then recombine with GBGy to re-form the
inactive Ga—GDP-GBGy complex.

This reversible activation/deactivation process can be summarized as follows: H+ PM
R—-H-R—-H-R-Ga-GDP-GB-Gy interaction - H-R + Ga—GTP + GB-Gy complex —
active Ga—GTP activates effector proteins— downstream effects; deactivation occurs
via the GTPase activity of Ga so that Ga—GTP— Ga-GDP + P; - Go—GDP binds
GB—Gy—the inactive GDP-Go—GB—-Gy complex is re-formed.

The activation of effector proteins by Ga—GTP complexes to ultimately cause the cellular
responses to the initial hormone signal depends upon the specific type of Ga subunit acti-
vated. A variety of G proteins have been resolved and characterized. In addition to their
effector protein specificity, the Go subunits can be distinguished by their modification by
particular bacterial toxins. Thus the Vibrio cholerae (cholera) toxin adenosine 5'-diphosphate
(ADP)-ribosylates Gas, Gat and Gaolf entities, thereby inhibiting their GTPase activity and
keeping these proteins in the persistently activated Ga—GTP form. The Bordetella pertussis
{(whooping cough) toxin (pertussis toxin) ADP-ribosylates Goia, Gao, Gag and Gat entities,
thereby preventing GDP release and keeping these proteins in the inactive GDP-
Gas—GB—Gy form. The effector specificities of the different Got proteins and their differen-
tial effects on membrane potential and the cytosolic levels of “second messengers” such as
adenosine 3',5"-cyclic monophosphate (cAMP), inositol-1,4,5-triphospate (IPs) and Ca’* are
outlined below.

i. Gas (s for stimulatory) is cholera toxin-sensitive. Gas—GTP can open Ca’* channels
and activates adenylyl cyclase (which catalyses the formation of cAMP from adenosine 5'-
triphosphate(ATP)), cAMP thence activating cAMP-dependent protein kinase (PKA) and
depolarizing by opening cAMP-gated Na* channels.
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ii. Gaolf (olf for olfactory) is involved in olfaction and is cholera toxin-sensitive.
Goolf-GTP activates adenylyl cyclase and hence increases cAMP concentration (with con-
sequent opening of cAMP-gated Na™ channels, depolarization, action potential initiation
and signalling to the central nervous system (CNS) (see Chapter 10).

iii. Gai (i for inhibitory) is pertussis toxin-sensitive (noting that Gaz is a pertussis toxin-
insensitive Gai variant). Gai-GTP inhibits adenylyl cyclase (thereby lowering cAMP), opens
K™ channels (thereby hyperpolarizing) and closes Ca?* channels.

iv. Gao is pertussis toxin-sensitive. Gao—GTP activates phospholipase C (PLC), which
catalyses the hydrolysis of phosphatidylinositol-4,5-bisphosphate (P14,5P,) to diacylglycerol
(DAG) and (IPs) (IP4 thence increasing cytosolic Ca?t and Ca’* and DAG consequently
activating protein kinase G (PKC)).

v. Gaq is pertussis toxin-insensitive and Gaq—GTP activates PLC and increases cytosolic
Ca’* concentration as described for Gao-GTP.

vi. Gat (a-transducin) is involved in vision and is sensitive to both cholera and pertus-
sis toxins. Gat-GTP is generated as a result of light absorption by rhodopsin (the visual
protein opsin covalently linked to the chromophore retinal), retinal isomerization, rhodopsin
conformational change and interaction with a G protein complex. Gat—GTP thus generated
activates guanosine 3’,5'-cyclic monophosphate (cGMP) phosphodiesterase (cGMP PDE),
which hydrolyses cGMP to 5'-GMP with the successive consequences that cGMP levels
decrease, cGMP-gated Na* channels close and the transmembrane potential ({5,,) hyperpo-
larizes (becomes more negative inside with respect to outside). Light-induced hyperpolarization
is transmitted to a synapse and thence to the CNS for visual information processing.

vii. Gag (a-gustducin) is involved in sweet and bitter taste perception and is pertussis
toxin-sensitive. In some cells sweet tastant-GPCR binding causes formation of Gag-GTP
with successive consequences of increased cAMP, PKA activation, K* channel phosphory-
lation, K* channel closure and PM depolarization. Bitter tastants can also generate
Goag-GTP, which activates cAMP/cGMP PDE, thereby lowering cAMP/cGMP levels and
causing hyperpolarization via closure of ¢cAMP- or cGMP-gated Na*t channels. However
the released heterodimer GBGy can activate PLC, this generating IP; which elevates
eytosolic Ca’" concentration (Chapters 4, 7 and 10).

5.2 G protein-coupled hormone and neurotransmitter receptors

Many different hormones (Hs) and neurotransmitters (NTs) act via PM-located
heterotrimeric GPCRs, this mechanism involving receptors for ATP, adenosine, many
peptide hormones, eicosanoids (unsaturated fatty acid derivatives such as prostaglandins,
thromboxanes and leukotrienes), endogenous cannabinoid and sigma receptor ligands,
catecholamines (such as epinephrine, norepinephrine and dopamine) and other bioactive
amines such as histamine, acetylcholine (ACh), 5-hydroxytryptamine (5HT, serotonin),
vy-aminobutyric acid (GABA) and glutamate (Glu). It must be noted that ACh, SHT, GABA
and Glu act through “ionotropic” receptors that are NT-gated ion channels as well as acting
through “metabotropic” GPCRs. Similarly, sigma receptor ligands act via sigma receptors
{(0-Rs) that are either ionotropic (Chapter 3) or metabotropic.

The PM receptors interacting with G proteins are typically composed of seven trans-
membrane a-helices. Hormone or NT binding to GPCRs ultimately leads to activation of
effector proteins by the appropriate Go—GTP complexes and generation of second messen-
gers such as cAMP, IP; and Ca?*. These second messengers in turn can activate second
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messenger-dependent protein kinases (PKs). A transient “memory” of signalling events can
occur when the G protein-interacting cytosolic domains of GPCRs are phosphorylated by
PKSs such as B-adrenergic receptor kinase (BARK) and rhodopsin kinase; subsequent bind-
ing of arrestin proteins to such phosphorylated sites prevents receptor—G protein interac-
tion. This so-called receptor “desensitization” mechanism is reversed through the operation
of phosphoprotein phosphatases (PPs) that dephosphorylate the receptors, thus returning
the receptors to their original state of hormone-inducible reactivity.

Some other aspects of G protein chemistry should be noted. Thus AlF, ™ (fluoraluminate)
can bind to G proteins forming an activated Goa—GDP-AIF,~ complex that mimics the
active Ga—GTP complex. Similarly, various non-hydrolysable GTP analogues, notably
guanosine-5'-[y-thio|triphosphate (GTP[y-S]), bind to Gas and cause persistent activation.
[*>S]GTP[y-S] has been very useful for radioactively labelling Ga proteins and hence
establishing that particular hormones or N'Ts act via a G protein-coupled mechanism.

5.3 Hormones and neurotransmitters acting via
G protein-coupled receptors

A variety of peptide and non-peptide hormones or N'Ts act via GPCRs to change the con-
centrations of second messengers (such as cAMP or Ca?™") or to affect K* or Ca** channels.
A much larger number of substances (many derived from plants) bind to sweet and bitter
taste receptors that interact with G proteins (Chapter 10). As noted in Chapter 3, some hor-
mones or N'Ts have a multiplicity of receptors that are either “ionotropic” (activatable ion
channels) or “metabotropic” (G protein-linked). Further, for a given hormone acting by
G protein-linked receptors, the mechanism involved may differ for different receptors that may
be expressed only on particular cell types. Thus epinephrine can act through B-adrenergic
receptors (via Gas to increase cAMP), al-adrenergic receptors (via Gao to activate PLC,
increase IP; and hence increase Ca?*) and through a2-adrenergic receptors (via Gai to
decrease cAMP). The effects of a variety of peptide and non-peptide hormones and N'Ts
on second messenger levels and ion channels are summarized below (with the H or
NT abbreviations and specific receptor (R) sub-types being listed in parentheses).

ia. Peptide hormones increasing cAMP (via Gas) include: bradykinin, calcitonin,
chorionic gonadotropin, corticotropin (adrenocorticotropic hormone, ACTH), corti-
cotropin-releasing hormone (CRH), follicle-stimulating hormone (FSH), glucagon, glucagon
like peptide-1 (GLP-1), histamine (H2 R}, luteinizing hormone (LH), melanocyte-stimulating
hormone (MSH), parathyroid hormone (PTH), opioids (e.g. Met-enkephalin (YGGIFM),
Leu-enkephalin (YGGFL) and B-endorphin), oxytocin, (parathyroid-like hormone), sub-
stance P (a tachykinin), thyrotropin (thyroid-stimulating hormone, TSH), LH-release
hormone (LHRH), relaxin and vasopressin.

ib. Non-peptides increasing cAMP (via Gas) include: adenosine (A2A), dopamine
(D1), epinephrine (B-adrenergic), melatonin, prostaglandins E1, E2 (PGE1, PGE2) and sero-
tonin (SHT; 5HT la, SHT2 and 5HT4 receptors).

iia. Peptides decreasing cAMP (via Gai) include: opiates and somatostatin.

iib. Non-peptides decreasing cAMP (via Gai) include: adenosine (Al R), dopamine
(D2 R), epinephrine (@2-adrenergic Rs), y-hydroxybutyrate (GHB R) and PGE1 (PGEI R).

iiia. Peptides increasing cytosolic Ca’" (via Gao or Gaq) include: angiogenin,
angiotensin II, ATP (P2x and P2y Rs), gastrin-releasing peptide, gonadotropin-releasing
hormone (GRH), oxytocin, thyrotropin release hormone (TRH) and vasopressin.
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iiib. Non-peptides increasing cytosolic Ca’?? (via Gao or Gagq) include: ACh
(muscarinic M1, M2, M3 and M4 Rs), epinephrine (al-adrenergic Rs), GABA
{metabotropic GABA B class Rs), Glu (metabotropic Rs), histamine (H1 R} and serotonin
(5HT; metabotropic 5HT?2 R).

5.4 Activation of specific G protein-coupled receptors

a. Adenosine
Adenosine binds to adenosine receptors (AD-Rs) (subtypes A |, Agy, Agp and Ag). Aj- and Ag-R

activation gives Goai-mediated inhibition of adenylyl cyclase (resulting in decreased cAMP)
and Gai/Gao-mediated activation of a K* channel (with a de-excitatory hyperpolarizing
effect). Ay, and Ay activation gives Gas-mediated stimulation of adenylate cyclase (resulting
in elevated cAMP). Adenosine acting via particular receptors variously has cardioprotective,
neuroprotective, sedative, anticonvulsant, soporific, vasodilatory and bronchoconstrictive
effects. The plant-derived methylxanthines theophylline and caffeine are adenosine Al and
A2 receptor antagonists (Table 5.1).

b. Acetylcholine (ACh)

Acetylcholine binds to ionotropic nicotinic ACh receptors (nACh-Rs) (Chapter 3) and to G
protein-linked muscarinic ACh receptors (mACh-Rs) (subtypes M|, My, M3 and M,). M,
Mj and M, activation gives Gag-mediated PLC activation and thence successive IP; eleva-
tion, Ca’* elevation and smooth muscle (e.g. ileum) contraction. Cardiac M, activation gives
Gai-mediated K* channel opening (causing hyperpolarization) and Gao-mediated Ca?*
channel closure resulting in cardiac muscle relaxation and hypotension, this being prevented
by the plant-derived mACh-R antagonist atropine. Muscarine from the fungus Amanita is an
agonist of mACh-Rs (Table 5.2). Other plant mACh-R agonists include pilocarpine, pilo-
sine, norarecoline and arecoline. Plant-derived mACh-R antagonists include the tropane
alkaloids hyoscamine, atropine (the hyoscamine racemate) and hyoscine (scopolamine), the
benzylisoquinoline liriodenine and the steroidal alkaloid ebeinone. Muscarinic ACh-R
agonists have potential for treatment of Alzheimer’s disease.

c. a- and B-Adrenergic receptors

o- and B-Adrenergic receptors mediate the effects of the catecholamines, epinephrine and
norepinephrine. A variety of adrenergic receptors have been resolved, namely the -, al-
and a2-type adrenergic receptors that are briefly described below.

al-Adrenergic receptors. o;,-, & - and o p-Adrenergic receptor activation gives
Go/Gq-mediated PLC activation, this causing increased IP; and voltage-gated ( V-gated) Ca®*
channel activation with resultant increased cytosolic Ca?* and smooth muscle contraction.

a2-Adrenergic receptors. -, ay- and oy-Adrenergic receptor activation gives
Gai-mediated adenylate cyclase inhibition (decreasing cAMP) and V-gated Ca®* channel
inhibition. ay-Adrenergic receptor effects include those of oy, (analgesic, anaesthetic,
hypotensive, NT release inhibitory and sedative) and ayp (vasoconstrictive).

B-Adrenergic receptors. -, By-, B3- and B4-Adrenergic receptor activation gives
Gas-mediated activation of adenylate cyclase (elevating cAMP). 3-Adrenergic receptor acti-
vation may also cause G protein-mediated opening of V-gated Ca?* channels. Some
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B-adrenergic receptor effects include those of B, (increased heart contraction rate and
force), By (smooth muscle relaxation and bronchodilation), B (increased adipocyte lipolysis)
and B, (increased heart contraction rate and force). Well-known B-adrenergic receptor
antagonists are the synthetic “B-blockers” such as propranolol (that lowers blood pressure)
(Table 5.3). Well-known plant-derived B-adrenergic receptor agonists are cathine and cathi-
none (constituents of the Middle Eastern euphoriant and stimulant khat) and ephedrine and
pseudoephedrine (that are used as bronchodilators) (Table 5.3).

d. Dopamine receptors (D-Rs)

Dopamine receptors include the D- and Dy-receptor subtypes, which are further classified
as “Dy-like” (D)- and D;-Rs) and “Dy-like” (Dy-, D4- and D4-Rs).

D;-receptor activation gives Gas-mediated activation of adenylate cyclase (elevating
cAMP) and Gg-mediated activation of PLC (elevating IP; and hence elevating cytosolic
Ca®"). D-R activation is excitatory in the CNS and is involved in brain cognitive, cardio-
vascular and motor function modulation. Dopamine deficiency leads to Parkinson’s disease,
which is reversed (but with ultimate dyskinesia) by its immediate metabolic precursor
1-DOPA (8-hydroxytyrosine or 3-(3,4-dihydroxyphenyl)-alanine).

Dy-receptor activation gives Gai-mediated inhibition of adenylate cyclase (decreasing
cAMP) and these receptors are involved in schizophrenia and Parkinson’s disease and in
control of motor function, cardiovascular function and behaviour by the GNS. The well-
known antipsychotics chlorpromazine and haloperidol are Dy-R antagonists. A number of
hallucinogenic indole alkaloids from ergot-infected grasses and cereals are Dy-R agonists
(Table 5.4).

e. Metabotropic GABA (y-aminobutyric acid) receptors or
GABA(B) receptors

v-Aminobutyric acid (B) receptors are heterodimeric and act via Gai to close Ca®* channels
and open K™ channels with a resultant inhibitory, hyperpolarizing effect. GABA is the major
inhibitory NT in the CNS and also acts via ionotropic A and C-type receptors which are
inhibitory GABA-gated C1™ channels (Chapter 3). GABA functions to counterbalance exci-
tatory N'Ts and imbalance causes epilepsy. Accordingly GABA agonists or GABA elevating
compounds are potentially antiepileptic (Table 5.5). The GABA metabolite GHB acts via a
GPCR to inhibit adenylyl cyclase and decrease cAMP. GHB diminishes alcohol and opiate
dependence but has become a drug of abuse in body building, “date rape” and “raving”
(Table 5.5).

| Metabotropic glutamate receptors (mGlu-Rs)

Metabotropic glutamate receptors act via G proteins and a variety of different types have
been resolved. Class I (subtypes 1 and 5), Class II (subtypes 2 and 3), Class III (subtypes 4, 6,
7 and 8) and phospholipase D (PLD)-coupled mGlu-Rs couple through G proteins to
increase PLC via Gao/Gaq (Class 1), decrease adenylyl cyclase via Gai (Classes 11 and I11)
and to increase PLD-coupled mGlu-R. The glutamate receptors are excitatory and agonists
can be neurotoxic such as Amanite-derived ibotenic acid and the Guam cycad amino acid
BMAA (B-N-methylamino-l-alanine), which causes a type of dementia (Table 5.5).
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& Metabotropic SHT (serotonin) receptors

Metabotropic SHT receptors act via G proteins and a multiplicity of such receptors
have been resolved, namely type 1A, 1B, 1D, 1E, 1E 2A, 2B, 2C, 4, 5A, 5B, 6, 5 and 7 5SHT
receptors (noting that the type 3 SHT receptor is an ionotropic Na*/K*/Ca’*channel)
(Chapter 3). 5HT receptors 1 and 5 act via Gai to decrease adenylyl cyclase (and hence
decrease cAMP); 5SHT receptor type 2 increases Ca’* via Gaq (and thence via PLC activation
and IP; generation); SHT receptor types 4, 6 and 7 act via Gas to activate adenylyl cyclase
{and hence increase cAMP). SHT receptor occupancy is involved in excitatory
neurotransmission, stimulation or inhibition of cardiac function, vasodilation, nociception,
sensitization of nociceptive neurons, nausea and vomiting, A variety of plant-derived SHT
receptor agonists are hallucinogenic including 5-hydroxy-NN-dimethyltryptamine,
NN-dimethyltryptamine, lysergamide, 5-methoxy-N,A-dimethyltryptamine and mescaline
(3,4,5-trimethoxyphenylethylamine). Various fungus-derived hallucinogens are 5HT
receptor agonists including ergotamine and lysergamide (from ergot), LSD (D-lysergic acid
diethylamide, a semi-synthetic from ergot-derived lysergamide) and psilocin and psilocybin
{from Psilogybe) (Table 5.5).

h. Opiate receptors

Opiate receptors are GPCRs mediating the effects of analgesic endogenous opiate peptides.
The various opiate receptor types include 81, 82, k, w1, p2 and ORL (opiate receptor-like)
receptors. Opiate receptors can act via Gai to close Ca’" channels and open K* channels
{and thereby hyperpolarize). Opiates can also act to increase cAMP via Gas. Endogenous
peptide agonists (receptor subtypes in parentheses) include B-endorphin and derivative
enkephalins (that variously bind to 8, k and w opiate receptors), endomorphin-1 and endo-
morphin-2 (W), dynorphins () and nociceptin (ORL). In addition there are endogenous pep-
tide opiate receptor antagonists. A variety of plant-derived alkaloids are analgesic and
narcotic opiate receptor ligands of which the best known are codeine and morphine (from
the opium poppy) (Section 1, Appendix) and the semi-synthetic heroin (morphine diacetate)
(Table 5.6).

5.5 Leucocyte- and inflammation-related G protein-linked
receptors

Various G protein-linked receptors mediate the effects of leucocyte- and inflammation-
related hormones and some of these are also targets for plant defensive compounds (Table 5.7).
G proteins are involved in platelet aggregation in response to receptor binding by ADP
(Gi1, Gq), thromboxane A2 (Gq) and thrombin. ADP acts by simultaneously activating
Gi and Gq proteins. Epinephrine promotes platelet aggregation via binding to a2-adrenergic
receptors with consequent Gai activation, adenylate cyclase inhibition and cAMP decrease
(see Section 5.4c). Thrombin activates its receptor proteolytically. Collagen causes platelet
aggregation via glycoprotein VI receptor tyrosine kinase (RTK) activation; however signal
pathway “cross-talk” involving Gaq is required because in Gag-deficient platelets, ADP
restores collagen-induced but not thrombin-induced aggregation.

a. ADP receptors

Adenosine 5'-diphosphate activates platelet aggregation through simultaneous binding to
P2Y1 receptors (producing a Gaq-mediated PLC. activation, Ca** elevation and platelet
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shape change) and to P2Y12 receptors (decreasing cAMP via Gai-mediated inhibition of
adenylyl cyclase). These events activate fibrinogen receptors (glycoproteins GP IIb/IIIa) and
thence platelet aggregation. Coronary thrombosis involving atherosclerotic plaque rupture
and platelet aggregation-induced thrombus formation is a major pharmaceutical target.

b. Bradykinin receptors

Bradykinin and related kinin peptides are produced by leucocytes and act via Goq to elevate
cytosolic Ca?* and promote nitric oxide (NO) synthesis, smooth muscle contraction,
capillary permeability, inflammation and histamine release from mast cells.

¢. Chemokine receptors

Chemokine receptors mediate the effects of a large group of chemotactic cytokine peptides
that regulate leucocyte trafficking in inflammatory responses, angiogenesis, haematopoesis
and organogenesis. Some chemokine receptors have been subverted by pathogens such as
Plasmodium vivax and human immunodeficiency virus-1 (HIV-1) for cell entry. The
chemokines have been subclassified depending upon conserved cysteine (C) number and dis-
position into the G, GG, CXC and CX3C classes. Thus monocyte chemoattractant proteins
MCP-1, MCP-2, MCP-3, MCP-4 and MCP-5 are CC chemokines and interleukin-8 (IL-8)
1s a CXC chemokine. Numerous chemokine receptors have been resolved and these
are mostly named after their chemokine class specificity (although this overlaps in some
cases), that 1s, GCRs 1-8, CXCRs 1-5, XCR1 and CX3R1. The chemokine receptors are
7-transmembrane (7-TM) a-helix proteins that couple through Gaai proteins.

d. Thrombin

Thrombin is a serine protease involved in the blood clotting proteolytic cascade and acts via
protease-activated receptors (PARs 1-4). PAR cleavage at an N-terminal region site gener-
ates a “tethered” ligand which activates the PAR. The PARs 1 and 2 signal via Gai and Gaq
proteins to decrease cAMP and elevate Ca?”, respectively. Accordingly thrombin, like ADP,
induces platelet aggregation. Thrombin is critical to blood clotting, induces synthesis of tissue-
type plasminogen activator (t-PA) and plasminogen activator inhibitor-1 (PAI-1) and is
involved in inflammatory and pigmentation diseases.

e. Histamine receplors

Histamine receptors variously mediate the bronchoconstrictant, inflammatory, irritant,
vasodilator, gastric pepsin secretion and immune suppression actions of histamine.
Associated with the immune response, cytokines cause release of histamine from mast cells.
Histamine acts via H1, H2, H3 and H4 GPCRs. H1 and H2 receptors couple via both Gas
(elevating cAMP) and Gaq (elevating Ca®* in a pertussis toxin-insensitive fashion) and H3
couples via Gaai (decreasing cAMP).

J Platelet activating factor (1-O-alkyl-2-acetyl-sn-glycero-
3-phosphorylcholine, PAF)

Platelet activating factor is a phospholipid-derived signalling compound generated in animal

systems by stimulated neutrophils, basophils, platelets and endothelial cells. PAF receptors
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couple via a G protein leading to activation of PLC (elevating Ca?*) and of phospholipase
Ay (PLAy) (generating arachidonic acid, the precursor of prostaglandins and related com-
pounds). PAT is involved in platelet histamine and SHT release, leucocyte migration, inflam-
mation and anaphylaxis. Accordingly PAF-R antagonists are potential anti-inflammatory
compounds.

& Prostanoids

Prostanoids derive from cyclooxygenase-catalysed oxidation of the polyunsaturated fatty
acid arachidonic acid and include (receptor types in parentheses) prostaglandins PGE] and
PGE2 (EP), PGD1 and PGD2 (DP), PGI2a (FP), PGI2 (IP) and thromboxane A2 (TP).
These receptors couple through G proteins and the receptor subtype G protein Go speci-
ficity and second messenger consequences can be summarized thus (where T and { corre-
spond to increase and decrease, respectively): DP (Gs, T cAMP), EP1 (Go/Gq, T Ca’*), EP2
(Gs, T cAMP), EP3A (Gi, L cAMP), EP3B (Gs, T cAMP), EP3C (Gs, T cAMP), EP3D (Gi, L
cAMP; Gs, T cAMP; Gq, T Ca’"), EP4 (Gs, T cAMP), FP (Gq, T Ca’*), IP (Gs, T cAMP;
Gq, T Ca?"), TP« (Gi, L cAMP; Gq, T Ca’*) and TPB (Gs, T cAMP; Gq, T Ca’").
Prostaglandins are involved in fever, inflammation, pain, immune responses, thrombosis,
hypertension, haemostasis, platelet aggregation and in reproductive and bone physiology. A
large number of plant-derived substances interfere with prostanoid synthesis (see Chapter 14).

h. Sphingosine-1-phosphate (S1P) receptors

Sphingosine-1-phosphate receptors EDG-1 and EDG-3 bind S1P generated from phospho-
rylation of sphingosine by sphingosine kinase. The binding of S1P and sphinganine 1-phos-
phate (dihydrosphingosine 1-phosphate) to EDG-1 promotes chemotaxis via a
Gai-mediated mechanism.

i. Thromboxane A2 is an arachidonic acid-derived prostanoid agonist of TPa receptors
(acting via Gi to decrease cAMP and via Gq to increase Ca’*) and of TP receptors (acting
via Gs to increase cAMP and via Gq to increase Ca’*). Thromboxane A2 is involved in
vasoconstriction, inflammation and platelet aggregation (Table 5.7).

5.6 Other G protein-coupled receptors

Many other GPCRs mediate the effects of hormones and NTs involved in a wide variety of
responses. Some of these are also targets for plant defensive compounds (Table 5.8) and are
listed alphabetically for convenience in the outline presented below. Note that all of the hor-
mones listed below are peptides except for (a) ATP, (c¢) anandamide, (j) melatonin and (p)
some non-peptide sigma receptor ligands.

a. ATP receptors

Adenosine 5'-triphosphate is an excitatory neurotransmitter in the CNS and the peripheral
nervous system (PNS). ATP acts via ionotropic P2X receptors (Chapter 3) and also acts
through metabotropic G protein-linked P2Y receptors. With respect to P2Y receptors 1-13
that have been distinguished, uridine 5'-triphosphate (UTP) and ATP bind to P2Y2 and
P2Y4 and ATP also binds to P2Y11. The signalling mechanism involves Gag-mediated

cytosolic Ca’™ elevation.
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b. Bombesin receptors

Bombesin and related peptides such as gastrin-releasing peptide, neuromedin B and
somatomedin are autocrine growth factors, anorexigenic and inducers of GI hormone
(e.g gastrin) release. Bombesin acts via Gaq to elevate cytosolic Ca??.

c. Cannabinoid receptors

Cannabinoid receptors include the CBI receptors (which have a high incidence in the CNS
and inhibit adenylyl cyclase, close Ca** channels and open K* channels via Gai) and CB2
receptors (which are present in immune cells and act via Gai proteins to inhibit adenylyl
cyclase). GB1 and GB2 receptors bind the endogenous ligand anandamide (arachi-
donylethanolamide) as well as A%-tetrahydrocannabinol from marijuana (Cannabis sativa).
A%Tetrahydrocannabinol antagonizes the peripheral CB2 receptor but acts as an agonist for
the CNS CB1 receptor. Cannabinoid receptor agonists have appetite stimulant and
psychoactive effects and have therapeutic potential for relief from nausea and pain.

d. Cholecystokinin (CCK, pancreozymin) receptors

Cholecystokinin receptors are the GPCRs CCK-A and CCK-B. The C-terminal sulfated
octapeptide CCK fragment (CCKS8) is a major neuropeptide. CCK is involved in anorexia,
cardiovascular tonus, central respiratory control, nociception, pancreatic exocrine secretion,
gastric emptying, memory, vigilance and emotional states such as anxiety and panic.

e. Cocaine- and amphetamine-regulated transcript (CART)
receptor (CART-R)

The cocaine- and amphetamine-regulated transcript receptor is involved in the action of
CART as a leptin-induced, hypothalamic anorexigenic (appetite-suppressing) hormone,
CNS stimulant and inducer of catecholamine release from presynaptic storage granules.

J- Corticotropin (adrenocorticotropic hormone, ACTH)

Adrenocorticotropic hormone derives from the anterior pituitary in response to the leptin-
or stress-induced anorexigenic, hypothalamic CRH. Corticotropin (like enkephalins and
MSHs) derives from a precursor polypeptide pro-opiomelanocortin. Corticotropin induces
the catabolic adrenal cortex corticosteroid cortisol and the mineralocorticoid aldosterone
(Chapter 11) and is an important regulator of immune responses including chemotaxis and
phagocytosis. Corticotropin acts via GPCRs to activate Gas and increase cAMP 1n anterior
pituitary cells.

g Gastrin

Gastrin stimulates gastric acid secretion but also has growth-promoting effects on various
cell types. Gastrin shares GPCRs with CCK, namely the CCK- A and -B receptors.

h. Glucose-dependent insulinotropic polypeptide (Gastric

inhibitory peptide, GIP}
Gastric inhibitory peptide acts via a GPCR on pancreatic  cells to promote insulin secretion.
The plant natural products gymnemic acid and phloridzin inhibit D-glucose binding to the
GI glucose receptor involved in glucose-stimulated GIP secretion.
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i. Imidazoline receptors (I-Rs)

Imidazoline receptors I1 and I2 are GPCRs. I1 agonists are hypotensive. I-Rs are involved in
hypertension, diabetes mellitus and mood disorder pathologies.

J- a-Melanocyte-stimulating hormone (0-MSH, o-melanotropin)

a-Melanocyte-stimulating hormone (MSH) is, like CRH and CART, an anorexigenic
(appetite-suppressing) hypothalamic hormone generated in response to Janus kinase/Signal
transducers and activators of transcription (JAK/STAT)-mediated signalling from the
adipocyte-derived peptide hormone leptin, which reports fat reserve fullness (adiposity).
a-MSH derives from the same pro-opiomelanocortin precursor peptide as do the other
melanocortin peptide hormones ACTH, corticotropin-like intermediary peptide (CLIP),
B-endorphin, Met-enkephalin, B-MSH and y-MSH. a-MSH acts via GPCRs MC1-R,
MC2-R, MC3-R, MC4-R and MC5-R, which couple via Gas to increase cAMP (noting that
cholera toxin-sensitive increase in Ca®" can also occur). a-MSH causes darkening in
amphibia and fish and melanogenesis in man that is reversed by melatonin (N-acetyl-5-
methoxytryptamine). The orexigenic peptides Agouti protein and Agouti-related protein
compete with anorexigenic ®-MSH for a common receptor with opposite effects on appetite.

k. Melatonin (N-acetyl-5-methoxytryptamine; regulin)

Melatonin is an indole-derived anterior pituitary hormone that causes downstream inhibition
of a-MSH-induced melanogenesis. Melatonin is antiamnesic, synchronizes circadian and
circannual rhythms and is metabolized to 5-methoxytryptamine. Melatonin acts via GPCRs
MT1 and MT?2 (which both couple through Gai and cAMP decrease). MT1 may also couple
via Gao and Gaq to activate PLC (and hence increase cytosolic Ca?*) and via GBGy activa-
tion of PLA2. Melatonin can further interact with nuclear receptor superfamily “orphan”
retinoid receptors RZR/ROR. Melatonin fluctuates with a circadian rhythm and is elevated
in blood during the night. Melatonin is accordingly of social importance in relation to shift
work and jet-lag. Melatonin and 5-methoxytryptamine occur in some plants (Table 5.8).

l. Neurotensin (NEUT)

Neurotensin Is anorexigenic as a potent stimulator of «-MSH and is antinociceptive. NEUT
binds to GPCRs NTS1 and NTS2 which act via Gaq to activate PLC and hence elevate
cytosolic Ca?™.

m. Neuropeptide Y (NPY)

Neuropeptide Y derives from the hypothalamus and functions both in the CNS and peripher-
ally. NPY is orexigenic (pro-feedant, appetite-stimulating), reduces leptin-induced thermoge-
nesis and its synthesis and secretion is inhibited by leptin, by the appetite-suppressing and
insulin secretagogue glucagon-like peptide-1 (GLP-1) and by the leptin-induced anorexi-
genic hormones MSH, CRH and CART. NPY levels rise during starvation. Homozygous
ob/ob mice (that make no leptin, the product of the wildtype OB gene product) are hungry,
obese and insulin-resistant. Homozygous db/db mice (that make no leptin receptor, the
product of the wildtype DB gene) also become obese and diabetic. NPY is elevated in both
ob/ob and db/db mice.
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n. Oxytocin

Oxytocin is secreted from the posterior pituitary and targets the uterus (stimulating uterine
contraction) and mammary tissue (promoting lactation). The oxytocin receptor couples via
a Guas to activate adenylyl cyclase and increase cAMP.

o. Parathyroid hormone/parathyroid hormone-related

protein receptor (PTH-R)

Parathyroid hormone-related protein receptor is a GPCR that acts via a Gas (and elevation
of cAMP) or via Gaq (to activate PLC, increase IPy and thence increase cytosolic Ca™).
PTH increases bone resorption and reabsorption of Ca?* in the kidney with consequent ele-
vation of blood Ca?". Calcitonin, which binds to a GPCR that acts via a Gas to elevate
cAMP, has opposing effects to those of PTH.

p- Secretin

Secretin inhibits postprandial gastrin release (thus decreasing gastric acid secretion) and
increases pancreatic exocrine secretion {e.g. of bicarbonate). The secretin receptor (like the
GLP-1 receptor and vasoactive intestinal peptide (VIP) receptor) acts via Gas and cAMP
elevation. A plant agonist for the secretin receptor has been isolated from the Thai anti-ulcer
plant Croton sublyratus ( plau-lor) (Table 5.8).

q. Sigma receptor (0-R)
Sigma receptor ligands bind to metabotropic GPCRs as well as ionotropic o-Rs (Chapter 3).
Endogenous ligands for o-Rs include some opiates. Sigma-R activation can have antitussive,

anxiolytic and ulceroprotective effects. Hypericin from Hypericum perforatum (St John’s wort) is
a g-R agonist (Table 5.8).

r. Somatostatin (growth hormone-release inhibiting factor,
GH-RIF; somatotropin release inhibiting factor, SRIF)

Somatostatin is a hypothalamic hormone that inhibits secretion of growth hormone (soma-
totropin), gastrin, secretin, glucagon and insulin. Somatostatin acts via GPCRs that decrease

cAMP via Gad.

s. Substance P

Substance P acts via tachykinin NK1 and NK2 receptors, these being coupled via G proteins
resulting in PLC activation, IP; generation and cytosolic Ca®* elevation.

t. Vasopressin (Antidiuretic hormone, ADH)

Antidiuretic hormone is a posterior pituitary peptide hormone that binds to vasoconstrictive
Vla receptors (via Gaq to activate PLC and thence increase cytsosolic Ca?™), to V2 recep-
tors (causing kidney water reabsorption via Gas and increased cAMP) and to corticotropin
secretion-regulating V1b (V3) receptors (mediated by Gaq to activate PLC and thence
increase cytosolic Ca**). For bioactive-G protein interactions see Table 5.9.
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Table 5.1 Adenosine receptors

Compound (class) Plant ( famaly) | part] Recepror affected (other target)
/in vivo effects/
Adenosine receptor 5.1A
(AD-R)
Alkaloid 5.1Aa

[Acetylhaemanthamine
(= Acetyl-3-epicrinamine;
Acetylhemanthidine;
Acetylnatalensine)]
{(crinane Amaryllidaceae
alkaloid)
Adenosine
{purine nucleoside)
(—)-Apparicine
{indole)

Arborinine
{quinoline}

Caffeine (= 1,3,7-
Trimethylxanthine;
Coffeine; Guaranine;
Thein; Theine)

(purine, methylxanthine);

most consumed plant

bioactive

compound?
1,7-Dimethylxanthine

(= Paraxanthine)

{methylxanthine)

Ibogaine (= 12-
Methoxyibogamine)
{indole)

[8-Phenyltheophylline
(= 1,3-Dimethyl-8-
phenylxanthine)]
{methylxanthine)

Theobromine (= 3,7-
Dimethylxanthine)
{methylxanthine)

Theophylline (= 1,3-
Dimethylxanthine)
{methylxanthine)

Tubotaiwine

(alkaloid)

Semi-synthetic from
Haemanthamine from
Haemanthus sp.
(Amaryllidaceac)

Universal

Aspidosperma dasycarpon,
Tabernaemontana pachysiphon
(Apocynaceae) [leaf]

LEuodia xanthoxyloides, Fugara
leprieuris, Glycosmus arborea,

Ruta graveolens, Teclea
natalensis (Rutaceae)

Llex paraguayensis (maté)
(Aquifoliaceae), Coffea arabica,
Coffea spp. (coftee) (Rubiaceae)
[coffee bean], Paullinia cupana
(guarana) (Sapindaceae), Cola
acuminata (cola)

(Sterculiaceae) [seed], Camellia
swnensis (tea) (Theaceae) [leaf’]

Sinomenium acutum
(Menispermaceae); major
metabolite of Caffeine

Tabernanthe ihoga (iboga),
Voacanga thouarsii (Apocynaceae);
iboga W. African
stimulant & aphrodisiac

Semi-synthetic from
Theophylline

Llex paraguayensis
(Aquifoliaceae), Paullinia
cupana (Sapindaceae), Cola
acuminata, Theobroma cacao
(Sterculiaceae), Camellia
swnensis (Theaceace)

Paullinia cupana (guarana)
(Sapindaceae), Theobroma
cacao (Sterculiaceae), Camellia
swnensis (tea) (Theaceae) [leaf’]

Tabernaemontana pachysiphon,
Tabernanthe iboga
(Apocynaceae) [leaf]

AD-R ligand — A; selective (PIA
displacement) [53], Ay, (inactive),
Aj (inactive)

AD-R agonist

AJAD-R ligand [pM] (O-R)
[analgesic (mouse abdominal
relaxant), analeptic, antiviral]

AD-R ligand — A; (PIA displacement)
[13], Ay (CGS displacement) [6], Ag
(ABMECA displacement) [<100]
[spasmolytic]

AAD-R, A)JAD-R & A3AD-R
antagonist (CAMP PDE, cGMP PDE,
ryanodine R) [cardiac, CNS &
respiratory stimulant, diuretic, smooth
muscle relaxant, increased
catecholamine-induced lipolysis
(at 0.1-1), vasodilator]

AAD-R & Ay,AD-R antagonist
[increased catecholamine-induced
lipolysis (at 0.1-1)]

AD-R-AI-R ligand (mACh-R,

D-R, DTR, SHTTR,
NMDA-Glu-R, O-R) [anti-addictive,
anticonvulsant, hallucinogenic|

AjAD-R antagonist

AD-R antagonist (weak) (cAMP
PDE) [cardiac stimulant, diuretic,
smooth muscle relaxant, vasodilator]

AD-R antagonist — A2B [8] (cAMP
PDE) [anti-asthmatic, cardiac
stimulant, coronary vasodilator,
diuretic, SM relaxant]

AJAD-R ligand [uM] (O-R)
[analgesic (mouse abdominal
relaxant)]

(continued )
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Compound (class) Plant ( famaly) | part] Recepror affected (other target)
/ in vivo effects/
Phenolic 5.1Ap
Apigenin (= 5,7,4- Lamiaceae, ferns [leaf surface], AD-R ligand — A (PIA displacement)
Trihydroxyflavone) Widespread; Apium, Daucus [3], Aya (CGS displacement) [8], A;
{flavone) spp- (Apiaceae), Achillea, (ABMECA displacement) [<10]
Matricaria spp. {Asteraceae), (ARH, cAMP PDE, cGMP PDE,

Catechin 3-gallate
(gallotannin)

Cirsimarin (= Cirsimaritin
4’-O-glucoside)
{flavone O-glycoside)
Cirsimaritin (= 5,4'-
Dihydroxy-6,7-
dimethoxyflavone) (flavone)
2,3-Dihydroquercetin
(= 2,3-Dihydro-3,5,7,3",4'-
pentahydroxyflavone;
Taxifolin)
{(dihydroflavonol)

Flavone (= 2-Phenyl-1,4-
benzopyrone)
{flavone)

Galangin (= 3,5,7-
Trihydroxyflavone)
{flavonol)

Genistein (= Genisteol;
Prunetol; Sophoricol;
4’.5,7-
Trihydroxyisoflavone)
(isoflavone)

Haematoxylin (=
Hydroxybrazilin)
{polycyclic benzopyran)

[3757773’>4’>5’-
Hexamethoxyflavone (=
Hexamethylmyricetin)]
(flavonol)

Mentha, Oreganum, Thymus spp. AR, CDK2, PK, RTK)
(Lamiaceae), ferns [leaf surface]; [antibacterial, Al, diuretic,
Buddlea officinalis (Loganiaceae), hypotensive]
Digitaria exilis (Poaceae) [seed]

Hamamelis virginiana AJAD-R ligand (>10) (D,D-R,
(Hamamelidaceac), Bergenia D,D-R, 5HT-R, O-R)
stracheyi (Saxifragaceae) [root]

Microtea debilis AJAD-R antagonist (3) [may explain
(Phytolaccaceac) anti-proteinuria herbal medicinal use
of plant]
Microtea debilis AD-R ligand — A| (PIA displacement)
(Phytolaccaceae) [1], Ayp (CGS displacement) [3], Ag
(ABMECA displacement) [2]
Widespread; Acacia catechu AD-R ligand — A; (ABMECA

(Fabaceae), Polygonum nodosum displacement) [2] (LOX, MLCK,
(Polygonaceae), Salix capraea PKA, NADH DH, succinate DH)
(Salicaceae), Coniferae; glycosides [antibacterial, antifungal, Al,
in Rhododendron (Ericaceac), antioxidant]
Astilbe (Saxifragaceae) spp.

Ammi visnage, Anethum graveolens  AD-R ligand — A (PIA displacement)
(Apiaceac), Dionysia spp., Primula  [3], Ao (CGS displacement) [3], Ag

malacoides, P. pulverulenta (ABMECA displacement) [17] (ARH,
(Primulaceae) [leaf ], COX, 5-LOX (ECMOX) [AI PAI,
Pimnelea decora, inhibits basophil histamine release]

P simplex (Thymelaeaceae)

Betulaceae, Salicaceae, ferns, AD-R ligand — A| (PIA displacement)
Lamiaceae, Datisca cannabina [0.9], Aya (CGS displacement) [1],
(Datiscaceae), Escallonia spp. A3 (ABMECA displacement) [3]

(Saxifragaceae), Alpinia [antibacterial]
officinarum (Zingiberaceae)

Widespread; Genista, Glycine, AD-R ligand — A| (PIA displacement)
Phaseolus, Trifolium spp. [5], Aua (CGS displacement) [36], Ag
(Fabaceae); Prunus spp. (ABMECA displacement) [>100]
(Rosaceae) [wood], glucosides  (GABAA-R, HISK, lipase,
in Genista tinctoria, Glycine peroxidase, PK, RTK)
max, Lupinus luteus, Ulex nanus, [antifungal, oestrogenic]|
Sophora japonica (Fabaceae)

Haematoxylon campechianum AD-R ligand — A| (PIA displacement)
(Fabaceae) [wood] [3], Aya (CGS displacement) [>100]

Ag (inactive) [light exposure vields
red pigment]

Semi-synthetic from Myricetin =~ AD-R ligand — A; (ABMECA
displacement) [16]

(continued )
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Table 5.1 (Continued)

Compound (class)

Plant ( famaly) | part]

Recepror affected (other target)
/ in vivo effects/

Hispidulin (= Dinatin;
Scutellarein 6-methyl
ether); 5,7, 4'-
Trihydroxy-6-
methoxyflavone
(flavone)

5-Hydroxyflavone
{flavone)

7-Hydroxyflavone
{flavone)

7-Hydroxy-3',4'-
dimethoxyflavone
(flavone)

5-Hydroxy-7,4'-
dimethoxyflavone
(flavone)

5-(3-Hydroxypropyl)-7-
methoxy-2-(3"-methoxy-
4'-hydroxyphenyl)-3-
benzo[b]furan-
carbaldehyde (benzofuran)

[5-Hydroxy-7-methyl-4'-
methoxyflavone]
(flavone)

Luteolin (5,7,3",4'-
Tetrahydroxyflavone)
(flavone)

Paconiflorin
{phenolic-related
glycoside)

[3,5,7,2" 4'-
Pentamethoxyflavone
(= Pentamethylmorin)]
{flavonol)

Quercetin (= 3,5,7,3",4'-
Pentahydroxyflavone)
{flavonol)

Asteraceae, Hygrophyllaceae,
Lamiaceae [leaf ], Citrus
sudactur (Rutaceae) [peel],
Dugitalis onentalis
(Scrophulariaceae) [leaf ]

Ficus gomelletra Moraceace)

[leaf]

Clerodendron phlomidis
(Verbenaceae) [flower, leaf ]

As precursor of 3,4-
methylenedioxy derivative in
Pyper sp. (Piperaceae)

Biota orientalis (Cupressaceae),
Rosmarinus officinalis
(Lamiaceae), Piper spp.
(Piperaceae)

Salvia miltiorrhiza (Lamiaceae)

Semi-synthetic

Widespread; Apiaceae,
Asteraceae, Brassicaceae,
Lamiaceae, Fabaceae,
Rutaceae, Scrophulariaceae,
Thymelaeaceae [aerial]

Paconia albiflora,

P lactiflora, E moutan,

P officinalis, P suffruticosa

(Passifloraceae) [root]
Semi-synthetic from Morin

Widespread; Asteraceae,
Passiflorae, Rhamnaceae,
Solanaceae; Podophyllum
peltatum (Berberidaceae), Allium
cepa (Liliaceae), Oenothera
biennis (Onagraceae),
Koelreuteria henryt
(Sapindaceae); widespread as
glycosides

AysAD-R agonist, AD-R ligand — A
(PIA displacement) [2], Agp (CGS
displacement) [6], A3 (ABMECA
displacement) [<10]

[T platelet cAMP — PAI]

AD-R ligand — A; (PIA displacement)
[2], Ayp (CGS displacement) [6], Ag
(ABMECA displacement) [~100]
(CDPK, MLCK)

AD-R ligand — A; (PIA displacement)
[3], Aya (CGS displacement) [3], Ag
(ABMECA displacement) [>100]

AD-R ligand — A; (PIA displacement)
[19], Aya (CGS displacement) [35],
Az (ABMECA displacement) [>100]

AsAD-R selective ligand (ABMECA
displacement) [<10]

AJAD-R ligand [17nM]

AD-R ligand — A; (PIA displacement)
[3], Ava (CGS displacement) [28], Ay
(ABMECA displacement) [7]

AJAD-R antagonist [low uM ] (cAMP
PDE, iodothyronine deiodinase, PKC,
NADH DH, succinate DH,

AR, PEP)

AjAD-R selective agonist
[antiallergic, anticoagulant, PAI]

AD-R ligand — A; (PIA displacement)
[28], Agp (CGS displacement) [47],
Az (ABMECA displacement) [3]

AD-R ligand — A; (PIA displacement)
[3], Aya (CGS displacement) [28], Ag
(T ABMECA binding) (at 10-30)
(AR, LOX, PDE, PK) [AI, feeding
stimulant, SM contraction, radical
scavenger allergenic, antiviral]

(continued )
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Compound (class)

Plant ( famaly) | part]

Recepror affected (other target)
/ in vivo effects/

Rhamnetin (= 3,5,7,3" 4'-
Pentahydroxy-flavone 7-
methyl ether; Quercetin
7-methyl ether)

{flavonol)

Sakuranetin (= 5,4'-
Dihydroxy-7-

Cistus spp. (Cistaceae),
Apiaceae, Asteraceae,

Euphorbiaceae, Lamiaceae;

glycosides in Thalictrum
(Ranunculaceae), Rhamnus
(Rhamnaceae), Tamarix
(Tamaricaceae) spp.
Daucus (Apiaceae), Betula
(Betulaceae), Artemusia,

AD-R ligand - A3 (ABMECA
displacement) [1] (AR, cAMP PDE)

[allergenic, antibacterial]

AD-R ligand — A| (PIA displacement)
[8], Agp (CGS displacement) [36], Ag

methoxyflavanone;
Naringenin 7-methyl
ether) (flavanone)

Baccharis (Asteraceac), Ribes
(Grossulariaceae), Juglans
(Juglandaceae) spp., glycoside
in Prunus puddum (Rosaceac)

(ABMECA displacement) [3]
[antifungal]

[3,5,7,4'-Tetra-methoxy-
flavone

(= Tetramethyl-
kaempferol)] (flavone)
[3,5,7-Triacetoxyflavone
(= 3,5,7-Triacetyl-
galangin) (flavonol)
[3,5,7-Trimethoxyflavone]
(flavone)

[5,6,7-Trimethyl-4'-
methoxyflavone
(= Tetramethyl-
scutellarein)] (flavone)

Other
Linoleic acid
{unsaturated FA)

Non-plant reference
[ABMECA]

{purine nucleoside)
[CGS]

{purine nucleoside)
[N6-Cyclohexyladenosine]

{purine nucleoside)
[8-Cyclopentyl-1,3-

dipropylxanthine]

(alkyl xanthine)
[a-Naphthoflavone]

{naphthoflavone)

[B-Naphthoflavone]
{naphthoflavone)
[PIA (= N6-

Phenylisopropyl-adenosine]

{purine nucleoside)

Semi-synthetic from
Kaempferol

Semi-synthetic from Galangin

Semi-synthetic

Semi-synthetic

Widespread in plant oils

Synthetic — cf. Adenosine
Synthetic — cf. Adenosine

Synthetic — cf. Adenosine

Synthetic — cf. Theophylline

Synthetic — cf. Flavone

Synthetic

Synthetic — cf. Adenosine

AD-R ligand — A| (PIA displacement)
[1], A3 (ABMECA displacement) [3]

AD-R ligand — A| (PIA displacement)
[12], Ay (CGS displacement) [57],
A3 (ABMECA displacement) [18]

AD-R ligand — A| (PIA displacement)
[0.5], Aya (CGS displacement) [6],
A3 (ABMECA displacement) [1]

AD-R ligand — A| (PIA displacement)
[1], A3 (ABMECA displacement) [4]

5.1A0
A;AD-R non-competitive inhibitor

5.1An
AsAD-R selective agonist [0.6nM]

AyAD-R selective agonist [14nM ]
AJAD-R selective agonist [3nM]

AJAD-R selective antagonist [3nM],
AyAD-R antagonist [51nM]

AD-R ligand — A| (PIA displacement)
[0.8], Ays (CGS displacement) [1],
Ag (ABMECA displacement) [<C10]
(ARH)

AjAD-R selective ligand (PIA
displacement) [9]

AJAD-R selective agonist [1nM]

(continued )



172 5. Plasma membrane G protein-coupled receptors

Table 5.1 (Continued)

Compound (class)

Plant ( famaly) | part]

Recepror affected (other target)
/ in vivo effects/

8-( p-Sulphophenyl)-
p-Sulphopheny
theophylline]

{aryl xanthine)

Synthetic — cf. Theophylline

AJAD-R selective antagonist ( polar &
excluded from brain by blood brain

barrier (BBB))

Table 5.2 Muscarinic acetylcholine receptor

Compound (class) Plant (family) | part| Recepror affected (other target)
/ in vivo effects/

Muscarinic 5.2A

Acetylcholine receptor

(mACh-R) - agonists

Alkaloid 5.2Aa

Arecaidine (= Arecaine)
{(dehydropiperidine)

Arecoline
{(dehydropiperidine)

Brucine (= 10,11-
Dimethoxystrychnine)
{indole)

Guvacine (= N-
Demethyl arecaidine; A~
Tetrahydronicotinic acid)
(piperidine)

Guvacoline (= Guvacine
methyl ester) (piperidine)

Ibogaine (= 12-
Methoxyibogamine)
{indole)

Liriodenine
{(benzophenanthridinone)

Pilocarpine
(furanone imidazole)

Pilosine
(imidazole furan)

Areca catechu [betel nut]
(Palmae), Piper betle [betel
pepper leaf ] (Piperaceae)

Areca catechu [betel nut]
(Palmae), Piper betle [betel
pepper leaf] (Piperaceac)

Strychnos aculeata, S. ignatit,
S. nox vomica (Loganiaceae)
[bark, seed, wood]

Areca catechu [betel nut]
(Palmae)

Areca catechu [betel nut]
(Palmae)
Tabernanthe ihoga (iboga),

Voacanga thouarsii
(Apocynaceac); iboga

W. African stimulant &

aphrodisiac

Annona spp., Guatteria scadens,

Fissistigma glaucescens
(Annonaceace), Liriodendron,

Magnolia Magnoliaceae) spp.

Pilocarpus jaborandy,
P. mucrophyllus, P. spp.
(Rutaceae)

Pilocarpus macrophyllus,
(Rutaceae)

mACh-R agonist — atrial M2« & ileal
M2 (at 0.01-1) [diaphoretic,
laxative, miotic, teniacidal]

mACh-R agonist — atrial M2« & ileal
M2 (at 0.01-1) [anthelmintic,
cathartic, mutagen, parasympathetic
stimulant, teniacidal]

M1 mACh-R allosteric modulator
agonist [CNS stimulant]

mACh-R agonist — atrial M2a & ileal
M2 (at 0.01-1) (GABA-TR)

mACh-R agonist — rat atrial M2a &
leal M2 (at 0.01-1)

mACh-R ligand (AD-R, D-R, DTR,
S5HTTR, NMDA-Glu-R, O-R)
[anti-addictive, anticonvulsant,
hallucinogenic|

mAChR antagonist

mACh-R partial agonist (@9 nACh-R
blocker) [anti-glaucoma, cholinergic,
gastric, salivary & lachrymal
secretory stimulant, myotic,
parasympathomimetic]

mACh-R agonist [parasympathetic
agonist increasing gastric, lachrymal
& salivary secretion]

(continued )



Table 5.2 {Continued)

5. Plasma membrane G protein-coupled receptors

173

Compound (class) Plant (family) [ part| Recepror affected (other target)
/ in vivo effects/
Terpene 5.2A¢
Bodinone Schefflera bodinier: (Araliaceac) mACh-R ligand (0.9) [0.3]
(triterpene) [leaf, root]

Bodinone glycoside
{triterpene glycoside)

3-Epioleanolic acid
(triterpene)

Ginkgo biloba extract
e.g. EGb-761)
{triterpene saponins +
flavonoids)

Oleanolic acid
(triterpene)

Swertiamarin
(seco-iridoid
monoterpene)

Other
Acetylcholine
{basic non-heterocyclic)

Ethyl-a-D-
glucopyranoside (sugar)

2-Methoxy-5-
hydroxymethylcyclo-
pentane-1,3,4-triol
{cyclitol alicyclic)

Non-plant reference

[Bethanecol]

(tetraalkyl ammonium
carbamate)

[Carbachol (= Carbamyl
choline chloride)]
{(quaternary ammonium)

[MT2 & MT4] (proteins)

[MTLP-1 (= Muscarinic
toxin-like protein)]
{polypeptide)

Schefflera bodinier: (Araliaceae)
[leaf, root]

Ekebergia capensis Meliaceae);
Zulu use as uterotonic to
facilitate childbirth

Ginkgo biloba (Ginkgoaceae),
anti-glaucoma & alleviates
diabetic retinopathy
(alloxan-treated rat)
(esp. +Zn?");

Lavandula, Ocimum, Organum,
Rosmarinus, Salvia, Thymus spp.
(Lamiaceae), Ekebergia capensts
(Meliaceae) (Zulu use as
uterotonic to facilitate
childbirth), Syzygium
aromaticum (Myrtaceae)

Centaurium erythraea, Gentiana
spp., Swertia japonica
(Gentianaceae) (Japanese
bitter stomachic use)

Helianthus annuus (sunflower)
(Asteraceace), Spinacia oleracea
(spinach) (Chenopodiaceae),
Prsum sativum (Fabaceae),
Urtica dioica (Urticaceac)

Clerodendrum mandarinorum
{Verbenaceae) [root bark]

Salpianthus arentus
(Nyctaginaceac)

Synthetic
Synthetic
parasympathomimetic

Mamba snake venom
Naja kaouthia (cobra snake)

mACh-R ligand (4) [1]

mACh-R agonist [uterine smooth
muscle contraction]

Reverses aging brain mACh-R loss
[AL AO/FRS, PAF antagonism; T
blood flow, blocks angiogenesis,
metastasis, | LDL oxidation]

mACh-R agonist [uterine smooth
muscle contraction]

mACh-R antagonist [anticholinergic]

5.2A0

mACh-R agonist [34nM] (nACh-R,
rat a42) [natural nACh-R agonist;
water resorption & photosynthesis
regulation in plants]

mACh-R ligand

mACh-R agonist
[ parasympathomimetic]

5.2An
mACh-R agonist (@9 nACh-R
blocker) [cholinergic]

mACh-R agonist [cholinergic, myotic,
parasympathomimetic]

mACh-R allosteric activator agonists

mACh-R ligand — M3
(Methylscopolamine displacement)
(3) [amino acid sequence homology
to MTLP-2 from cobra & mamba
toxins MT1 & MTH4]

(continued)
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Compound (class) Plant (family) | part| Recepror affected (other target)
/ in vivo effects/
[Muscarine] Amanita muscaria (fly agaric mACh-R agonist (@9 nACh-R
{(quaternary ammonium mushroom) (Amanitaceae), antagonist) [muscarinic cholinergic,
furan) Inocybe spp. (mushroom) lachrimatory, hypotensive, visual,

(Cortinariaceae), Clitogybe spp.

bowel, bronchial and heart

(mushroom) (Tricholomataceae) disturbance, toxic|

[Otenzepad] Synthetic
(piperidinylbenzazepine)
Oxotremorine Synthetic

(acetylene-linked
pyrrolidine pyrrolidone)

Muscarinic
Acetylcholine
receptor (mACh-R) -
antagonists

Alkaloid

Atropine (= d,l- Atropa belladonna (belladonna,
Hyoscamine; Tropine deadly nightshade), Datura
(*)-tropate ester) stramontum, Mandragora,
(racemate of Scopolia spp. (Solanaceae);
hyoscamine) Atropine studied by
{tropane); from Richard Willstitter
Atropos, the Greek (Nobel Prize, Chemistry,

Fate who cut shortlife 1915, plant pigments &
chlorophyll; fled Nazis,

1938)

Berbamine (= Berberis, Mahonia spp.
Berbenine) (Berberidaceae), Atherosperma
{(bisbenzylisoquinoline) moschatum (Monimiaceac)

Berberine (= Coelocline (Annonaceae),
Umbellatine) Berberis, Hydrastis, Mahonia,
{(protoberberine Nandina (Berberidaceae),
isoquinoline) Archangelica

(Menispermaceae), Argemone,
Chelidonium, Corydalis
(Papaveraceae), Coptis, Thalictrum
(Ranunculacae), Fvodia, Toddalia,
Lanthoxylum (Rutaceae) spp.

Caracurine V Strychnos dolichothyrsa
{indole) (Loganiaceae) [stem bark]
Caracurine V mono-M- Strychnos dolichothyrsa
oxide (indole) (Loganiaceae) [stem bark]
Caracurine V di-N-oxide Strychinos dolichothyrsa
{indole) (Loganiaceae) [stem bark]
(—)-Cocaine Erythroxylum coca,

(= Benzoylmethylecgonine;  E. recurrens, E. steyermarkii,
Methylbenzoylecgonine) E. spp. (Erythroxylaceae)
{tropane) [coca leaf |

mACh-R — M2 antagonist

mACh-R agonist (3nM)

5.2B

5.2Ba

mACh-R antagonist (&9 nACh-R),
SM contraction inhibition [1 nM]
[anticholinergic, anti-spasmodic,
antidote for organophosphate
poisoning, mydriatic, suppresses
salivation, gives blurred vision,
vasodilatory, very toxic]; belladonna
agent in poisoning of Marc
Antony’s soldiers (Parthian
Wars) & Danish army (by
Macbeth’s Scottish soldiers)

mACh-R ligand [0.2] (nACh-R)
[antibiotic, antitumour, spasmolytic,
toxic, vasodilatory]

mACh-R ligand (1) (@1A-R,
a2A-R, AChE, ATPase,
BChE, CDPK, ChAT, diamine
oxidase, DNA ligand, 5HT2-R,
nACh-R, MLCK, PKA, PKC)
[antibacterial, antimalarial,
antipyretic, bitter stomachic,
cytotoxic]|

M2 mACh-R allosteric antagonist
(at~10nM) [muscle relaxant, NM
blocker]

M2 mACh-R allosteric antagonist
[muscle relaxant, NM blocker]

M2 mACh-R allosteric antagonist
[local anaesthetic, muscle relaxant,
NM blocker, topical ophthalmic
anaesthetic]

M2 mACh-R antagonist [19] (D-TR,
SHT-TR)

(continued )
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Compound (class)

Plant (family) [ part|

Recepror affected (other target)
/ in vivo effects/

(+)-Cocaine
(= Benzoylmethylecgonine;
Methylbenzoylecgonine)
{tropane)
Constrictosine
{protopine isoquinoline)
Cryptolepine
{(indole, indoloquinoline)

5,6-Dihydro constrictosine
{protopine isoquinoline)

5,6-Dihydro-3,5-di-O-
methylconstrictosine
{protopine isoquinoline)

Dihydrohimbacine
(piperidine)

Dihydrohimbandravine
(piperidine)

Dihydrohimbeline
(piperidine)

3,5-Di-0-methyl-

Not in coca plant — cf. (—)-
Cocaine

Aristolochia constricta
(Aristolochiaceae)
Cryptolepis sanguinolenta,
C. triangulars
{Asclepiadaceac) [root]
Aristolochia constricta
(Aristolochiaceae)
Aristolochia constricta
(Aristolochiaceae)

Himantandra (Galbulimima)
baccata, H. belgraveana
(Himantandraceae) [ bark]

Himantandra (Galbulimima)
baccata, H. belgraveana
(Himantandraceae) [ bark]

Himantandra (Galbulimima)
baccata, H. belgraveana
(Himantandraceae) [bark]

Aristolochia constricta

constrictosine (isoquinoline) (Aristolochiaceae)

Ebeinone (steroidal)

Himbacine
(piperidine)

Himbandravine
(piperidine)

Himbeline

(piperidine)

Hyoscine (= 6,7-
Epoxytropine
tropate; Scopine tropate;
Scopolamine) (tropane)

Hyoscamine (=
Daturine; Duboisine; 3a-
Tropanyl S-(—)-tropate)
(Atropine is the
racemate) (tropane)

Fritillaria imperialis (Liliaceae)

Himantandra (Galbulimima)
baccata, H. belgraveana
(Himantandraceae) [bark]

Himantandra (Galbulimima)
baccata, H. belgraveana
(Himantandraceae) [bark]

Himantandra (Galbulimima)
baccata, H. belgraveana
(Himantandraceae) [bark]

Anthocercis viscosa,

A. fasciculata, Datura metel,

D. innoxia [Datura potion

M2 mACh-R antagonist [2]

mACh-R antagonist [inhibits ACh-
induced ileum contraction]

mACh-R antagonist (M1, M2, M3)
[2-10]

mACh-R antagonist [inhibits ACh-
induced ileum contraction]
mACh-R antagonist [inhibits ACh-

induced ileum contraction]

mACh-R antagonist [inhibits atrial &
ACh-induced ileum contraction]
[anti-spasmodic]

mACh-R antagonist [inhibits atrial &
ACh-induced ileum contraction]
[anti-spasmodic]

mACh-R antagonist [inhibits atrial &
ACh-induced ileum contraction]
[anti-spasmodic]

mACh-R antagonist [inhibits ACh-
induced ileum contraction]

mACh-R antagonist — M2 & M3
[carbachol antagonist — atrium
[7nM; 81 nM], illeum [931nM],
trachea [547nM |

mACh-R antagonist [inhibits ACh-
induced ileum contraction]
[anti-spasmodic]

mACh-R antagonist [inhibits ACh-
induced ileum contraction]
[anti-spasmodic]

mACh-R antagonist [inhibits ACh-
induced ileum contraction]
[anti-spasmodic]

mACh-R antagonist [amnesic,
anticholinergic, anti-spasmodic
formation sickness; Hyoscine

for S. Am. Indian sacrificial investigational “truth drug”
victim pre-sacrifice stupor],
Duboisia myoporodes, Hyoscyamus
niger (henbane), Methysticodendron
amestanum, Scopolia carniolica
{(Solanaceae)

Atropa belladonna (belladonna,
deadly nightshade), Datura
stramonium, Duboisia myoporoides,
Hyoscyamus mger (henbane),

H. muticus (Solanaceace)

mACh-R antagonist [anticholinergic,
antiemetic, anti-spasmodic,
antisecretory for saliva, perspiration
& gastric secretion, mydriatic, toxic]

(continued )
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Compound (class) Plant (family) | part| Recepror affected (other target)
/ in vivo effects/
Imperialine Petilium eduardi, P raddeane MI-M4 mAChR antagonist — M1

{cervane steroid)

Liriodenine
(= Spermatheridine)
{benzylisoquinoline)

[Lolitrem B]
{indole)

Methuenine
{acylindole)

3-0-Methyl-
constrictosine
{protopine isoquinoline)

AN-Methylhimbandravine
(piperidine)

[Methylscopolamine
(= Hyoscine methyl
bromide)] (tropane
alkaloid derivative)

Norhyoscamine
(= Pseudohyoscamine;
Solandrine; I-Tropic
acid 3a-nortropanyl
ester) (tropane)

Palmatine
(= Calystigine)
{(benzophenanthridine
isoquinoline)

[Paxilline] (indole)

Sanguinarine
(= Pseudochelerythrine)
{(benzophenanthridine)

Tetrahydrocoptisine
{(benzophenanthridine)
(—)-Tetrandine
(= Phaeanthine)
{(bisbenzylisoquinoline)

(Liliaceae)

Annona, Guatteria spp.,
Fissistigma glaucescen
(Annonaceac), Lirtodendron
tulipifera, Magnolia obovata
(Magnoliaceae)

Acremonium loli-infected
Lolium perenne (perennial rye
grass)

Prerotaberna mconspicua
(Apocynaceae)

Aristolochia constricta
(Aristolochiaceae)

Himantandra (Galbulimima)
baccata, H. belgraveana
(Himantandraceae) [bark]

Semi-synthetic from
Scopolamine (= Hyoscine)

Datura spp., Hyoscamus muticus
(Egyptian henbane)
(Solanaceac)

Jateorrhiza palmata
(Menispermaceae), Berberts,
Mahonia (Berberidaceae),
Corydalis (Papaveraceae),
Coptis (Ranunculaceae) spp.

Acremontum loli-infected
Lolium perenne (perennial
rye grass)

Argemone, Bocconia,
Chelidontum, Corydalis,
Dicentra, Eschscholtzia,
Glaucium, Macleaya, Papaver,
Sanguinaria (Papaveraceac),
Fumaria (Fumariaceae),
Lanthoxylum (Rutaceae),
Preridophyllum
(Sapindaceae) spp.

Chelidontum mayus, Corydalis
spp. (Papaveraceae) [tuber]

Stephania tetrandra
(Menispermaceae) [root]

[130nM], M2 [20-63nM; 2], M3
[0.2-1], M4 [130nM] [SM relaxant]
mACh-R antagonist (SM M2+M3)
[2 uM] [antimuscarinic, antifungal,
cytotoxic, blocks tracheal
contraction [I pM] cytotoxic]

mACh-R agonist [from Paxilline;
livestock uncoordination, staggering;
tremorgen]

mACh-R non-competitive antagonist
[inhibits ACh-induced guinea pig
ileum contraction (8)]

mACh-R antagonist [inhibits ACh-
induced ileum contraction]

mACh-R antagonist [inhibits ACh-
induced ileum contraction]
[anti-spasmodic]

mACh-R antagonist (M1-M4)
[25 pM] [anticholinergic,
antiulcerative]|

mACh-R antagonist

mACh-R ligand (4) (@ 1A-R,a2A-R,
AChE, ATPase, BChE, CDPK,
ChAT, diamine oxidase, 5SHT2-R,
nACh-R, MLCK, PKA, PKC)
[antibacterial, AI]

Precursor of mACh-R agonist &
tremorgen Lolitrem B (IP5-R)

mAChH-R ligand (2) (®1A-R, «2A-R,
AChE, ATPase, BchE, CDPK,
ChAT, diamine oxidase, DNA
ligand, 5HT2-R, nACh-R,
MLCK, PKA, PKC)
[antibacterial, AI]

mACh-R ligand [0.7]

mACh-R ligand [73 nM] [apoptotic]
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/ in vivo effects/
Usambarensine Strychmos usambarensis [root mACh-R antagonist [arrow poison,

(tertiary amine)

Terpene
Ginsenoside Rg3
{triterpene saponin)
Swertiamarin
(= Erythrocentaurin
glucoside;
Swertiamaroside)
(seco-ridoid glucoside)
Other
D-Sorbitol
(sugar alcohol)

Non-plant reference
[Dexetimide]

(piperidine tertiary amine)
[Dimethocaine]

{aryl tertiary amine)
[4-Diphenylacetoxy-/A-

methylpiperidine (= 4-

DAMP)| (piperidine)
[Gallamine]

(aryl tetraalkyl

ammonium)
[Lidocaine]

{aryl tertiary amine)

[Mepenzolate]
(aryl piperidine
quaternary amine)
[Methacholine (= Acetyl
2-methylcholine)]
(alky quaternary amine)
[Methoctramine]
{aryl amine)

[M-Methylatropine] (tropane)
[MT-7 (= Muscarinic

toxin 7)] (polypeptide)
[Norcocaine]

{tropane)

[Pirenzepine]
(piperazine
benzodiazepine tertiary
amine)

bark] (Loganiaceae)

Panax ginseng [ginseng root|
(Araliaceae)

Centaurium, Gentiana spp.,
Swertia japonica (Gentianaceac)

Schefflera bodinier:
(Araliaceae), Cocos nucifera
(Arecaceace), Althaea officinalis
(Malvaceae), Plantago major
(Plantaginaceae)

Synthetic
Synthetic

Synthetic SM selective mAChR
M3 antagonist

Synthetic

Synthetic

Synthetic

Synthetic

Synthetic

Semi-synthetic

Dendroaspis angusticeps (green
mamba snake venom)

Synthetic

Synthetic

antimuscarinic, atropine-like,
spasmolytic, toxic|

5.2Bt

mACh-R antagonist (H-R) (at 1-100)
[antitumour]

mACh-R antagonist [anticholinergic,
stomachic; aglycone bitter]

5.2Bo
mACh-R ligand (3) [1]

5.2Bn

mACh-R antagonist [anticholinergic,
anti-Parkinsonian]

M1 & M2 mACh-R antagonist
[antimuscarinic, local anaesthetic|

mACh-R antagonist — SM selective
M3 antagonist [2 nM] [eytotoxic]

mACh-R antagonist (M2 selective at
2) (@9 nACh-R) [skeletal muscle
relaxant]

M1 & M2 mACh-R antagonist (V-
gated Na™) (204, 326) [allergenic,
local anaesthetic, antiarrhythmic]

mACh-R antagonist (at 0.01-10)
[anticholinergic]

M2 (cardiac) mACh-R agonist
[cholinergic (antidote: Atropine)]

mACh-R antagonist (cardioselective
M2 antagonist) [89 nM]
[antimuscarinic, antifungal, cytotoxic]

mACh-R antagonist - M1, M2, M3

M1 mACh-R non-competitive
antagonist (at 1-30nM)

M1 & M2 mACh-R antagonist
[antimuscarinic, local
anaesthetic]

mACh-R antagonist (M1 selective at
7nM; M1 & M3 at 3)
[anticholinergic, anti-ulcerative,
gastric secretion inhibitor]

(continued )
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/ in vivo effects/

[Procaine] Synthetic MI & M2 mACh-R antagonist
{aryl amine) [antimuscarinic, local anaesthetic|

[3-Quinuclidinol Synthetic mACh-R antagonist [0.2nM] (M2
benzilate ester selective) [atropine-like, chemical
(piperidine) warfare incapacitant]

[ Tiotropium] Synthetic mACh-R antagonist (M1, M2, M3)

[potent, long-lasting antimuscarinic
bronchodilator esp. for chronic
obstructive airways disease]

{tropanium thienyl
quaternary amine)

Table 5.3 Adrenergic receptors

Compound (class)

Plant (family) | part/

Receptor affected
(other targets) | in vivo e¢ffects/

al-Adrenergic receptor

(alA-R)

Alkaloid

Berberine (= Umbellatine)
{protoberberine
isoquinoline)

Brucine (= 10,11-
Dimethoxystrychnine)
{indole)

-Crebanine
(Tetrahydroisoquinoline)

Dehydroevodiamine
{indole)

d-Dicentrine
(aporphine isoquinoline)

Dihydrocorynantheine
{indole)

Dihydropapaverine
{(benzoisoquinoline)

(—)-Discretamine
{tetrahydroprotoberberine
isoquinoline)

Harmaline (= 3,4-
Dihydroharmine;
Harmidine)

{B-carboline, indole)

Coelocline (Annonaceac), Berberis,
Hydyastis, Mahonia, Nandina

(Berberidaceae), Archangelica
{Menispermaceae), Argemone,
Chelidonium, Corydalis
(Papaveraceae), Coptis, Thalictrum
(Ranunculacae), Evodia,
Lanthoxylum (Rutaceae) spp.

Strychnos aculeata, S. ignatit,
S. nox vomica (Loganiaceae)
[bark, seed, wood]

Stephania succifera
{Menispermaceac)

Evodia rutaecarpa (Rutaceae)

Dicentra pusilla, D. spp. (Fumariaceae),
Lindera megaphylla (Lauraceae),
Hordeum vulgare (Poaceae)

Uncaria tomentosa (Pedaliaceae),
Corynanthe pachyceras, Pausinystalia
Jjohimbe (Rubiaceae) [bark]

Semi-synthetic

Fissistigma glaucescens, Guatteria
discolor (Annonaceae)

Fassiflora incarnata {passion
flower) (Passifloraceac), Banusteria
caapi, Banisteriopsts caapt
(Malpighiaceae), Peganum harmala
(Zygophyllaceac)

5.3A

5.3Aa

alA-R antagonist (3) (@¢2A-R,
AChE, ATPase, BChE, CDPK,
ChAT, diamine oxidase, DNA
ligand, 5SHT2-R, mACh-R,
nACh-R, MLCK, PKA, PKC)
[antibacterial, antimalarial,
antipyretic, bitter stomachic,
cytotoxic]

alA-R antagonist — rat vas
deferens Prazosin displacement
(3) ACh-R) [CNS stimulant]

al1A-R antagonist (®2A-R)

alA-R antagonist (4) (AChE)
[anti-amnesic, vasodilatory]

alA-R antagonist (1-6nM)
[SM relaxant, T cAMP, PAI]

alA-R antagonist (a¢2A-R)
(0.4) [leishmanicidal]

alA-R antagonist (18) (L-type
Ca’* CH)

alA-R antagonist (25-63 nM)
(a2A-R, SHT-R)

alA-R antagonist [~30] (I2-R,
MAO-A)
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Compound (class) Plant (family) | part] Receptor affected
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Harmalol Fassiflora incarnata (passion alA-R antagonist [36]

(= Demethylharmaline)
(B-carboline, indole)

Harman (= [-Methyl-B-
carboline)
{B-carboline, indole)

Harmine (= Banisterine;
Leucoharmine;
Telepathine; Yageine)
{B-carboline, indole)

Ibogaine (= 12-
Methoxyibogamine)

{indole)

Isocorydine (= Artabotrine;
Luteanine) (aporphine
isoquinoline)

Isothebaine (= 1-Hydroxy-
2,11-dimethoxyaporphine)
(aporphine isoquinoline)

Laudanosine (= Laudanine
methyl ether)
{(benzylisoquinoline)

Liriodenine
(= Spermatheridine)
{(benzylisoquinoline)

[Lysergamide (= 9,10-
Didehydro-6-
methylergoline-8(3-
carboxamide); Ergine;
Lysergic acid amide]
(ergoline); in ergot [dried
sclerotia of fungus
Claviceps purpurea
parasitic on rye]

Norreticuline
{(benzylisoquinoline)

Norushinsunine
(aporphine isoquinoline)

flower) (Passifloraceae),
Bansteriopsis caapt
(Malpighiaceae), Peganum
harmala (Zygophyllaceae) [seed]
Passiflora edulis, P. incarnata
(Passifloraceac), Singickia rubra
(Rubiaceae), Symplocos racemosa
(Symplocaceae), Peganum harmala,
Tribulus terrestris, Zygophyllum
fabago (Zvgophyllaceae)
Fussiflora incarnata (passion
flower) (Passifloraceac),
Banisteria caapi (Malpighiaceae),
Peganum harmala, Tribulus
terrestris (Zygophyllaceac)
Tabernanthe ihoga (iboga),
Voacanga thouarsii (Apocynaceae);
iboga W. African
stimulant & aphrodisiac

Annona, Artabotrys, Asumina,
(Annonaceac), Mahonia
(Berberiaceae), Corydalis,
Glaucium, Papaver spp.
(Papaveraceae)

FPapaver bracteatum, P. orientale,

P, pseudo-orientale (Papaveraceae)

FPapaver somniferum (opium poppy)
(Papaveraceae) [opium
exudate]

Annona cherimolia (Annonaceac),
Lirodendron tulipifera, Magnolia
obovata (Magnoliaceae)

Ipomoea argyroplylla, 1. tricolor,
Rivea corumbosa (Convolvulaceae)
[drug ololiuqui], Stipa robusta,

S. vaseyi (sleepy grass) (Poaceae);
Festuca arundinacea (tall fescue)
(Poaceae) infected with fungus
Acremonium coenoptualum

Berberis wilsoniae (Berberidaceae),
Erythrina crista-galli (Fabaceae)

Annona cherimolia (Annonaceac)

alA-R antagonist (BZ-R,
DNA, 5HT2-R, L-type Ca’*

CH) [convulsant, cytotoxic]

alA-R antagonist [31] (SHT-R,
MAO-A, L-type Ca** CH)
[CNS stimulant, hallucinogen;
Gestapo use as “truth drug”]

alA-R ligand (7) (AD-R,
mACh-R, D-R, D-TR, 5HT-R,
NE-TR, NMDA-Glu-R, O-R)
[anti-addictive, anticonvulsant,
hallucinogenic]

alA-R antagonist [cataleptic,
sedative, toxic]|

alA-R antagonist [Al,
analgesic, respiratory & cardiac
depressant]

alA-R antagonist (6; 12)
(GABAA-R, L-Ca?* CH, O-R)
[analgesic, convulsive,
hypotensive, tetanic, toxic,
antinociceptive]

alA-R antagonist at (0.1-100)
(L-Ca*" CH) [vasodilator]

alA-R partial agonist &
antagonist (inhibits
Phenylephrine-induced
vasoconstriction) (at 10}
(@2A-R, 5SHT2-R); precursor for
synthesis of LSD [depressant,
hallucinogenic]

alA-R ligand (26) (a2A-R,
BA-R, SHT-R) [hair growth
accelerant]

alA-R antagonist (at 0.1-100)
(L-Ca®* CH) [vasodilator]
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Ocoteine Cassytha filiformis (Lauraceae) alA-R antagonist

(aporphine isoquinoline)
Palmatine (= Calystigine)
{(benzophenanthridine

isoquinoline)

Papaverine
{(benzoisoquinoline)

(+)-Reticuline
(= Coclanoline)
{benzylisoquinoline)

Sanguinarine
(= Pseudochelerythrine)
{(benzophenanthridine)

-Stephanine
(tetrahydroisoquinoline)

-Stepholidine
(tetrahydroisoquinoline)

- Tetrahydrocoptisine
(tetrahydroisoquinoline)

-Tetrahydropalmatine
(tetrahydroisoquinoline)

[ Tetrahydropapaverine]
(tetrahydro-
benzoisoquinoline)

[ Tetrahydropapaveroline]
(tetrahydro-
benzoisoquinoline)

Xylopine
(aporphine)

Xylopinine
(aporphine)

(+)-Yohimbine (=
Aphrodine; Corynine;
Hydroergotocin;
Quebrachine)

{indole)

Berberts, Mahonia spp.
(Berberidaceae), Fateorrhiza
palmata (Menispermaceae),
Corydalis (Papaveraceae), Coptis
(Ranunculaceae) spp.

Papaver bracteatum, E serpentina,

P. somniferum (opium poppy)
(Papaveraceae)

Annona glabra, A. spp.
(Annonaceae), Cryptocarya odorata
(Lauraceae), Papaver sommferum
(opium poppy latex), £ spp.
(Papaveraceae)

Papaver somniferum, Dicentra
spectabilis, D. peregrina,
Chelidonium majus (Papaveraceae),
Sanguinaria canadensis, Fumaria
officinalis (Fumariaceae),
Lanthoxylum spp. (Rutaceae),
Preridophyllum spp. (Sapindaceae)

Stephania japonica
(Menispermaceae)

Annona cherimola (Annonaceac),
FPactygone ovata, Stephania glabra
(Menispermaceae)

Corydalis thyrsiflora,

C. turtschaninovir, Chelidonium
maus (Papaveraceae)

Stephania glabra (Menispermaceac)
Corydalis spp., Papaver bracteatum
(Papaveraceae) [rhizome]

Semi-synthetic

Metabolic product of Dopamine

Annona spp., Guatteria scadens,
Xylopia discreta, X. papuana
(Annonaceae)

Xylopia discreta, X. buxifolia
(Annonaceae), Duguetia spp.
(Menispermaceae)

Catharanthus lanceus, Rauwolfia
serpentina (Apocynaceae),
Fausinystalia yohimbe (Rubiaceae)
[yohimbe bark]

alA-R ligand (6) (a2A-R,
AChE, ATPase, BChE, ChAT,
diamine oxidase, 5SHT2-R,
mACh-R, nACh-R, PK)
[antibacterial, Al]

alA-R antagonist (prazosin
competition) (4; 39) (L-type
Ca’" channel, PDE)

alA-R ligand (22) (@2A-R,
BA-R, 5HT-R) [hair growth

accelerant]

alA-R ligand (34) (@2A-R,
AChE, ATPase, BchE, CDPK,
ChAT, diamine oxidase, DNA
ligand, 5HT2-R, mACh-R,
nACh-R, MLCK, PKA, PKC)
[antibacterial, Al]

alA-R antagonist

alA-R antagonist (a2A-R)

alA-R antagonist (a2A-R)

alA-R antagonist (a2A-R)

alA-R antagonist (8) (DHP-
binding & L-type Ca®" channel
blocker)

alA-R antagonist (18) (B1A-R,
DHP-binding & L-type Ca’*
channel blocker)

alA-R antagonist

aA-R antagonist

alA-R antagonist (0.7) (a2A-
R, D-R, 5HT-R)[antidepressant,
aphrodisiac,
mydriatic, toxic|
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B-Yohimbine (= 17-3-OH
anomer of Yohimbine)

{indole)

Phenolic

Dopamine (= 4-(2-
Aminoethyl)-benzene-1,2-
diol; 3-Hydroxy-tyramine)
{catecholamine phenolic)

Geraniin
(ellagitannin)

Octopamine (= p-
Hydroxyphenyl-
ethanolamine)

{ phenolic amine)

Procyanidin B3 (= Catechin
(40— 8) catechin)
{procyanidin dimer)

Procyanidin B4 (catechin
(4o — B)epicatechin)
{procyanidin dimer)

Tellimagrandin I (= 4,5
Hexahydroxydiphenoyl 2,3-
digalloylglucose)
(ellagitannin)

Other
Synephrine acetonide
{aryl amine)

Non-plant reference

[(—)-Indoloquinolizidine]
{indole)

[Methoxamine (= 2,5-
Dimethoxynorephedrine)]
{aryl amine)

[Phenylephrine (= 3-(\-
Methylaminoethanol)-
phenol)] {phenolic amine)

Catharanthus lanceus, Rauwolfia
serpentina (Apocynaceae),
Pausimystalia yohimbe (Rubiaceae)
[yohimbe bark]

Carnegiae gigantea, Lophophora
williamsii (mescal button)
(Cactaceae), Cytisus scoparious
(Fabaceae), Musa paradisiaca
(banana peel) (Musaceae),
Hermudium alipes (Nyctaginaceae)

Acer (Aceraceae), Spondias pinnata
(Anacardiaceae), Cercidiphyllum
(Cercidiphyllaceae), Coriaria
(Coriariaceae), Geranium,
Erythroxylum (Erythroxylaceae),
Euphorbia, Mallotus
(Euphorbiaceae), Fuchsia
(Onagraceae) spp.

Coryphantha macromeris (Cactaceac),
Cyperus papyrus, C. rotundus
(Cyperaceae), Citrus reticulata,

C. sinensis, C. spp. (Rutaceae),
Capsicum frutescens (Solanaceae)
Croton lechleri (Euphorbiaceae)

Croton lechleri (Euphorbiaceae),
Rubus idaeus (Rosaceace)

Casuarina (Casuarinaceae),
Quercus (Fagacaeae), Syzygium,
Teyoa, Psidium, Eucalyptus

(Myrtaceae), Fuchsia (Onagraceae),

Geum, Rosa, Tellima (Rosaceae),
Stachyurus (Syachyuraceae),
Camellia (Theaceae)

Casimiroa edulis (Rutaceae) [seed]

Synthetic

Synthetic cf. Ephedrine

Synthetic

alA-R antagonist (1) (@2A-R,
5HT-R)

5.3Ap

aA-R agonist (BA-R, D-R)
[dopaminergic N'T, increases
cardiac output, reduced in
Parkinsonism,
sympathomimetic]

alA-R ligand (>10) («2-A R,
D1-R, 5HTI-R, O-R)[inhibits
Epinephrine-induced adipocyte
lipolysis, increases ACTH-
induced adipocyte lipolysis]

Insect a-A-R-like octopamine-R

alA-R ligand (>10) (BA-R,
DI1-R, D2-R, 53HT1-R, O-R)

alA-R ligand (~10) («2A-R,
BA-R, D2-R, 5HT1-R, HI-R)
[anti-ulcerative]

alA-R ligand (>10) (ATP-K™*
CH, a2A-R, D2-R, O-R)
[inhibits Epinephrine-induced
adipocyte lipolysis|

5.3A0
aA-R agonist (BA-R)
[hypertensive]

5.3An

al1A-R antagonist (®2A-R)
[0.2) [Clonidine antagonism]

alA-R agonist
[antihypotensive]

al1A-R agonist (@2A-R))
[decongestant, hypertensive,
mydriatic, vasoconstrictor|

(continued )
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Compound (class)

Plant (family) | part]

Receptor affected
(other targets) | in vivo effects/

[Phentolamine] (aryl
imidazoline tertiary amine)

[Prazosin] (furane
piperazine quinazoline)

[ Thaligrisine]
(bisbenzyltetrahydro-
isoquinoline)

a2-Adrenergic receptor

(a2A-R)

Alkaloid

Agmatine (= (4-
Aminobutyl) guanidine; 1-
Amino-4-guanidinobutane)
{aminoalkyl guanidine)

Berberine (= Umbellatine)
(protoberberine
isoquinoline)

[-Crebanine
(Tetrahydroisoquinoline)

Dihydrocorynantheine
{indole)

(—)-Discretamine
{tetrahydroprotoberberine
isoquinoline)

Harmaline (= 3,4-
Dihydroharmine;
Harmidine)

(dihydro B-carboline,
indole)

Lysergamide (= 9,10-
Didehydro-6-
methylergoline-8(3-
carboxamide); Ergine;
Lysergic acid amide
{ergoline); in Ergot

Norharman
(B-carboline, indole)

Synthetic
Synthetic

Semi-synthetic

Glycine max, Lathyrus sativa
(Fabaceae), Hordeum vulgare
(Gramineae), Sesamum mdicum
(Pedaliaceac); animals, bacteria

Coelocline (Annonaceae), Berberis,
Hydrasts, Mahonia, Nandina
(Berberidaceace), Archangelica
(Menispermaceae), Argemone,
Chelidontum, Corydalis
(Papaveraceac), Coptis, Thalictrum
(Ranunculacae), Fvodia, Toddalia,
Lanthoxylum (Rutaceae) spp.

Stephania succifera
(Menispermaceae)

Corynanthe pachyceras (Rubiaceae)
[bark]

Fissistigma glaucescens, Guatteria
discolor (Annonaceace)

Banusteria caapt, Banisteriopsis
caapr (Malpighiaceae), Passiflora
mcarnata (Passifloraceae),
Peganum harmala
(Zygophyllaceae) [seed]

Argyreia spp., Ipomoea
argyrophylla, 1. tricolor, Rivea
corumbosa {Convolvulaceae) [drug
ololiuqui], Stipa robusta, S. vaseyt
(sleepy grass) (Poaceae); Festuca
arundinacea (tall fescue) (Poaceace)
infected with fungus Acremonium
coenophialum

Cichoruum mtybus (Asteraceae),
Bamisteria caapt (Malpighiaceae),
Fassiflora incarnata
(Passifloraceae), Peganum harmala
(Zygophyllaceae) [seed]

alA-R blocker [31nM] («2A-R)

alA-R blocker MT3-R
antagonist) [antihypertensive]

alA-R antagonist [48nM]
(I-Ca®* CH) [vascular SM

relaxant]

5.3B

5.3Ba

a2A-R agonist (I1-R, 12-R,
NMDA-Glu-R, NOS)
[hypotensive; T gastric acid
secretion —ulceration]

a2A-R antagonist (0.5)
(alA-R, AChE, ATPase, BChE,
CDPK, ChAT, diamine
oxidase, DNA, 5HT2-R,
mACh-R, nACh-R, MLCK,
PKA, PKC, RT) [antibacterial,
antimalarial, antipyretic, bitter
stomachic, cytotoxic]

a2A-R antagonist (a1A-R)

a2A-R antagonist (a1A-R)
[blocks methoxamine-induced
vas deferens contraction (0.4);
Clonidine antagonism;
leishmanicidal]

a2A-R antagonist (¢ 1A-R,
SHT-R)

a2A-R antagonist (>10) agonist
(@2A-R, BZ-R, 5SHT-R,
NMDA-Glu-R)
[hallucinogenic, anti-
Parkinson’s]

a2A-R partial agonist &
antagonist (inhibits agonist
BHT-920-induced
vasoconstriction) {at 10) (a2A-
R, 5HT2-R); precursor for
synthesis of LSD [depressant,
hallucinogenic]

a2A-R antagonist (wrt.
Epinephrine) (human platelet)
(>10) GHT-R)
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Compound (class) Plant (family) | part] Receptor affected
(other targets) | in vivo e¢ffects/
Norreticuline Berberis wilsoniae (Berberidaceae),  a2A-R ligand (10) (a1A-R,

{(benzylisoquinoline)

Palmatine (= Calystigine)
{(benzophenanthridine
isoquinoline)

Rauwolscine
(= Isoyohimbine;
a-Yohimbine) (indole)
(+)-Reticuline
(= Coclanoline)
{(benzylisoquinoline)

{—)-Salsolinol
(tetrahydroisoquinoline)

Sanguinarine
(= Pseudochelerythrine)
{(benzophenanthridine)

-Stepholidine
(tetrahydroisoquinoline)

- Tetrahydrocoptisine
(Tetrahydroisoquinoline)

[1,2,3,4-Tetrahydro-
isoquinoline]
(tetrahydroisoquinoline)

[1,2,3,4-
Tetrahydronorharman]
(tetrahydro B-carboline,
indole)

- Tetrahydropalmatine
(tetrahydroisoquinoline)

[(S){—)-Tetrahydro-
papaveroline]
(tetrahydroisoquinoline)

[(R)«+)-Tetrahydro-
papaveroline]
(tetrahydroisoquinoline)

Erythrina crista-galli (Fabaceae)

Berberis, Mahonia spp.
(Berberidaceae), Jateorrhiza
palmata (Menispermaceae),
Corydalis (Papaveraceae), Coptis
(Ranunculaceae)

Rawwolfia serpentina (Apocynaceae),
Pausimystalia yohimbe
(Rubiaceae) [yohimbe bark]

Annona glabra, A. spp.
(Annonaceac), Cryptocarya odorata
(Lauraceae), Papaver somniferum
(opium poppy latex),  spp.
(Papaveraceae),

Annona reticulata (Annonaceae),
Musa paradisiaca (banana)
(Musaceae) [fruit], Theobroma
cacao (cocoa, chocolate)
(Sterculiaceae) [seed]

Papaver sommiferum, Dicentra
spectabilis, D. peregrina,
Chelidonium majus (Papaveraceae),
Sanguinaria canadensis, Fumaria
officinalis (Fumariaceae),
Lanthoxylum spp. (Rutaceae),
Preridophyllum spp. (Sapindaceae)

Annona cherimola (Annonaceac),
FPachygone ovata, Stephania glabra
(Menispermaceae)

Corydalis thyrsiflora,

C. turtschamnovir, Chelidontum mayus
(Papaveraceae)
Semi-synthetic

Semi-synthetic

Stephania glabra
(Menispermaceae), Gorydalis spp.,
Papaver bracteatum (Papaveraceac)
[rhizome]

Metabolite of Dopamine

Metabolite of Dopamine

BA-R, SHT-R) [hair growth
accelerant]

a2A-R ligand (1) (a1A-R,
AChE, ATPase, BChE, ChAT,
diamine oxidase, DNA, 5HT?2-
R, mACh-R, nACh-R, PK)
[antibacterial, Al]

a2A-R antagonist [2-10nM)]
(5HT1A-R,I1-R, I2-R)

a2A-R ligand (5) (@1A-R, BA-
R, SHT-R) [hair growth
accelerant]

a2A-R antagonist (1; >10)
(BA-R, D2-R, D3-R) [inhibits
cAMP formation, B-endorphin
release & ACTH release
(pituitary)]

a2A-R ligand (6) (a1A-R,
AChE, ATPase, BChE, CDPK,
ChAT, diamine oxidase, DNA
ligand, 5SHT2-R, mACh-R,
nACh-R, MLCK, PKA, PKC,
RT) [antibacterial, Al]

a2A-R antagonist (a1A-R)

a2A-R antagonist (a1A-R)

a2A-R antagonist (wrt.
Epinephrine) ( platelet) (10}

a2A-R antagonist (wrt.
Epinephrine) (human
platelet) (10)

a2A-R antagonist (al A-R)

a2A-R ligand (brain, Clonidine
binding site) (0.7)

a2A-R (brain, Clonidine
binding site) (50)

(continued )
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[Thaligrisine] Semi-synthetic a2A-R antagonist [48nM]
(bisbenzyltetrahydro- (Prazosin displacement)
isoquinoline) [inhibits SM contraction]

Yohimbine (= Aphrodine;

Corynine; Hydroergotocin;

Quebrachine)

{indole)
3-Yohimbine

{indole)

Phenolic

Davidiin (= 1,5
Hexahydroxydiphenoyl
2,3,4-trigalloylglucose)
(ellagitannin)

(—)-Epiafzelechin
(flavan-3-ol)

Geraniin
(ellagitannin)

1-Norepinephrine
(= 1-Noradrenaline)
{catecholamine)

Pedunculagin (= 2,3

Hexahydroxydiphenoyl 4,5

hexahydroxyldiphenoyl
glucose)
(ellagitannin)

B-1,2,3,4,6-Penta-0-galloyl-

D-glucose (gallotannin)

Procyanidin B4 (catechin
{(4a— 8) epicatechin)
{procyanidin dimer)

Rugosin D

(ellagitannin)

Catharanthus lanceus, Rauwolfia
serpentina (Apocynaceae),
Fausinystalia yohimbe (yohimbe)
(Rubiaceae) [bark]

Catharanthus lanceus, Rauwolfia
serpentina (Apocynaceae),
Pausinystalia yohimbe (Rubiaceac)
[yohimbe bark]

Quercus sp. (Fagaceae)

Celastrus orbiculatus (Celastraceae)
[aerial], Camellia sinensis
(Theaceae) [leaf ]

Acer (Aceraceace), Cercidiphyllum
(Cercidiphyllaceae), Coriaria
(Coriariaceae), Geranium,
Erythroxplum (Erythroxylaceae),
Euphorbia, Mallotus
(Euphorbiaceae), Fuchsia
(Onagraceac) spp.

Albizia julibrissin, Mimosa pudica,
Phaseolus multiflorus, Pisum
satioum, Samanea saman
(Fabaceae), Musa saprentum
(Musaceae), Portulaca oleraceae
(Portulacaceae), Solanum
tuberosum (Solanaceac)

Casuarma (Casuarinaceac),
Quercus (Fagacaeae), Potentilla,
Rubus (Rosaceae), Stachyurus
(Stachyuraceae), Camellia
(Theaceae) spp.

Quercus spp. (Fagaceae)

[bark], Geranium thunbergii
(Geraniaceae), Paconia lactiflora
(Paeoniaceae)

Croton lechleri (Euphorbiaceae),

Rubus idaeus (Rosaceace)

Filipendula ulmaria, Rosa rugosa
(Rosaceae) [petal]

a2A-R antagonist [1-10nM]
(alA-R, 5SHT-R)
[antidepressant, aphrodisiac,
mydriatic, toxic|

a2A-R antagonist (1) (a1A-R,
5HT-R) [Clonidine

antagonism)|

5.3Bp
a2A-R ligand (~10) (BA-R,
D2-R, 5HT2-R, O-R)

a2A-R (ATPK* CH, BAR,
COX-1, D2-R, SHT1A-R, O-R)
[AI with Carrageenin-induced
paw oedema]

a2A-R ligand (~10) (@ 1A-R,
DI1-R, 5HT1-R, O-R) [inhibits
Epinephrine-induced adipocyte
lipolysis, increases ACTH-
induced adipocyte lipolysis]

a2A-R agonist [6-25nM ]
(BA-R) [vasoconstrictive,
hypertensive, sympathomimetic
hormone]

a2A-R ligand (~10) (ATP-K*
CH, BA-R, DI-R, O-R)
[inhibits Epinephrine-induced
adipocyte lipolysis|

a2A-R ligand (~10) (ATP-K*
CH, DI1-R, D2-R, O-R)

a2A-R ligand (<10) (a1A-R,
BA-R, D2-R, 5HT1-R, HI-R)
[anti-ulcerative]

a2A-R ligand (<10) (BA-R,
DI-R, HI-R, O-R) [antitumour]

(continued )
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Compound (class)

Plant (family) | part]

Receptor affected
(other targets) | in vivo e¢ffects/

Tellimagrandin I (= 4,5
Hexahydroxydiphenoyl
2,3-digalloylglucose)
(ellagitannin)

B-1,2,4,6-Tetra-O-galloyl-
D-glucose (gallotannin)

B-1,2,6-Tri-O-galloyl-n»-
glucose (gallotannin)

Tyramine (= 4-
Hydroxyphenylalanine)
{phenolic)

Terpene
Dalsaxin
{triterpene glycoside)
Withaferin A
(triterpene)

Withanoside VI
{triterpene glycoside)

Non-plant reference
[Clonidine (= 2-[(2,6-
Dichlorophenyl)imino]-
2-imidazoline)]
{aryl imidazoline)

[Epinephrine (= Adrenaline;

I-Methylaminoethanol-
catechol)] (catecholamine)

[(—)-Indoloquinolizidine]
{indole)

[Mirtazepine]
{pyrazinopyrido-
benzazepine)

[Phenylephrine (= 3-(A-
Methylaminoethanol)-
phenol)] (phenolic amine)

[Phentolamine]

(aryl imidazoline tertiary
amine)

[Prazosin]

(furane piperazine
quinazoline)

Casuarima (Casuarinaceac),
Quercus (Fagacaeae), Syzygium,
Feyoa, Psiduum, Eucalyptus
(Myrtaceae), Fuchisia (Onagraceae),
Geum, Rosa, Tellima (Rosaceae),
Stachyurus (Stachyuraceae),
Camellia (Theaceac) spp.

Quercus spp. (Fagaceae) [bark]

Pryllanthus emblica [fruit]
(Euphorbiaceae), Quercus spp.
(Fagaceae) [bark]

Lophophora williamsu,

Trichocereus pachanor (Cactaceae),
Hordeum vulgare, Lolium multiflorum
(Poaceae), Citrus spp. (Rutaceae),
Viscum album (Viscaceae)

Dalbergia saxatilis (Fabaceae)
[root]

Acnistus arborescens, Withania
somnifera (Indian ginseng),
W. spp. {Solanaceae) [root]

Withania somnifera (Indian
ginseng) (Solanaceae) [root]

Synthetic

Animals (e.g. ex adrenal medulla)

Synthetic

Synthetic analogue of Mianserin

Synthetic

Synthetic

Synthetic

a2A-R ligand (>10) (a1A-R,
D2-R, GPT, O-R, SU-R)
[inhibits Epinephrine-induced
adipocyte lipolysis|

a2A-R ligand (<10) (ATP-K™*
CH, BA-R, D2-R, O-R)

a2A-R ligand (> 10) (BA-R,
DI1-R, 5HT2-R, O-R)

Insect ®2A-R-like tyramine-R
agonist ({ AC) (D-TR ligand)

[indirect adrenergic|

5.3Bt

a2A-R agonist [stimulates
uterine contraction]

a2A-R antagonist [blocks
Clonidine ileum effect;
Immunosupressive]

a2A-R antagonist [blocks
Clonidine lleum effect]

5.3Bn
a2A-R agonist [2-6nM]
[antihypertensive]

aA-R agonist [2-11nM] (BA-
R, I1-R, I2-R) [vasoconstrictor,
cardiostimulant,
sympathomimetic hormone]
a2A-R antagonist (a1A-R)
(0.2) [Clonidine antagonism]
a2A-R antagonist (SHT2-R,
5HT3-R) [antidepressant]

a2A-R agonist [0.3] (alA-R)
[decongestant, hypertensive,
mydriatic, vasoconstrictor|

a2A-R agonist [2-78nM ]
(@lA-R)

a2A-R blocker [0.2] (x1A-R)

[antihypertensive]

(continued)
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Plant (family) | part]

Receptor affected
(other targets) | in vivo effects/

B-Adrenergic receptor
(BA-R)

Alkaloid

Higenamine
(= Demethylcoclaurine
racemate)
(bisbenzylisoquinoline)

Isocorydine (= Artabotrine;
Luteanine) (aporphine
isoquinoline alkaloid)

Norreticuline
{benzylisoquinoline)

Oxvacanthine
(bisbenzylisoquinoline
alkaloid)

(+)-Reticuline (=
Coclanoline)
{(benzylisoquinoline)

(—)-Salsolinol
(isoquinoline)

[ Tetrahydropapaveroline]
(tetrahydroisoquinoline)

Phenolic

Davidiin (= 1,5
Hexahydroxydiphenoyl
2,3,4-trigalloylglucose)
(ellagitannin)

Dopamine (= 4-(2-
Aminoethyl)benzene-1,2-
diol; 3-Hydroxytyramine)
{catecholamine phenolic)

3-2,4-Di- O-galloyl-glucose
(gallotannin)

(—)-Epiafzelechin
(flavan-3-ol)

(—)-Epicatechin (= (2R,3R)-
5,7,3'4'-
Tetrahydroxyflavan-3-ol)
(flavan-3-ol)

Annona squamosa (Annonaceae),
Nelumbo nucifera
(Nelumbonaceace), Aconztum
Japonicum (Ranunculaceae)

Annona squamosa, Artabotrys,
Asimina triloba (Annonaceae),
Mahonia (Berberidaceae), Phoebe
(Lauraceae), Corydalis, Glaucium,
Papaver (Papaveraceae), Isopyrum
(Ranunculaceae)

Berberis wilsoniae (Berberidaceae),
Erythrina crista-galli (Fabaceac)

Berberis vulgars, Mahonia
acanthyfolia, M. aquifolium
(Berberidaceae); Magnoliaceae,
Menispermaceae, Ranunculaceae

Annona glabra, A. spp.
(Annonaceac), Cryptocarya odorata
(Lauraceae), Papaver somniferum
(Papaveraceae),

Annona reticulata (Annonaceac),
Musa paradisiaca (banana)
(Musaceae) [fruit], Theobroma
cacao (cocoa) (Sterculiaceae)

Metabolic product of Dopamine

Quercus sp. (Fagaceae)

Lophophora williamsu (mescal
button) (Cactaceae), Gytisus
scoparious (Fabaceace), Musa
paradisiaca (Musaceac),
Hermidium alipes (Nyctaginaceae)

Croton lechler: (Euphorbiaceae)

Celastrus orbiculatus (Celastraceae)
[aerial], Camellia sinensis
(Theaceae) [leaf’]

Widespread; Aesculus calfornica
(Hippocastanaceae), Plerocarpus
spp- (Fabaceae) [ bark],
Podocarpus nagi (Podocarpaceac),
Crataegus monogyna (Rosaceae)

5.3C

5.3Ca
BA-R agonist [cardiac
stimulant]

BA-R antagonist [anti-
adrenergic, sedative, toxic|

BA-R ligand (6) (@I A-R, a2A-R,
SHT-R) [hair growth accelerant]
BA-R antagonist

BA-R ligand (7) (alA-R,
a?2A-R, SHT-R) [hair growth
accelerant]|

B1A-R ligand
(Dihydroalprenolol binding
site) (40)

B1A-R ligand (0.3) (@2A-R, L-
type Ca’* CH)

5.3Cp

BA-R ligand (~10) (@2A-R,
D2-R, 5HT?2-R, O-R)

BA-R agonist (@dA-R, D-R)
[dopaminergic NT, increases
cardiac output, reduced in
Parkinsonism,
sympathomimetic]

B-A R ligand (>10) (DI-R,
D2-R, 5HT1-R, O-R)

BA-R ligand (<10)(ATP K"
CH, alA-R, COX-1, SHTIA-
R, O-R) [AI with Carrageenin-
induced paw oedema]

BA-R ligand (<10) (AD-R,
D2-R, PKA) [antibacterial,
Al anti-oxidant]
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Plant (family) | part]

Receptor affected
(other targets) | in vivo e¢ffects/

(—)-Epigallocatechin-3-
gallate (flavan-3-ol,
gallotannin)

Gallocatechin (gallotannin)
1-Norepinephrine
(= 1-Noradrenaline)
{catecholamine)

Pedunculagin (= 2,3
Hexahydroxydiphenoyl 4,5
hexahydroxyldiphenoyl
glucose) (ellagitannin)

Procyanidin B3 (= Catechin
(40e— 8) catechin)
{ procyanidin dimer)
Procyanidin B4 (= Catechin
(4o — 8) epicatechin)
{procyanidin dimer)
Rugosin D
(ellagitannin)
Tannin

(polyphenol}

B-1,2,4,6-Tetra-O-galloyl-
D-glucose (gallotannin)
B-1,2,6-Tri-O-galloyl-n»-
glucose (gallotannin)
B-1,3,6-Tri-O-galloyl-1»-
glucose (gallotannin)
Other
D-Cathine (= 2-Amino-1-
hydroxy-1-phenylpropane;
Katine; {-Norephedrine;
Nor-{s-ephedrine;
Norpseudoephedrine;
Pseudonorepinephrine)
{phenylpropanoid)
D-Cathinone (= (S)-2-
Amino-1-phenyl-
l-propanone)
{phenylpropanoid)
1-Ephedrine (= 1R, 2.5)-
1-Phenyl-1-hydroxy-2-
methylaminopropane)
{ phenylpropanoid amino

alcohol)

Camellia sinensis (Theaceae),
Davidsonia pruriens
(Davidsoniaceac), Hamamelis
virgimiana (Hamamelidaceae)

Eugenia uniflora Myrtaceae)

Musa saprentum (Musaceae),
Phaseolus multiflorus, Pisum
satium, Samanea saman
(Fabaceae), Portulaca oleraceae
(Portulacaceae), Solanum
tuberosum (Solanaceac)

Casuarma stricta (Casuarinaceae),
Quercus sp. (Fagacaeae), Potentilla
sp-, Rubus spp. (Rosaceac),
Stachyurus praecox (Stachyuraceae),
Camellia japonica (Theaceae)

Croton lechler: (Euphorbiaceac)

Croton lechler: (Euphorbiaceae),
Rubus idaeus (Rosaceace)

Filipendula ulmaria, Rosa rugosa
[petal] (Rosaceae)

Gossypium hirsutum (cotton)
(Malvaceae) [bract]

Quercus spp. (Fagaceae) [bark]

Phyllanthus emblica (Euphorbiaceae),
Quercus spp. (Fagaceae) [bark]
Quercus spp. (Fagaceae) [bark]

Catha edulis (kKhat), Maytenus
krukovii (Celastraceae), Ephedra
spp. (Ephedraceac) [leaf]; khat
(qat) — Arabian, Yemeni &
E. African stimulatory tea
beverage or masticatory

Catha edulis (kKhat), Maytenus
krukovii (Celastraceae) [leaf’]

Catha edulis (khat) (Celastraceac),
Ephedra equisitina, E. gerardiana,
E. sinica, E. spp. (Ephedraceae),
Taxus baccata (Taxaceae)

BA-R ligand (>10) (D1-R,
D2-R, O-R, PKC) [AI blocks
COX-2 & iINOS induction]

BA-R ligand (>10) (DNAP)

BA-R agonist («2A-R)
[vasoconstrictive, hypertensive,
sympathomimetic hormone]

BA-R ligand (<10) («2A-R,
DI1-R, GPT, SU-R, O-R)
[inhibits Epinephrine-induced
adipocyte lipolysis|

BA-R ligand (>>10) (@ 1A-R,
DI1-R, D2-R, 5HT1-R, O-R)

BA-R ligand (>10) (@ 1A-R,
a2A-R, , D2-R, 5HTI1-R, HI-R)
[anti-ulcerative]

BA-R ligand (~10) (@2A-R,
DI1-R, HI-R, O-R) [antitumour]

BA-R inhibition [contributes to
cotton-induced byssinosis,
bronchoconstriction]

BA-R ligand (>10) («2A-R,
D2-R, O-R, SU-R)

BA-R ligand (<10) (@2-A R,
DI1-R, 5HT2-R, O-R)

BA-R ligand (<10} (D2-R, O-R
ligand)

5.3Co

BA-R agonist [anorexic, CNS
stimulant, euphoriant|

BA-R agonist (D-TR, 5BHT-TR)
[anorexic, CNS stimulant,
euphoriant|

BA-R agonist (aA-R)
[bronchodilator, hypertensive,
respiratory stimulant,
sympathomimetic,
vasoconstrictive|

(continued)
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Table 5.3 (Continued)

Compound (class) Plant (family) | part] Receptor affected
(other targets) | in vivo effects/

N-Formylnorephedrine Catha edulis (khat) [leaf] BA-R agonist [anorexic, CNS
{(phenylpropanoid) stimulant, euphoriant]

D-Pseudoephedrine Ephedra equisitina, E. gerardiana, BA-R agonist (@dA-R)

(= D-isomer of ephedrine)  E. sinica, E. spp. (Ephedraceae) [bronchodilator, hypertensive,

{(phenylpropanoid amino respiratory stimulant,

alcohol) sympathomimetic,
vasoconstrictive]

Synephrine acetonide Casimiroa edulis (Rutaceae) [seed]  BA-R agonist (®A-R)

{aryl amine) [hypertensive]

Non-plant reference 5.3Cn

[Epinephrine (= Adrenaline; Animals (e.g adrenals); cardiac ~ BA-R agonist (@ A-R agonist)
I-Methylaminoethanol- action — Otto Loewi [vasoconstrictor,
catechol)] (Germany, Nobel Prize, 1936, cardiostimulant]
(catecholamine) chemical transmission)

[Pindolol] Synthetic BA-R antagonist (SHT-R)
{indolamine}) [vasodilator]

[Propranolol (= 1- Synthetic; Sir James Black BA-R antagonist [0.2nM] [anti-
(Isopropylamino)-3-(1- (UK, Nobel Prize, Medicine, anginal, antihypertensive,
naphthyloxy)-2-propanol)] 1988, B-blocker & antiarrhythmic, B-blocker]
{naphthalenyloxypropanol anti-histamine drug
imine) development)

Table 5.4 Dopamine receptors

Hormone compound Plant (family) | part] Receptor affected
(class) (other targets) | in vivo effects/
Dopamine receptor Arvid Carlsson {Sweden, 5.4

(D1-R, D2-R) D & 5HT signalling), Paul

Greengaard (USA, D
signalling) & Eric Kandel
(Austria/USA, 5HT & memory)
(Nobel Prize, Physiology/
Medicine, 2000)

Alkaloid 5.4a
(S,R)-Antioquine Prseudoxandra esclerocarpa D1-R antagonist (>>100),
(Bisbenzylisoquinoline) (Annonaceae) [bark] D2-R antagonist (3)
[Apomorphine] Derived synthetically from Morphine Dopamine D-R agonist
(aporphine isoquinoline) (morphinan isoquinoline alkaloid (CDPK, MLCK, PKA,
from Papaver somniferum (opium PKC) [anti-Parkinson’s]
poppy) (Papaveraceae) [aerial])
(R,S)-Berbamunine Prseudoxandra esclerocarpa DI1-R antagonist (1), D2-R
(Bisbenzylisoquinoline) (Annonaceae) [bark] antagonist (0.3)
[Bromocryptine Semi-synthetic from Ergocryptine D2-R agonist (53nM) [2nM]
(= 2-Bromoergocryptine)] (® D-REL)
{indole) [anti-Parkinsonian, inhibits

prolactin secretion]

(continued )
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Hormone compound

Plant (famuly) | part| Receptor affected

(class) (other targets) | in vivo e¢ffects/
[Chanoclavine] From hydrolysis of ergot (Claviceps D2-R agonist
{indole) purpurea, C. spp. (ergot fungus) on
cereals)
(S,R)-0,0- Phycantfus vietmamensis (Annonaceae)  D1-R antagonist (6), D2-R
Dimethylgrisabine antagonist (1)

(Bisbenzylisoquinoline)
(S,R)-Dimethyl-
pseudoxandrine
(Bisbenzylisoquinoline)
Ergine (= Lysergic acid
amide; Lysergamide)

{indole)

[Ergocornine]

{indole)

[Ergocristine]

{indole)

[a-Ergocryptine
(= Ergokryptine)|
{indole)

[Ergonovine]

{indole)

[Ergotamine]

{indole)

[Ergovaline]
{indole)

Pseudoxandra esclerocarpa
(Annonaceae) [bark]

D1-R antagonist (22),
D2-R antagonist (4)

Argyreia spp., Ipomoea argyrophylla, D2-R agonist (53nM)
1. tricolor, I. violacea, Rivea uricata [0.7] (@1A-R, x2A-R,
(Convolvulaceae); from hydrolysis of 5HT-R) [depressant,
ergot (Claviceps purpurea, C. spp. hallucinogenic|
(ergot fungus) on cereals)

Claviceps purpurea, C. spp. (ergot
fungus) on cereals e.g. Secale (rye);
ergot-induced hallucinations convulsant), haemostatic,
possibly inspired apocalyptic  inhibits Prolactin release,
paintings of Hieronymus Bosch vasoconstrictor]

Claviceps purpurea, C. spp. (ergot D2-R agonist (® D-REL)
fungus) on cereals e.g. Secale (rye); [ergotism (hallucinogen,
ergot-induced hallucination =  convulsant), haemostatic,

St Anthony’s fire, addressed inhibits Prolactin release,
by Mandrake root extract vasoconstrictor]

Claviceps purpurea, C. spp. (ergot D2-R agonist (153nM) [2nM]
fungus) on cereals e.g. Secale (rye); (® D-REL) [anti-Parkinson’s,
Salem witch-killing hysteria ergotism
coincided with ergot outbreak; (hallucinogenic,
ergotism gives “devil convulsant), haemostatic,
possession” symptoms; some  inhibits Prolactin release,
40,000-100,000 “witches” (75% vasoconstrictor]
female) tortured & murdered
in ergot-prone regions of
W. Europe

Claviceps purpurea, C. paspali (ergot
fungus) on cereals e.g. Secale sp.
(rye) & Acremonium-infected
Stipa robusta (sleepy grass) (Poaceae);
cattle & horse stupor after
eating infected grass

Claviceps purpurea, C. paspali (ergot
fungus) on cereals e.g. Secale sp. (rye)
(Poaceac); ergot studied by
Sir Henry Dale (UK, Nobel
Prize, Medicine, 1936,
chemical neurotransmission)

Claviceps purpurea, C. paspali (ergot
fungus) on grasses & cereals e.g.
Secale sp. (rye), Festuca arundinacea
(tall fescue) (Poaceae)

D2-R agonist [ergotism
(hallucinogenic,

D2-R agonist (83nM)

[0.4] (GHT2-R) [ergotism
(hallucinogenic,
convulsant), haemostatic,
inhibits Prolactin release,
oxytocic, vasoconstrictor]

D2-R agonist (1 nM) [6nM]
[anti-migraine,
ergotism (hallucinogen,
convulsant), haemostatic,
inhibits Prolactin release,
vasoconstrictor]

D2-R agonist (6nM) [7nM]
[ergotism (hallucinogenic,
convulsant), haemostatic,
inhibits Prolactin release,
vasoconstrictor]

(continued )
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Table 5.4 (Continued)

Hormone compound

(class)

Plant (family) | part]

Receptor affected
(other targets) | in vivo effects/

(R,S)-Homoaromoline
(Bisbenzylisoquinoline)

Ibogaine (= 12-
Methoxyibogamine)

{indole)

(S,R)-Isotetrandine
(Bisbenzylisoquinoline)
[Lergotrile]
{indole)

[LSD (= D-Lysergic acid
diethylamide; Lysergide;
NA-Diethyl-n»-
Lysergamide)]

{ergoline indole)

Noribogaine (= 12-
Hydroxyibogamine)

{indole)

Nuciferine

Pseudoxandra esclerocarpa
(Annonaceae) [bark]

Tabernanthe thoga, Voacanga thouarsii
(Apocynaceae)

Pseudoxandra esclerocarpa
(Annonaceae) [bark]

Claviceps purpurea, C. spp. (ergot
fungus) on cereals e.g. Secale
sp. (rye) (Poaceae)

Semi-synthetic from Lysergamide

by Albert Hofmann (Swiss

chemist, 1943); use advocated

by Timothy Leary (US
psychologist, sacked from

Harvard, imprisoned) — “turn

on, tune in, drop out”

(from 1960s)
Metabolite of Ibogaine;

hallucinogenic

Nelumbo nucifera, Nymphaea caerulea

D1-R antagonist (15),
D2-R antagonist (66)

D1-R ligand (>10), D2-R
ligand (>10), D1-R ligand
(>10) (AD-R, mACh-R,
D-TR, SHT-TR, NMDA-
Glu-R, O-R) [anti-addictive,
anticonvulsant,
hallucinogenic|

D1-R antagonist (33),

D2-R antagonist (0.7)

D2-R agonist [ergotism
(hallucinogenic, convulsant),
inhibits Prolactin release,
vasoconstrictor|

DI1-R ligand [27nM], D2
ligand [6nM], D1 agonist
(cAMP increase) [30nM]
(6HT1-R, SHT2-R)

[hallucinogenic]|

D1-R ligand (>10), D2-R
ligand (>10), D1-R ligand
(>10) (D-TR, 5HT-TR, O-R)
[anti-addictive, anticonvulsant]

D-R antagonist (Glu-R

(aporphine isoquinoline)
principle of Egyptian
and Mayan narcotic
(psychodysleptic) for
priestly ecstasies

(Egyptian blue lotus), A ampla water
lily) (Nymphaeaceae) [flower] —
Egyptian blue lotus sacred,
source of creation, depicted
in social & sexual scenes;
Odysseus (Ulysses) & Land of
the Lotus Eaters

Pseudoxandra esclerocarpa
(Annonaceae) [bark]

Pseudoxandra esclerocarpa
(Annonaceace) [ bark]

Thalictrum delavayi (Ranunculaceae)
[root]

Annona reticulata (Annonaceac),
Musa paradisiaca (banana)
(Musaceae) [fruit], Theobroma cacao
(cocoa) (Sterculiaceac) [seed];
Salsolinol linked to chocolate
addiction & ROS-based cAMP formation,
neurotoxicity in Parkinson’s & [3-endorphin release &
alcoholism; West African cocoa ACTH release (pituitary)|
production “chocolate
slavery” — child slave 2002
price US$30

antagonist) (Mayan
[anti-spasmodic, antiviral,
neuroleptic|; blue lotus
emblem of Nefertem,
God of Perfumes; in wine
gives “tranquil euphoria®

(R,S)-Obaberine
(Bisbenzylisoquinoline)

(5,8)-Oxandrine
(Bisbenzylisoquinoline)

Pseudoprotopine
{protoberberine isoquinoline)

(—)-Salsolinol (= 1-Methyl-
6,7-dihydroxy-1,2,3,4-
tetrahydro-isoquinoline)
(tetrahydroisoquinoline);
Salsolinol main
psychoactive in cocoa &
linked to chocolate
craving

D1-R antagonist (39),
D2-R antagonist (28)

D1-R antagonist (11),
D2-R antagonist (3)

D1-R ligand (<100)

D2-R, D3-R agonist [0.5]
(@2A-R, BIA-R, NADH-
CoQ R) [antagonist w.r.t.
Apomorphine,
dopaminergic, inhibits

(continued )



5. Plasma membrane G protein-coupled receptors 191

Table 5.4 (Continued)

Hormone compound Plant (family) | part] Receptor affected

(class) (other targets) | in vivo e¢ffects/

(S)-Secoantioquine Pseudoxandra esclerocarpa D1-R antagonist (>>30),
(Bisbenzylisoquinoline) (Annonaceae) [bark] D2-R antagonist (10)

(S)-Secobuberine Pseudoxandra esclerocarpa D1-R antagonist (>>30),
(Bisbenzylisoquinoline) (Annonaceace) [bark] D2-R antagonist (> 30)

{(S)-Secolucidine Pyseudoxandra esclerocarpa D1-R antagonist (>>100),
(Bisbenzylisoquinoline) (Annonaceace) [ bark] D2-R antagonist (82)

Songorine (= Bullatine G;  Aconutum karakolicum, A. monticola, D2-R agonist (at [-100};
Napellonine) A. soongaricum (Ranunculaceae) [convulsant, hypotensive,
(diterpene alkaloid) toxic]

[1,2,3,4-Tetrahydro- Metabolite of Dopamine D-R antagonist [dopamine
isoquinoline] antagonist w.r.t.
(tetrahydroisoquinoline) Apomorphine]

(R,S)-Thaligrisine Pseudoxandra esclerocarpa D1-R antagonist (6), D2-R
(Bisbenzylisoquinoline) (Annonaceae) antagonist (27nM)

(+)-Yohimbine (= Catharanthus lanceus, Rauwolfia D-R antagonist (¢ 1A-R,
Aphrodine; Corynine; serpentina (Apocynaceac), Pausinystalia  a2A-R, SHT-R)
Hydroergotocin; _yolimbe [yohimbe bark] (Rubiaceae) [antidepressant,
Quebrachine) (indole) aphrodisiac, mydriatic,

toxic|

Phenolic 5.4p

Catechin 3-O-gallate Widespread D1-R ligand (<10), D2-Rx
(gallotannin) ligand (>10) (AD1-R,

DI-R, 5HTI-R, O-R)

Davidiin (= 1,5- Quercus sp. (Fagaceae) D2-R ligand (~10) (@2A-R,
Hexahydroxydiphenoyl BA-R, 5SHT2-R, O-R)
2,3,4-trigalloylglucose)
(ellagitannin)

-2,4-Di-O-galloyl-glucose  Choton lechler: (Euphorbiaceac) D1-R ligand (>10) (BA-R,
(gallotannin) D2-R, 5HTI1-R, O-R)

Dopamine (= 4-(2- Carnegiae gigantea (giant cactus), D-R agonist - DI-R [106 nM; 2],

Aminoethyl)-benzene-1,2-  Lophophora williamsii (mescal button) — D2-R agonist [370nM]
diol; 3-Hydroxytyramine) (Cactaceae), Cytisus scoparious (broom) (aA-R, BA-R, COUP-

{catecholamine phenolic) (Fabaceae), Musa cavendishii, TF) [dopaminergic NT,
M. paradisiaca {banana peel), increases cardiac output,
M. sapientum (Musaceae), reduced in Parkinsonism,
Hermidium alipes (Nyctaginaceae); sympathomimetic|
animal NT
(—)-Epiafzelechin Celastrus orbiculatus (Celastraceae) D2-R ligand (>10) (ATP
{flavan-3-ol) [aerial], Camellia sinensis (Theaceae) K* CH, al-A R, a2A-R,

BA-R, D2-R, COX-1,
5HTIA-R, O-R) [AI with

carrageenin-induced paw

oedema]

{(—)-Epicatechin Widespread; Aesculus californica D2-R ligand (~10) (AD-R,
(= 2R3R)-5,7,3' 4"~ (Hippocastanaceae), Plerocarpus spp.  BA-R, PKA) [antibacterial,
Tetrahydroxyflavan-3-ol) (Fabaceae) [bark], Podocarpus nagt Al anti-oxidant]
{flavan-3-ol) (Podocarpaceae), Crataegus monogyna

(Rosaceae), Camellia sinensts
(Theaceae)

(—)-Epigallocatechin Widespread [bark, leaf |; Camellia D2-R ligand (~10) (5HT1-R)

(gallotannin) sinensts (Theaceae)

(continued)
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Table 5.4 (Continued)

Hormone compound

(class)

Plant (family) | part] Receptor affected

(other targets) | in vivo effects/

(—)-Epigallocatechin-3-
gallate (flavan-3-ol,
gallotannin)

Geraniin
(ellagitannin})

Hyperforin
{(phloroglucinol)

Pedunculagin (= 2,3-
Hexahydroxydiphenoyl
4,5-hexahydroxyl-
diphenoyl glucose)
(ellagitannin})

3-1,2,3,4,6-Penta-0-
galloyl-D-glucose
(gallotannin)

Procyanidin B3
(= Catechin (4a—8)

catechin) (procyanidin dimer)

Procyanidin B4
(= Catechin
(4a—8) epicatechin)
{procyanidin dimer)
Rugosin D

(ellagitannin)

Tellimagrandin I (= 4,5-
Hexahydroxydiphenoyl-
2,3-digalloylglucose)
(ellagitannin)

B-1,2,4,6-Tetra-O-galloyl-
D-glucose (gallotannin)

8-1,2,6-Tri-O-galloyl-D-
glucose (gallotannin)

3-1,3,6-Tri-O-galloyl-D-
glucose (gallotannin)

Terpene

Bodirin A (triterpene)

6p,7B-Diacetoxy-13-
hydroxy-labda-8,14-diene
(diterpene)

Rotun-difuran (diterpene)

D1-R ligand (~10), D2-R
ligand (>10) (BA-R, O-R,
PKC, TOPII) [AI blocks
COX-2 & iNOS induction]

D1-R ligand (<10) (e 1A-
R, @2A-R, 5HTI-R, O-R)
[inhibits Epinephrine-
induced adipocyte
lipolysis]

Davidsonia pruriens (Davidsoniaceae)
[leat’], Hamamelis virginiana
(Hamamelidaceae) [bark], Camellia
sinensts (Theaceae)

Acer (Aceraceae), Cercidiphyllum
(Cercidiphyllaceae), Coriaria
(Coriariaceae), Geranium, Erythroxylum
coca (coca) (Erythroxylaceae),
Euphorbia, Mallotus (Euphorbiaceae),
Fuchsia (Onagraceae) spp.

Hypericum perforatum (St John’s wort)
(Hypericaceae)

D2-R agonist (Steroid X-R)
[inhibits prolactin
release]

D1-R ligand (>10) («2A-R,
BA-R, GPT, SU-R, O-R)
[inhibits Epinephrine-
induced adipocyte
lipolysis]

D1-R ligand (~10), D2-R
ligand (~10) («2A-R, D2-
R, O-R, SU-R)

D1-R ligand (>10), D2-R
ligand (>10) («1A-R, BA-
R, SHTI-R, O-R)

D2-R ligand (~10) («1A-R,
a?2A-R, BA-R, SHT1-R,
HI1-R) [anti-ulcerative]

Casuarina stricta (Casuarinaceae),
Quercus sp. (Fagacacae), Potentilla sp.,
Rubus spp. (Rosaceae), Stachyurus
praecox (Stachyuraceae), Camellia
Japonica (Theaceae)

Quercus spp. (Fagaceae) [bark],
Geranium thunbergii (Geraniaceae),
Paconia lactiflora (Paconiaceac)

Croton lechleri (Euphorbiaceae)

Croton lechleri (Euphorbiaceae), Rubus
idaeus (Rosaceae)

Filipendula ulmaria, Rosa rugosa
(Rosaceae) [petal]

D1-R ligand (~10)

(a2A-R, BA-R, HI-R, O-R)
[antitumour]

D2-R ligand (>10) (a 1A-R,
a2A-R, GPT, O-R, SU-R)
[inhibits Epinephrine-
induced adipocyte lipolysis]

Casuarina (Casuarinaceae), Quercus
(Fagacaeae), Syzygium, Fejjoa, Psidium
a Eucalyptus (Myrtaceae), Fuchsia
(Onagraceae), Geum, Rosa., Tellima
(Rosaceae), Stachyurus (Stachyuraceae),
Camellia (Theaceae) spp.

Quercus spp. (Fagaceae) [bark] D2-R ligand (<10) (a2A-R,
BA-R, O-R, SU-R)

D1-R ligand (>10) («2A-R,
BA-R, 5SHT2-R, O-R)

D2-R (~10) (BA-R, O-R
ligand)

5.4t

D2-R ligand (2) [0.6]
D2-R antagonist

Phyllanthus emblica (Euphorbiaceae)
Quercus spp. (Fagaceae) [bark]
Quercus spp. (Fagaceae) [bark]

Schefflera bodinieri (Araliaceae)
Vitex agnus-castus (Verbenaceae)

[fruit]

Vitex agnus-castus (Verbenaceae)

[fruit]

D2-R antagonist

(continued )
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Table 5.4 (Continued)

Hormone compound Plant (family) | part] Receptor affected
(class) (other targets) | in vivo e¢ffects/
a-Santalol Santalum album (sandalwood) D2-R antagonist (SHT2A-R)
(sesquiterpene) (Santalaceae) [wood oil] [antipsychotic, perfume
smell]
Non-plant reference 5.4n

[Chlorpromazine (= 3- Synthetic D1-R antagonist, D2-R
Chloro-10-(3- antagonist [0.9nM]
dimethylaminopropyl) [antiemetic, antipsychotic,
phenothiazine) tranquillizer]
{(phenothiazine)

[Domperidone] Synthetic D2-R antagonist [anti-emetic,
(piperidine controls migraine-associated
benzimidazole) nausea & vomiting;

does not cross BBB]

[Haloperidol] Synthetic D2-R antagonist (V-Ca’*
{fluorobenzoyl CH) [antidyskinetic,
hydroxypiperidino antipsychotic]|
chlorobenzene)

[Metclopramide] Synthetic D2-R antagonist [controls
(benzamide) migraine-associated nausea

& vomiting]

[Spiperone] Synthetic D2-R antagonist [0.2 nM]
(aryl triazaspirodecane) [antipsychotic]

[Sulpiride] (pyrrolidinyl Synthetic D2-R antagonist
aminosulphonyl (20nM; 0.3) [antipsychotic,
benzamide) antidepressant, antiemetic|

Table 5.5 Metabotropic GABA(B)-, glutamate- and

serotonin-receptors

Compound
(class)

Plant (family) | part]

Receptor affected
(other targets) | in vivo ¢ffects/

y-Aminobutyric acid

5.5A

(GABA) metabotropic B

receptor R (GABAB-R)
v-Aminobutyric acid

(= 4-Aminobutyric acid;

GABA)

(amino acid)

GABAB-R agonist (GABAA-R,
GABAB-R)

[antihypertensive, neurotoxic]

Phoenix dactylifera (Areaceac),
Phaseolus spp., Pisum spp., Vicia spp.
(Fabaceae) [seed], Refimannia
glutinosa (Scrophulariaceae),
Valeriana officinalis (valerian)
(Valerianacaeae)

[Gabapentin (= 1- Synthetic

(Aminomethyl})-

cyclohexaneacetic acid)]

(alicyclic amine

carboxylic acid)

GABAB-R agonist (— blocks
V-Ca?* CH) [anticonvulsant]

(continued)
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Table 5.5 (Continued)

Compound Plant (family) | part] Receptor affected
(class) (other targets) | in vivo effects/
Metabotropic 5.5B
Glutamate receptor
(mGlu-R) (mGlu(1-8)-R)
Alkaloid 5.5Ba

[Ibotenic acid (= a-
Amino-3-hydroxy-5-
isoxazoleacetic)]
(isoxazole amino acid)

Quisqualic acid (= (S)-a-
Amino-3,5-dioxo-1,2,4-
oxadiazolidine-2-
propionic acid)
{oxadiazolidine
amino acid)

Phenolic
3,5-Dihydroxyphenyl-
glycine (aryl amino acid)
3-Hydroxyphenylglycine
{aryl amino acid)
Terpene
Jatrophone
(jatrophane diterpene)

Other

1-Glutamate (= (+)-o-
Amino-1.-glutaric acid)
(a-amino acid)

[1-Cysteic acid
(C-SOsH)]
(amino acid)
[1-Cysteine sulfinic
acid (C-SO,H)]
(amino acid)
[1-Homocysteine
sulphinic acid
(HC-SO,H)]
{amino acid)
B3-AM-Methylamino-1.-
alanine (= BMAA)
{amino acid)

Amanita muscaria, A. pantheria
(mushroom) (Agaricaceae);
precursor of Muscimol

Quisqualis chinensts, Q. indica
(Combretaceae) [seed]

Euphorbia helioscopia
(Euphorbiaceae)
Euphorbia helioscopia
(Euphorbiaceac)

Jatropha elliptica, J. gossypiifolia

(Euphorbiaceae)

All organisms; Arachis hypogaea,
Ceratonia sihqua, Lupinus alba,
Glycine max, Phaseolus vulgars
(Fabaceae), Brassica chinensts,
Sinapis alba (Brassicaceae)

Oxidation product of 1.-Cysteine
(C-SH)

Oxidation product of Cysteine

Oxidation product of
1-Homocysteine (HC-SH)

Cycas curcnalis (Cycadaceac); causes
amyotrophic lateral sclerosis-

Parkinsonian dementia

(ALS-PD) of Guam

mGlu-R (Class I & II) agonist —
Class I: 1a (10—60), 5a (2-10);
Class II: 2 (35-250), 3 (10-15);
Class III: 4a (100-1000), 6
(>>300) (non-NMDA-Glu-R
(K-R)) [insecticidal, narcosis-
potentiating, neurotoxic|

mGlu-R (Class I) agonist — Class
I: la [27nM] (0.2-3), 5a
[81nM ] (30-300): Class II: 2
(>1000), 3 (40); Class III: 4a
(100-1000), 6 (>>300) (non-
NMDA-Glu-R (K-R) agonist)
[anthelmintic, excitatory]

5.5Bp

mGlu-R (Class I) agonist — 1a
(7), 5a (2)

mGlu-R (Class I) agonist — 1a
(68-100), 5a (14-35)

5.5Bt

Glu-R (DNA) [antitumour,
anti-nociceptive,
molluscicide]

5.5Bo

mGlu-R (Class I, II & III)
agonist — Class I: 1a (9-13), ba
(3-10); Class IT: 2 (4-20), 3
(4-5); Class I1I: 4a (3-20),
6 (16), 7 (1000}, 8 (80nM)
(NMDA-Glu-R,
non-NMDA-Glu-R)

mGlu-R Class I (1a, 5a) agonist
(NMDA-Glu-R) [excitotoxic,
stimulates IP3 formation]

mGlu-R Class I (1a) agonist
(NMDA-Glu-R) [excitotoxic,
stimulates IP3 formation]

mGlu-R Class I (1a) partial
agonist (300), 5a (NMDA-
Glu-R) [excitotoxic, stimulates
IP; formation]

mGlu-R Class I agonist — la
(480) (NMDA-Glu-R)

(continued )
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Compound Plant (family) | part| Receptor affected

(class) (other targets) | in vivo e¢ffects/

Non-plant reference 5.5Bn

[1S, 3R-1-Amino-1, Synthetic mGlu-R (Class I & II) agonist —
3-cyclopentane- Class I: 1a (10-80), 5a (5-7);
dicarboxylate (= 1.5,3R- Class II: 2 (18), 3 (8); Class III:
ACPD)] (cyclic aliphatic) 4a (>>300), 6 (300)

[1S, 35-1-Amino-1, Synthetic mGlu-R (Class II & IIT) agonist —
3-cyclopentane- Class It 1a (>>300), 5a (>>300);
dicarboxylate Class II: 2 (13), 3 (30); Class III:
(= 15,3R-ACPD)] 4a (50)

{cyclic aliphatic)

[1-Amino-phosphonobutyrate Synthetic mGlu-R (Class III) agonist —

(= L-AP4)] (amino acid) Class I1I: 4a (0.4-0.9), 6 (0.9),
7 (160-500), 8 (0.4)
[(25,1'5,2" 5)-2- Synthetic mGlu-R (Class II>1 & I1T)

{Carboxycyclopropyl)-
glycine (= L-CCG-I)]
{cyclic aliphatic amino
acid)

[(S)-4-Carboxy-3-
hydroxyphenylglycine
(=(8)-4C3HPG)]

{aryl amino acid)

[(§)-4-Carboxyphenylglycine
(= (SH4CPG)]

{aryl amino acid)

[25,175,2'§,3" R)-2-
(2'-Carboxy-3'-
phenyleyclopropyl)-
glycine (= PCCG-IV)]
{cyclic aliphatic amino
acid)

[(2S,1'R2'R,3"R)-2-(2,3-
Dicarboxycyclopropyl)-
glycine (= DCG-IV)]
{cyclic aliphatic amino
acid)

[7-Hydroxyimino-
cyclopropan[b]chromen-
la-carboxylic acid ethyl
ester] (chromene)

[a-Methyl-4-
carboxyphenylglycine
(= MCPG)]

{aryl amino acid)

[2-Methyl-6-
{(phenylethenyl)-pyridine
(= MPEP)] (pyridine)

[L-Serine-O-phosphate
(= L-SOP)]

{phosphoamino acid)

Synthetic; cf. 3,5-
Dihydroxyphenylglycine &
3-Hydroxyphenylglycine

Synthetic; cf. 3,5-
Dihydroxyphenylglycine &
3-Hydroxyphenylglycine

Synthetic

Synthetic

Synthetic

Synthetic; cf. 3,5-
Dihydroxyphenylglycine & 3-
Hydroxyphenylglycine

Synthetic

Synthetic

agonist — Class I: 1a (50); Class
II: 2 (0.3-0.4), 3 (1); Class I1I:
4a (9-50)

mGlu-R (Class I) antagonist —
Class I: 1a (10-40)

mGlu-R (Class I) antagonist —
Class I: 1a (15-65), 5a (>500)

mGlu-R (Class II) antagonist
Class II: 2 (8)

mGlu-R (Class II) agonist —
Class II: 2 (0.3), 3 (0.2); Class
1II: 4a (>1000)

mGlu-R (Class I) non-
competitive antagonist —

Class I: 1b (7)

mGlu-R (Class I & II)
antagonist — Class I: 1a
(40-200), 5a (>200); Class II:
2 (100-1000), 3 (>1000)

mGlu-R (Class I) antagonist —
5-specific (36 nM)

mGlu-R (Class III) agonist —
Class III: 4a (2-5), 6 (3),
7 (>160)

(continued)
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Compound
(class)

Plant (family) | part]

Receptor affected
(other targets) | in vivo effects/

v-Hydroxybutyric acid
receptor (GHB-R)

['y-Hydroxybutyric acid]
(alkyl carboxylic acid)

5-Hydroxytryptamine
(Serotonin)
metabotropic R (5-
HT1-R, 5SHT1A-R,
5HT2-R)

Alkaloid

(—)-Annonaine
(= Anonaine)
(aporphine isoquinoline)

Berberine
(= Umbellatine)
{protoberberine
isoquinoline)

Asimilobine
{isoquinoline)

[Baeocystin]

{indole)

Bufotenine (= NA-
Dimethylserotonin; 5-
Hydroxy-NN-
dimethyltryptamine)
{indole)

Confusameline
{furoquinoline)

Corynantheine

{indole)

Dihydrocorynantheine
{indole)

[Dihydroergotamine]
{ergotaman alkaloid)

Metabolite of GABA; GHB aciduria

from succinic semialdehyde
dehydrogenase deficiency; drug
of abuse (body builders,

“date rape”, “raving”)

Arvid Carlsson {Sweden,
D & 5HT signalling), Paul
Greengaard (USA, D
signalling) & Eric Kandel
(Austria/USA, 5HT &
memory) (Nobel Prize,
Physiology/Medicine, 2000)

Annona muricata, A. reticulata

(Annonaceae) [fruit, leaf’], Nelumbo

nucifera (Nymphaeaceae)

Coelocline (Annonaceac), Berberis,
Hydrastis, Mahonia, Nandina
(Berberidaceae), Archangelica
(Menispermaceace), Argemone,
Chelidontum, Corydalis
(Papaveraceae), Coptis, Thalictrum
(Ranunculacae), Evodia, Toddalia,
Lanthoxylum (Rutaceae) spp.

Annona muricata, A. spp., Asimina
triloba, Guatteria scadens
(Annonaceae) [fruit, leaf]

Psilocybe semilanceata, P. spp.
(magic mushrooms)
(Strophariaceae)

Anadenanthera colubrina, Mucuna
pruriens, Piptadenia peregrina,

P. macrocarpa (Fabaceae) [leaf, seed],

Arundo donax (reed) (Poaceae)
[flower]

Evodia merrilliz, Melicope confusa
(Rutaceae) [leaf ]

Corynanthe pachyceras [ bark],
FPausinystalia johimbe, Uncaria
sinsensts (Rubiaceae)

Corynanthe pachyceras [ bark],
FPausinystalia johimbe, Uncaria
sinsensts, U tomentosa (Rubiaceae)

Semi-synthetic from Ergotamine

5.5C

GHB-R [GPCR, decreases
cAMP; | alcohol & opiate
dependence & narcolepsy]

5.5D

5.5Da

5HTIA-R ligand (Rauwolscine
displacement) (3), agonist
(decreased cAMP) (<10)
[antimicrobial, insecticidal]

SHT2-R ligand (2) (@ 1A-R,
a2A-R, AChE, ATPase, BChE,
CDPK, ChAT, diamine oxidase,
DNA ligand, mACh-R,
nACh-R, MLCK, PKA, PKC)
[antibacterial, antimalarial,
antipyretic, bitter stomachic,
cytotoxic]|

5HTIA-R ligand (Rauwolscine
displacement) (5), agonist
(decreased cAMP) (<10)

S5HT2A-R agonist
[hallucinogenic|

SHT2A-R, 5SHT2C-R agonist
[hallucinogenic, hypertensive,
pupil dilation]

5HT-R antagonist (PAI)

SHT-R ligand (brain), partial
agonist (ileumn) [anti-
Leishmania]

SHT-R ligand (brain), partial
agonist (ileurm) (e 1A-R,
a2A-R) [leishmanicidal]

SHTI-R agonist (@A-R blocker)
[anti-migraine as vasoconstric-
tor, selective venoconstrictive|

(continued )
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Compound
(class)

Plant (family) | part]

Receptor affected
(other targets) | in vivo e¢ffects/

NA-Dimethyltryptamine
(= 3-(2-Dimethyl-
aminoethyl)-indole;

DMT) (indole)

{(—)-Discretamine
{tetrahydroproto-
berberine isoquinoline)

[Ergonovine] (indole)

[Ergotamine]
{ergotaman indole)

Evodiamine
{indole)
Geisoschizine methyl
ether (indole)

Gramine (= 3-
(Dimethyl-
aminomethyl)-indole;
Donaxine) (indole)

Harmaline (= 3,4-
Dihydroharmine;
Harmidine) (dihydro
[B-carboline, indole)

Harman (= [-Methyl-B-
carboline)

(B-carboline, indole)

Harmine (= Banisterine;
Leucoharmine;
Telepathine; Yageine)
(B-carboline, indole)

Hordenine

{indole)

Prestonia amazonica (Annonaceae),
Acacia senegal (gum arabic)
(Fabaceae), Arundo donax, Phalaris
spp. (Poaceae), Mucuna pruriens,
Mimosa hostilis, Piptadenia peregrina
(Fabaceae), Virola sp. (Myristicaceae)

Fissistigma glaucescens, Guatteria
discolor (Annonaceace)

Claviceps purpurea, C. paspali (ergot
fungus) on cereals e.g. Secale sp. (rye)
& Acremonium-infected Stipa robusta
(sleepy grass) (Poaceae); cattle &

SHT-R agonist [hallucinogen,
hypertensive, psychotomimetic,
pupillary dilation];
hallucinogenic Virola &
Mimosa potions by
S. American Indians;
Phalaris staggers
contributor

SHT-R antagonist (0.1)

(alA-R, a2A-R)

S5HT2-R ligand (D2-R agonist)
[ergotism (hallucinogenic,
convulsant), haemostatic,
inhibits Prolactin release,

horse stupor after eating infected grass  oxytocic, vasoconstrictor]

In ergot [dried sclerotia of fungus
Claviceps purpurea (Hypocreaceae)
parasitic on Secale cornutum (rye)
(Poaceae)]

Araliopsis tabouensis (Araliaceae),
Evodia rutaecarpa (Rutaceac)

Corynanthe pachyceras [bark],
Uncaria sinsensis (Rubiaceae)

Acer saccharinum (Aceraceace),
Lupinus spp. (Fabaceae), Arundo
donax, Hordeum vulgare (barley),
Phalars arundicaceae, Triticum
aestivum (Poaceae)

Fassiflora incarnata (passion flower)
(Passifloraceac), Banisteria caapr,
Banisteriopsis caapi (Malpighiaceae),
Peganum harmala (Zygophyllaceae)

Fassiflora edulis, P. incarnata
(Passifloraceae), Singickia rubra
(Rubiaceae), Symplocos racemosa
(Symplocaceae), Peganum harmala,
Tribulus terrestris, Zygophyllum
Jabago (Zygophyllaceae)

Fassiflora incarnata (passion flower)
(Passifloraceae), Banisteria caapi
(Malpighiaceae), Peganum harmala,
Tribulus terrestris (Zygophyllaceae)

Tamarindus indica (Fabaceae),
Phalaris spp., Zea mays (corn)
(Poaceae), Citrus sinensis (Rutaceae)

S5HTIA-R (including SHTIA
autoR) agonist [anti-migraine
as vasoconstrictor;
hallucinogenic (e.g. see
paintings of Hieronymus
Bosch}]

5HT-R antagonist [diaphoretic,
diuretic, vasodilatory]

S5HT-R ligand (brain), partial
agonist (ileum)

{(a2-R antagonist)

S5HT-R anagonist [antifeedant,
neuroactive|; contributes
to sheep Phalaris staggers

SHT-R agonist (a2A-R, BZ-R,
NMDA-Glu-R}) [hallucinogenic,
anti-Parkinson’s]

5HT2-R ligand (@ 1A-R, BZ-R,
DNA, L-type Ca’" CH)

[convulsant, cytotoxic]

SHT-R agonist (@ 1A-R,
MAO-A, L-type Ca’>* CH)
[CNS stimulant,
hallucinogenic;
Gestapo use as
“truth drug”]

SHT-R agonist [antifeedant;
causes sheep “Phalaris
staggers”]

(continued )



198 5. Plasma membrane G protein-coupled receptors

Table 5.5 (Continued)

Compound
(class)

Plant (family) | part]

Receptor affected
(other targets) | in vivo effects/

8-Hydroxylysergic acid
amide
{ergoline indole)

Ibogaine (= 12-
Methoxyibogamine)
(indole)

Isolysergic acid amide
{ergoline indole)

Kokusaginine (= 6, 7-
Dimethoxydictamnine)
{furoquinoline)

[LSD (= p-Lysergic acid
diethylamide; Lysergide;
NA-Diethyl-n-
Lysergamide)]

{ergoline indole)

[Lysergamide (= 9,10-
Didehydro-6-
methylergoline-8(3-
carboxamide); Ergine;
Lysergic acid amide]
{ergoline indole); in
ergot

Lysergic acid
yserg:
{ergoline)

5-Methoxy-N,N-
dimethyltryptamine

(= O-Methylbufotenine)
{indole)

5-Methoxy-N-
methylcarboline
(pyrido-N-methylated)
{carboline, pyridoindole)

5-Methoxy-
N-methyltryptamine
{indole)

Stipa robusta (sleepy grass) (Poaceae)
infected with Acremonium; cattle &
horse stupor after eating infected
grass

Tabernanthe tboga, Voacanga
thouarsti (Apocynaceae)

Stipa robusta (sleepy grass) &
Festuca arundinacea (tall fescue)

(Poaceae) infected with Acremonium;

cattle & horse stupor after eating
infected grass

Acronychia laurifolia, Casimiroa
edulis, Evodia merrillii,
Haplophyllum, Melicope, Orixa spp.,
Ruta graveolens (Rutaceae)

Semi-synthetic from Lysergamide ex

ergot; synthesized by Albert
Hofmann (Swiss chemist,
1943); use advocated by
Timothy Leary (US
psychologist, 1960s)

Ipomoea argyrophylla, L. tricolon;
Rivea corumbosa (Convolvulaceae)
[drug ololinqui]; Festuca
arundinacea (tall fescue) & Stipa
robusta (sleepy grass) (Poaceac)
infected with fungus Acremonium
coenophialum (sleepy livestock)

From hydrolysis of Lysergamide
from ergot; synthesis {(1954)
by Robert Burns Woodward
(USA, chemist, Nobel Prize
1965)

Justicia pectoralis (Acanthaceae),

Desmodium pulchellum (Fabaceae),
Phalaris arundinacea, F tuberosa

(Poaceae), Virola sp. (Myristicaceae)
[resin]; Bufo alvarius (Sonoran desert

toad) (psychoactive toad)
Phalaris spp. (Poaceae)

Phalaris arundinacea, B tuberosa
(Poaceae)

5HT-R ligand [ psychotropic,
sedative]

SHT-TR - 5HT1a-R, 5HT2-R
ligand (@1A-R, AD-R, mACh-
R, D-R, D-TR, NMDA-Glu-R,
O-R) [anti-addictive,
anticonvulsant,
hallucinogenic|

5HT-R ligand [ psychotropic,
sedative]

5HT-R antagonist (PAT)
[mutagenic, phototoxic
antifungal, psychotropic]

SHTI-R, 5HT2A-R, 5SHT2C
agonist — SHTTA-R [4nM],
5HT2-R [1, 4, 5nM] (D-R)
[hallucinogenic], dangerous
drug of abuse

S5HT2-R partial agonist
(vasoconstrictive) (at 1-10) &
antagonist (abolishes SHT-
induced vasoconstriction)

(at 0.1) (alA-R, a2A-R,
D2-R); precursor for synthesis
of LSD [depressant,
hallucinogen)]

S5HT2-R partial agonist
[depressant, hallucinogenic]

SHT-R agonist
[hallucinogenic,
hypertensive, sheep Phalaris
staggers, Virola snuff
component, psychotomimetic,
toxic]

SHT-R agonist [ Phalaris
staggers contributor, toxic]

S5HT-R agonist [ Phalaris
staggers, psychotomimetic,
toxic]|

(continued )
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Plant (family) | part]

Receptor affected
(other targets) | in vivo e¢ffects/

Compound

(class)

5-Methoxytryptamine
{indole)

Nantenine (= O-
Methyldomesticine)

(aporphine isoquinoline)
Norharman
(B-carboline, indole)

Nornuciferine
(isoquinoline)

Norreticuline
{(benzylisoquinoline)

(S,R)-Pseudoxandrine
(bisbenzylisoquinoline)
Palmatine
(= Calystigine)
{(benzophenanthridine
isoquinoline)

[Psilocin (= Psilocyn)]
{indole)

[Psilocybin
(= Indocybin; 6-
Phosphopsilocin)]
{indole)

Rauwolscine
(= a-Yohimbine)
{indole)
(+)-Reticuline (=
Coclanoline)
{(benzylisoquinoline)

Sanguinarine
(= Pseudochelerythrine)
{(benzophenanthridine)

Cinchona ledgeriana (Rubiaceac);
metabolite of Melatonin

Nandina domestica (bamboo)
(Beberidaceae) [fruit]

Cichortum intybus (Asteraceae),
Bansteria caapt (Malpighiaceae),
Fussiflora incarnata (Passifloraceae),
Peganum harmala (Zygophyllaceae)
[seed]

Annona glabra, A. muricata
(Annonaceae) [fruit, leaf |, Nelumbo
nucifera (Nymphaeaceac)

Berberis wilsoniae (Berberidaceae),
Erythrina crista-galli (Fabaceae)

Pseudoxandra esclerocarpa
(Annonaceace) [ bark]

Berberis, Mahonia spp.
(Berberidaceae), Jateorrhiza palmata
(Menispermaceace), Corydalis spp.
(Papaveraceae), Coptis spp.
(Ranunculaceae)

Prsilocybe mexicana (Teonanacatl,
Mexican sacred mushroom),

Pstlocybe spp. (magic mushrooms)

(Strophariaceac); by Albert

Hofmann (Swiss chemist)
Pysilocybe mexicana (Teonanacatl,

Mexican sacred mushroom),

Pstlocybe spp. (magic mushrooms)

(Strophariaceae); by Albert
Hofmann (Swiss chemist)

Rawwolfia serpentina (Apocynaceae),
Pausinystalia yohimbe (Rubiaceac)
[yohimbe bark]

Annona glabra, A. spp. (Annonaceae),
Cryplocarya odorata (Lauraceae),
Papaver somniferum (opium
poppy latex), P. spp.
(Papaveraceae)

Fumaria officinalis (Fumariaceace),
Papaver sommiferum, Dicentra
spectabilis, D. peregrina,

Chelidontum majus, Sanguinaria
Canadensts (Papaveraceace),
Lanthoxylum spp. (Rutaceae),
Preridophyllum spp. (Sapindaceae)

S5HT2-R agonist

S5HT-R antagonist [inhibits
SHT-induced aorta contraction]

SHT-R agonist (x2A-R)

SHTIA-R ligand (Rauwolscine
displacement) (9), agonist
(decreased cAMP) (<<10)

SHT-R ligand (10) (@ 1A-R,
a2A-R, BA-R) [hair growth
accelerant]|

D1-R antagonist (19), D2-R
antagonist (16)

5HT2-R ligand (3) (@1A-R,
a2A-R, AChE, ATPase,
BChE, ChAT, diamine
oxidase, mACh-R,
nACh-R, PK)

[antibacterial, Al]

SHT2A-R, 5SHT2C-R agonist
[hallucinogenic, oxidized to
blue pigment]

SHT2A-R, 5SHT2C-R agonist
[(hallucinogenic, oxidized to
blue pigment]; use advocated
by Timothy Leary (US
psychologist, sacked from
Harvard, imprisoned)

SHTI1A-R agonist (x2A-R)

5HT-R ligand (10) (@1A-R,
a2A-R, BA-R) [hair growth

accelerant]

SHT2-R ligand (92) (¢ 1A-R,
a2A-R, AChE, ATPase, BChE,
CDPK, ChAT, diamine oxidase,
DNA ligand, mACh-R,
nACh-R, MLCK, PKA, PKC)
[antibacterial, Al]

(continued)
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Compound Plant (family) | part] Receptor affected
(class) (other targets) | in vivo effects/
Serotonin Ananas comosus (pineapple) S5HT(1-7)-R agonist: 5SHT1-R

(= 5-Hydroxytryptamine;

5HT) (indole)

Skimmianine (= 7, 8-
Dimethoxydictamine;
B-Fagarine)
{furoquinoline)

Tryptamine (= 3-(2-
Aminoethyl) indole)

{indole)

1-Tryptophan (= a-
Aminoindole-3-
propionic acid)
(indole amino acid)

(+)-Yohimbine
(= Aphrodine;
Corynine;
Hydroergotocin;

Quebrachine) (indole)

Phenolic

(+)-Catechin (=
Catechinic acid;
Catechuic acid; (+)-
Cyanidanol; (2R,35)-
5,7,3",4'-Tetrahydroxy-
flavan-3-ol) (flavan-3-ol)

Catechin 3-O-gallate
(gallotannin)

Davidiin (= 1,5
Hexahydroxydiphenoyl
2,3,4-trigalloylglucose)
(ellagitannin})

B-2,4-Di-O-galloyl-
glucose (gallotannin)

(—)-Epigallocatechin
{gallotannin)

(Bromeliaceae), Juglans regia
(Juglandaceac), Mucuna pruriens
(Fabaceae), Musa sapientum

(Musaceae), Phalars spp. (Poaceae),

Lycopersicon esculentum
(Solanaceae), Theobroma cacao
(Sterculiaceae), Urtica dioica
(Urticaceac)

Evodia merrillir, Ruta graveolens,
Skimmia arborescens, S. japonica;
Dictamnus, Esenbeckia, Fagara,
Glycosmis, Haplophyllum,

Murraya, Zanthoxylum spp.
(Rutaceae)

Widespread; from Tryptophan
decarboxylation; Mucuna pruriens,
Prosopis juliflora (mesquite)
(Fabaceae), Lycopersicon esculentum
(Solanaceae)

In all organisms; 5SHT (Serotonin)
precursor; Helianthus annuis
(Asteraceae), Phaseolus vulgaris
(Fabaceae), Oenothera biennmis
(Onagraceae) [seed]

Catharanthus lanceus, Rauwolfia
serpentina (Apocynaceac),

Fausinystalia yohimbe [yohimbe bark]

(Rubiaceae)

Widespread; Gossypium spp.
(Malvaceae), Agrimonia eupatoria,
Crategus laevigata (Rosaceae), Salix

caprea (willow) (Salicaceae) [flower]

Widespread [bark, leaf’]

Quercus sp. (Fagaceae)

Croton lechleri (Euphorbiaceae)

Widespread [leaf, bark]; Gossypium
spp- (Malvaceae), Camellia sinensis
(Theaceae)

[3nM], 5SHT2A-R (50nM),
5HT2¢-R (16nM) (5HT3-R)
[CNS stimulatory N'T, inhibits
Insulin secretion]

5HT-R antagonist (DNA, PAI)
[anticonvulsant, mutagenic,
photomutagenic, phototoxic]

Precursor of Indole-3-acetic
acid (TAA, auxin) &
hallucinogen
Dimethyltryptamine

Precursor of SHT (Serotonin);
unlike 5HT can cross blood-
brain barrier [for depression,
treatment of aggression|

SHT-R (xlA-R, a2A-R)
[blocking Methoxamine-
induced vas deferens
contraction [0.2];
antidepressant, aphrodisiac,
mydriatic, toxic]

5.5Dp

SHT1A-R ligand (>10) (AD-R,
BA-R, COX-1, COX-2,

R, MLCK, PKA) [antioxidant]

SHTI-R ligand (~10) (ADI-R,
DI-R, D2-R, O-R)

5HT2-R ligand (>10) (a2A-R,
BA-R, D2-R, O-R)

SHTI-R ligand (~10) (BA-R,
DI-R, D2-R, O-R)
5HTI-R ligand (~10) (D2-R)

(continued )
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Compound
(class)

Plant (family) | part]

Receptor affected
(other targets) | in vivo e¢ffects/

(—)-Epiafzelechin
{flavan-3-ol)

Geraniin
(ellagitannin)

v-Mangostin
{prenyl xanthone)

Mescaline
(=Mezcaline; 3,4,5-
Trimethoxy-
phenethylamine)
{phenylethylamine)

N-Methylmescaline
(= MMethylmezcaline;
N-Methyl-3,4,5-
trimethoxy-
phenethylamine)
{phenylethylamine)

Procyanidin B2
(= Epicatechin
(43 — 8) epicatechin)
{procyanidin dimer)

Procyanidin B3
(= Catechin (4a—8)
catechin (procyanidin
dimer)

Procyanidin B4
(= Catechin
(4o — 8) epicatechin)
{procyanidin dimer)

B-1,2,6-Tri-O-galloyl-D-
glucose (gallotannin)

Terpene
Aescin (= Escin)
{triterpene saponin)

Aescin Ib (= Escin Ib)
{triterpene saponin)

Celastrus orbiculatus (Celastraceae)
[aerial], Camellia sinensis (Theaceae)

Acer (Aceraceace), Cercidiphyllum
(Cercidiphyllaceae), Coriaria
Japonica (Coriariaceae), Geranium,
Erythroxplum (Erythroxylaceae),
Euphorbia, Mallotus japonicus
(Euphorbiaceae), Fuchsia
(Onagraceac) spp.

Garcinia mangostana (mangosteen

fruit hull) (Guttiferae)

Lophophora williamsii (peyote,
mescal buttons = cactus flower),
Trichocereus pachanoi (cactus) [flesh
for S. Am. Indian cimora

hallucinogenic potion]| (Cactaceac)

Lophophora williamsii (peyote,
mescal buttons = flowering

heads of cactus) (Cactaceae), Alhag

pseudoalhagi (Fabaceae)

Malus sp. (apple), Prunus sp. (cherry)
(Rosaceae) [fruit]

Croton lechler: (Euphorbiaceae)

Croton lechler: (Euphorbiaceae),
Rubus idaeus (Rosaceae)

Quercus spp. (Fagaceae) [bark],
Phyllanthus emblica (Euphorbiaceae)

Panax quinguefolius (Araliaceae),
Aesculus fuppocastanum (horse
chestnut) (Hippocastanaceac)

Panax quinguefolius (Araliaceae),
Aesculus fuppocastanum (horse
chestnut) (Hippocastanaceae)

5HT1A-R ligand (>10) (ATP K*
CH, «lA-R, BA-R, D2-R,
COX-1, O-R) [Al with
carrageenin-induced paw
oedema]

SHT1-R ligand (~10) (¢ 1A-R,
a2A-R, DI-R, HI-R, O-R)
[inhibits Epinephrine-induced
adipocyte lipolysis, increases
ACTH-induced adipocyte
lipolysis]

S5HT2A-R antagonist (Piperone
displacement) (4nM) (CDPK,
MLCK, PKA) [5HT-induced
aorta contraction inhibition
(0.3), PAI]

SHT2A-R agonist [CNS
depressant, hallucinogenic,
psychotomimetic]

SHT2A-R agonist [CNS
depressant, hallucinogenic,
psychotomimetic cf. Mescaline]

SHTI-R ligand (<10), SHTIA-R
ligand (~10) (SHT1A-R)

5HT1 R ligand (<10) (a1A-R,
B A-R, DI-R, D2-R, O-R)

SHTI R ligand (<10) (@ 1A-R,
a2A-R, BA-R, D2-R, HI-R)

[anti-ulcerative]

5HT2-R ligand (>10) (a2A-R,
BA-R, D1-R, O-R)

5.5Dt

5HT-R antagonist (HIS-R) [for
oedema, chronic venous
msufficiency & haemorrhoids]

5HT-R antagonist — 5HT2-R
(HIS-R) [for oedema, chronic
venous insufficiency &
haemorrhoids; T GI transit]

(continued)
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Table 5.5 (Continued)

Compound Plant (family) | part] Receptor affected
(class) (other targets) | in vivo effects/
Parthenolide Ambrosia spp., Aretotis spp., 5HT-R non-competitive
ermacranolide rysanthemum pathenium, antagonist (antagonizes
X lid Chrysanth patheni goni goni

sesquiterpene lactone)

a-Santalol
(sesquiterpene)

Stigmasterol glucoside
(sterol glycoside)

Other
a-L-Rha~(1 = 4)-0-B-D-
Gle-(1—=6)-B-p-Gle

(trisaccharide)

Non-plant reference

[Cispromide]
(benzamide)

[8-Hydroxy-dipropyl-
amino tetralin]
{(benzocyclohexane)

[Ketanserin]
{piperidinylquinazoline)

[Methysergide]

{indole)

[Mianserin|
(dibenzopyrazino-
azepine)

[Mirtazepine]
{pyrazinopyrido-
benzazepine)

[Pindolol]

{(indolamine)

[Spiperone]

(aryl triazaspirodecane))

[Sumatriptan]

{(indole sulphonamide)

Tanacetum parthenium (feverfew)
(Asteraceae), Michelia spp.
(Magnoliaceae)

Aprum graveolens (celery) (Apiaceae),
Santalum album (sandalwood)
(Santalaceae) [wood o]

Ammi visnage (Apiaceae), Schefflera
bodinieri (Araliaceae) [leaf] root]
Syzygium aromaticum (Myrtaceae)

Schefflera bodinieri (Araliaceae)
[leaf, root]

Synthetic

Synthetic

Synthetic
Semi-synthetic

Synthetic

Synthetic

Synthetic
Synthetic

Synthetic

serotonergic d-Fenfluramine)
(IKK) [AI antibacterial,
antifungal, antitumour,
anti-migraine, cytotoxic|
S5HT2A-R antagonist (D2-R)

[antipsychotic, perfume smell]

5HT2-R ligand (4) [2]
(L-Ca’* CH)

5.5Do
5HT2-R ligand (8) [3]

5.5Dn

5HT4-R agonist [antiemetic for
migraine]

5HTIA-R antagonist [3nM]

S5HT2-R antagonist [3nM]

S5HTI1-R agonist; 5SHT2-R
antagonist [anti-migraine]

S5HT2-R antagonist GHT3-R
antagonist) [antidepressant]|

S5HT2-R antagonist (GHT3-R,
a2A-R) [antidepressant]

SHT-R antagonist (3-A R)
[vasodilator]

S5HT2-R antagonist (D2-R)
[antipsychotic]

5HTI1B/D-R agonist

[antimigraine]

Table 5.6 Opiate receptors

Compound Plant (family) | part] Receptor intubited/ actvated

(class) (other targets) | In vivo effects/
Alkaloid 5.6a

Akuammidine Aspidosperma quebracho-blanco, O-R ligand () [0.6], (8) [2], (k)

Picralima nitida (Apocynaceae)

(indole) [seed]

[9] [opioid agonist: Naloxone
antagonized MVD relaxation]

(continued )
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Table 5.6 (Continued)

Compound Plant (family) | part] Receptor affected
(class) (other targets) | in vivo e¢ffects/
Akuammicine Aspidosperma quebracho-blanco, O-R ligand (k) [0.2] [opioid
{indole) Catharanthus roseus, Picralima agonist (Naloxone antagonized
nitida (Apocynaceae) [seed] GPI relaxation), partial agonist
{mouse & rabbit VD relaxation}]
Akuammine Catharanthus roseus, Picralima pO-R ligand [0.5], kO-R
{indolomonoterpene) nitida (Apocynaceae) [seed] ligand [opioid antagonist

(+)-Allomatrine
{quinolizidine)

(—)-Apparicine
{indole)

Codeine (= 3-0-

Methylmorphine)
{morphinan
isoquinoline)

Coronaridine (= Carbo-
methoxyibogamine)
{indole)

[O-Desmethylibogaine
(= 12-Hydroxy-
ibogamine)] (indole)
[Dihydroakuammine]
{indolomonoterpene)
Dihydrocodeine
{morphinan isoquinoline)
c1s-8,10-Di-N-
Propyllobelidiol
hydrochloride dehydrate
(piperidine)
[(—)-Eseroline]
{indole)

[(+)-Eseroline] (indole)
[Heroin (= Morphine
diacetate]
{morphinan
isoquinoline)

Ibogaine (= 12-
Methoxyibogamine)

{indole)

Sophora spp. (Fabaceae)

Aspidosperma dasycarpon,
Tabernaemontana pachysiphon
(Apocynaceae) [leaf]

Argemone mexicana, Eschscholzia
californicum, Papaver bracteatum,
P. somniferum (opium poppy)
(Papaveraceae) [latex]

Tabernaemontana coronaria,
Tabernanthe iboga (Apocynaceae)

Metabolite of Ibogaine

Semi-synthetic from Akuammine

Semi-synthetic from Codeine &
Neopine

Stphocampylus verticllatus
(Campanulaceae)
antinociceptive]

Metabolite of Physostigmine

Metabolite of Physostigmine
Semi-synthetic from Morphine;

globally 9 million heroin users
out of 180 million illicit drug

users
Tabernanthe thoga (iboga),
Voacanga thouarsii (Apocynaceae);
iboga West African
stimulant & aphrodisiac

against DAMGO on MVD
relaxation]

O-R agonist (kO-R) [anti-
nociceptive]

O-R ligand (agonist) [3]
(A|AD-R) [analeptic, analgesic
{mouse abdominal relaxant),
antiviral]

O-R agonist [analgesic, anti-
tussive, narcotic, spasmolytic]

rO-R [2], 8O-R ligand [8],
kO-R ligand [4] (V-gated
Na* channel) [eytotoxic,
diuretic, oestrogenic]

kO-R ligand (SHT-TR,
NMDA- Glu-R,V-D-TR,
V-MA-TR, 02-R)

pO-R ligand, kO-R ligand

O-R agonist [analgesic,
antitussive, narcotic|

O-R agonist [Naloxone-reversed
opiate analgesic effects]
[analgesic, (piperidine)
antinociceptive]

O-R ligand (opiate agonist &
thence inhibits AC per Gai)
[analgesic, narcotic
(= Morphine), neurotoxic]

O-R ligand (antagonist)

O-R agonist (WO-R, 30-R)
[antinociceptive, narcotic,
opiate agonist]

kO-R ligand (25) [2], pO-R [4],
30-R [>100] (AD-R,
mACh-R, D-R, D-TR,
SHT-TR, NMDA-Glu-R,
V-D-TR, V-MA-TR,

V-gated Na* channel, o)
[anti-addictive, anti-
convulsant, CNS activity,
hallucinogenic|

(continued )
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Table 5.6 (Continued)

Compound Plant (family) | part] Receptor affected
(class) (other targets) | in vivo effects/
Ibogamine Tabernanthe tboga (iboga) O-R ligand — kO-R [3], nO-R
{indole) (Apocynaceae) [>100], 3O-R [>100]
(V-gated Na™ channel, o)
[brachycardiac activity,
cytotoxic, hypotensive]
Laudanosine Papaver somniferum (opium O-R ligand (agonist) —
(= Laudanine methyl poppy) (Papaveraceae) [opium nlO-R 3], p20-R [13],
ether) exudate]; metabolite of synthetic d0O-R [6], k1O-R [21],
{benzylisoquinoline) NM relaxant atracurium besylate k30-R [24] (GABA-R)

(+)-Matrine
(= Lupanindine)
{quinolizidine)
Mitragynine
pseudoindoxyl

{corynantheidine indole
alkaloid)

Morphine (= Morphia)
{morphinan
isoquinoline);
isolated from opium by
EWA. Sertiimer
(Germany); Heinrich
Otto Wieland
(Germany, Nobel Prize,
Chemistry, 1927, bile
acids); Sir Robert
Robinson (UK, Nobel
Prize, 1947, Chemistry,
alkaloids); named after
Morpheus, god of
dreams; China
Opium Wars
(1839-1842, 1856-1860)
& subsequent Tai Ping
rebellion & associated
famine (1850-1864, 20—
100 million deaths)

Euchresta horsfieldin, Goebelia pachycarpa,

Sophora angustifolia, S. spp., Vexibia

pachycarpa (Fabaceae)
Mutragyna speciosa (Rubicaceae)

[leaf]

Argemone mexicana, Eschscholzia

calfornicum, Papaver bracteatum,

P somniferum (opium poppy)
(Papaveraceae) [latex; opium
(laudanum = opium tincture)

users — Hector Berlioz (inspired

Symphonie Fantastique),
Elizabeth Barrett Browning,
Samuel Taylor Coleridge,

(inspired poem Kubla Khan),

reputed agent in attempted

suicide of Napoleon Bonaparte

(12 April 1814) & suicide of
Robert Clive, Helen of Troy,
Sherlock Holmes, Modest
Mussorgsky, Florence

Nightingale, Edgar Allen Poe,

[analgesic, convulsive,
epileptogenic, hypotensive,
tetanic, toxic,
Naloxonazine-antagonized
{(u10O-R) antinociceptive]|
O-R agonist (LO-R, kO-R)

[antinociceptive]

O-R agonist (WO-R, 8O-R)
[GPI relaxation, antagonized
by Naloxone & nO-R
antagonist Naloxonazine; MVD
relaxation antagonized by 8O-R
antagonist Naltrindole;
analgesic, antitussive,
CNS depressant, narcotic|
O-R agonist — pO-R [2nM],
80O-R [1], kO-R [0.1]
[inhibition of Forskolin-
stimulated cAMP production
via pO-R [26nM], 80- R
[3], kO-R [2]; addictive,
analgesic, antitussive, sedative,
spasmolytic, toxic]; Hermann
Goring, WW2 Luftwaffe
C-in-C, morphine addict
(1925); laudanum (opium)
used by Mrs Robinson in
alleged murder of Bertie
Robinson, allegedly
plagiarized & cuckolded
by Sir Arthur Conan Doyle
(The Hound of the

Thomas de Quincey (Confessions Baskervilles), eighteenth-

of an English Opium- eater);

illegal opium industry worth

US$400 billion pa

to nineteenth-century opium
trade by East India
Company, opium from
Bengal to China for tea

(& thence 1769/1770
Bengal Famine, China
Opium Wars, China Tai
Ping rebellion)

(continued )
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Table 5.6 (Continued)

Compound
(class)

Plant (family) | part]

Receptor affected
(other targets) | in vivo e¢ffects/

a-Narcotine
{phthalideisoquinoline);
Sir Robert Robinson

(UK, Nobel Prize, 1947,

Chemistry, alkaloids)
Neopine (= B-Codeine)

{morphinan
isoquinoline)

Noribogaine (= 12-
Hydroxyibogamine)
{indole)

[Oripavine (= Di-O-
Demethylthebaine)]
{morphinan isoquinoline)

Pericine (indole)

Salsolinol
(isoquinoline)

Tabernanthine (= 13-
Methoxyibogamine)
{indole)

Tetrahydropapaveroline
(tetrahydroisoaquinoline)

{(—)-Thebaine
(= Paramorphine)
{morphinan)
[(+)-Thebaine (= isomer
of (—)-Thebaine)]
{morphinan)
Tubotaiwine

(alkaloid)

Phenolic

Catechin 3-0-gallate
(gallotannin)

Davidiin (= 1,5
Hexahydroxydiphenoyl
2,3,4-trigalloylglucose)
(ellagitannin)

7,9":7",9-Diepoxylignan
(lignan phenolic)

B-2,4-Di-O-galloyl-

glucose (gallotannin)

Brassica oleraceae (Brassicaceae),
FPapaver somniferum (opium
poppy) (Papaveraceae) [latex],
Lycopersicon esculentum
(Solanaceae)

Papaver somniferum (opium
poppy), £ bracteatum
(Papaveraceae) [latex]

Metabolite of Ibogaine

Generated via cytochrome P450
after ingestion of Thebaine

Picralima nitida (Apocynaceae)
[cell culture]

Annona reticulata (Annonaceac),
Musa paradisiaca (banana)
(Musaceae) [ banana peel],
T heobroma cacao (cocoa)
(Sterculiaceae) [seed, cocoa]

Conopharyngia
(Tabernaemontana) spp.,
Stemmadenia spp., Tabernanthe
1boga (Apocynaceac)

Metabolite of Dopamine

FPapaver bracteatum, E serpentina,
P somniferum (opium poppy)
(Papaveraceae) [flower]
Semi-synthetic enantiomer of (—)-
Thebaine

Tabernaemontana pachysiphon,
Tabernanthe thoga (Apocynaceae)
[leaf]

Widespread

Quercus sp. (Fagaceae) [bark]

Valeriana officinalis (valerian)
(Valerianaceae) [root]
Croton lechleri (Euphorbiaceae)

O-R agonist [antitussive]

O-R agonist [analgesic,
spasmolytic]

kO-R ligand (4), pnO-R (0.2)
(D-R, D-TR, 5HT-TR,
NMDA-GIlu-R) [anti-addictive,
anticonvulsant, CNS activity,
hallucinogen]

O-R agonist (p, , 8)

O-R agonist

O-R agonist [62] (Dopamine R
antagonist) [Naloxone-blocked
antinociceptive (rat,

i.v. = Enkephalins)

O-R ligand - 80O-R [3],
kO-R [0.2], pO-R (>100)
(CBZ-R, V-gated Na™*
channel, )[CNS activity]

O-R agonist [20] (D-TR)
[Naloxone-blocked
antinociceptive
{1.v. = Enkephalins)

pO-R ligand, 8O-R ligand [1]

[antinociceptive]

pO-R ligand (agonist) [3], 3O-R

ligand [antinociceptive]

O-R ligand [2] (A;AD-R)

5.6p

O-R ligand (<10) (AD1-R,
DI-R, D2-R, 5HT1-R)

O-R ligand (<10) (a2A-R,
BA-R, D2-R, 5SHT2-R)

pO-R (BHTIA-R, GABAA-R,
benzodiazepine R)

O-R ligand (<10) (BA-R, DI-R,
D2-R, 5HT1-R)

(continued )



206 5. Plasma membrane G protein-coupled receptors

Table 5.6 (Continued)

Compound
(class)

Plant (family) | part]

Receptor affected
(other targets) | in vivo effects/

(—)-Epiafzelechin
{flavan-3-ol)

(—)-Epigallocatechin-3-
gallate
{flavan-3-ol, gallotannin)

Geraniin
(ellagitannin)

Hypericin (= Hypericum
red) (bianthraquinone)

Pedunculagin (= 2,3-
Hexahydroxydiphenoyl
4,5-
hexahydroxyldiphenoyl
glucose)

(ellagitannin)

Procyanidin B3
(= Catechin
(40— 8) catechin)
{procyanidin dimer)

Rugosin D

(ellagitannin)

Tellimagrandin I (= 4,5-
Hexahydroxydiphenoyl
2,3-digalloylglucose)
(ellagitannin)

3-1,2,3,4,6-Penta-0-
galloyl-D-glucose
{gallotannin)

B3-1,2,4,6-Tetra-O-
galloyl-D-glucose
(gallotannin)

8-1,2,6-Tri-O-galloyl-D-
glucose
(gallotannin)

Celastrus orbiculatus
(Celastraceae) [aerial], Camellia
stnensis (Theaceae)

Davidsona pruriens
(Davidsoniaceae) [leaf |, Hamamelis
virginiana (Hamamelidaceae)
[bark], Camellia sinensts
(Theaceae)

Acer (Aceraceae), Cercidiphyllum
(Cercidiphyllaceae), Coriaria
(Coriariaceae), Geranium,
Erythroxylum (Erythroxylaceae),
Euphorbia, Mallotus
(Euphorbiaceae), Fuchsia
(Onagraceae) spp.

Hypericum perforatum (St John’s
wort), H. spp. (Hypericaceae)

Casuarina stricta (Casuarinaceae),
Quercus sp. (Fagacaeae), Potentilla
sp-, Rubus spp. (Rosaceac),
Stachyurus praecox
(Stachyuraceae), Camellia japonica
(Theaceae)

Croton lechleri (Euphorbiaceae)

Filipendula ulmaria, Rosa rugosa
[petal] (Rosaceae)

Casuarina (Casuarinaceae),
Quercus (Fagacaeae), Syzygium,
Feyoa, Psidium, Eucalyptus
(Myrtaceae), Fuchsia (Onagraceae),
Geum, Rosa, Tellima (Rosaceae),
Stachyurus (Stachyuraceae),
Camellia (Theaceae) spp.

Quercus spp. (Fagaceae) [bark],
Gerantum thunbergiy
(Geraniaceae), Paeonia lactiflora
(Paconiaceae)

Quercus spp. (Fagaceae) [bark]

Phyllanthus emblica
(Euphorbiaceae), Quercus spp.
(Fagaceae) [bark]

O-R ligand (>10) (ATP K" CH,
alA-R, @2A-R, BA-R, COX-1,
D2-R, SHTI1A-R) [AI with
Carrageenin-induced
paw oedema]

O-R ligand (~10) (BA-R, D1-R,
D2-R, PKC) [AI blocks
COX-2 & iNOS induction]

O-R ligand (>10) (0 1A-R,
a2A-R, D1-R, 5HT1-R)
[inhibits Epinephrine-induced
adipocyte lipolysis, increases
ACTH-induced adipocyte
lipolysis]

o O-R ligand (antagonist ?)
[antidepressant, anti-retroviral,
photosensitising, ovine
photogenic hypericism]|

O-R ligand (~10) («2A-R,
BA-R, DI-R, GPT, SU-R)
[inhibits Epinephrine-induced
adipocyte lipolysis]

O-R ligand (>10) (0 1A-R,
BA-R, D1-R, D2-R, 5SHT1-R)

O-R ligand (>10) («2A-R,
BA-R, DI-R, HI-R)
[antitumour]

O-R ligand (~10) (a1A-R,
a2A-R, D2-R, SU-R)
[inhibits Epinephrine-induced
adipocyte lipolysis]

O-R ligand (<10) (a2A-R,
DI-R, D2-R, SU-R)

O-R ligand (~10) (a2A-R,
BA-R, D2-R, SU-R)

O-R ligand (~10) (a2A-R,
BA-R, DI-R, SHT2-R, RT)

(continued )
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Table 5.6 (Continued)

Compound
(class)

Plant (family) | part]

Receptor affected
(other targets) | in vivo e¢ffects/

B-1,3,6-Tri-O-galloyl-
D-glucose (gallotannin)

Terpene
Ginsenoside R{c)
{triterpene saponin)

24-Methylene-
cycloartenol
{phytosterol triterpene)
4ac,7a,7a0-
Nepetalactone
(iridoid monoterpene
lactone)

Pholidotin
{triterpene)

a-Santolol
(sesquiterpene)

Other
a-Gliadin (43-49)
{peptide)

GYPMYPLPR
(= Oryzatensin)
(peptide)
GYYP (= Gluten
exorphin A4) (peptide)
GYYPT (= Gluten
exorphin AJ) (peptide)
GYYPTS (peptide)

Lipopolysaccharide, of
wheat (= LPSw)
(lipopolysaccharide)

SYYP (peptide)

YGGW (= Gluten
exorphin B4)

(peptide)

YGGFL
(= [Leu]enkephalin)
(peptide)

YGGWL (= Gluten
exorphin B5)

(peptide)

Quercus spp. (Fagaceae) [bark]

Panax ginseng (ginseng), Panax
spp. (Araliaceae) [root]

Oenothera biennis (Onagraceac),
Epidendrum mosenii (Orchidaceae);
Cycloartenol widespread

Mentha pulegium, Nepeta caesarea,

N. cataria (catnip) (Lamiaceac)

[leaf oil]

Epidendrum mosenit (Orchidaceae)

Santalum album (Santalaceae)
[wood oil]

Triticum aestivum (wheat)
(Poaceae) [seed, flour gluten
fraction]

Oryza sativa (rice) (Poaceae) [seed]

Triticum aestivum (wheat)
(Poaceae) [seed, flour]
Triticum aestivum (wheat)
(Poaceae) [seed, flour]
Triticum aestivum (wheat)
(Poaceae) [seed, flour]
Triticum aestivum (wheat)
(Poaceae) [seed, flour]

Triticum aestivum (wheat)
(Poaceae) [seed, flour]
Triticum aestivum (wheat)
(Poaceae) [seed, flour]

Triticum aestivum (wheat)

(Poaceae) [seed, flour]

Triticum aestivum (wheat)
(Poaceae) [seed, flour]

O-R ligand (<10) (BA-R, D2-R)

5.6t

O-R ligand (antagonist?) [tonic,
blocks B-Endorphin-induced
antinociception]

[Naloxone-reversed
antinociceptive
{formalin-induced pain)]

O-R (agonist) [analgesic (mouse
tail flick, antagonized by
antagonist Naloxone); isomer
mixture repels insects & excites
Felidae (cats)|

[Inhibits acetic acid-induced
pain]

80-R antagonist (D2-R,
5HT2A-R) [antipsychotic,
perfume constituent]

5.60

O-R ligand (peripheral
lymphocyte, Naloxone &
Enkephalin inhibit binding)
[0.02]

O-R antagonist (WO-R) [37]
[opioid (ileum contraction,
muscarinic cholinergic) (at 0.5)]

O-R agonist (80-R) (4) [opioid
(d0O-R, MVD) (70)]

O-R agonist (rat O-Rd) (2)
[opioid (8O-R, MVD) (60)]

O-R agonist (O-R3) (50) [opioid
(d0O-R, MVD) (72)]

Induces B-Endorphin [analgesic
(at 10ng/mouse); O-R antago-
nist Naloxone blocks effect]

O-R agonist (O-Rd) (6) [opioid
(80-R, MVD) (200)]

O-R agonist (nO-R) (0.2)
(d0-R) (0.2) [opioid (WO-R,
GPI) (2), (8O-R, MVD) (3)]

O-R agonist (WO-R) (40nM)
{rat 80O-R) (3nM) [opioid
(WO-R, GPI) (40 nM), (8O-R,
MVDj (4 nM)]

O-R agonist (WO-R) (0.05)
(d0-R) (5 nM) [opioid (WO-R,
GPI) (50 nM), (§O-R, MVD)
(20 nM)]

(continued)
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Table 5.6 (Continued)

Compound Plant (family) | part] Receptor affected
(class) (other targets) | in vivo effects/
Non-plant reference 5.6n
[Dihydrocodeine Semi-synthetic from Codeine O-R agonist [analgesic,
(=Paracodin)] antitussive, narcotic|;
{morphinan Hermann Géring,
isoquinoline) euphoric WW2 Luftwaffe
C-in-C, on Dihydrocodeine
(1937-1945)
[ Dihydroetorphine| Semi-synthetic from Morphine O-R agonist — . [0.5nM], &

{morphinan isoquinoline)

[Dynorphin A]
(peptide)

[Endomorphin-1
(=YPWF)] (peptide)

[Endomorphin-2
(=YPWFEFT)] (peptide)

[B-Endorphin (=
YGGFMTSFKSQTPLV
TLFKNAIIKNAYKKGE})]
{oligopeptide)

[Met-Enkephalin
(= YGGFFM)]
(hexapeptide)

[Leu-Enkephalin (=
YGGFL)] (hexapeptide)

[Etorphine]

{morphinan
isoquinoline)

[Methadone (= 6-
Dimethylamino-4,4-
diphenyl-3-heptanone)]
{arvl tertiary amine)

[Naloxonazine]
{morphinan isoquinoline)

[Naloxone]
{morphinan isoquinoline)

[Naltrexone]
{morphinan isoquinoline)

Endogenous animal opiate

Endogenous animal opiate

Endogenous animal opiate

Endogenous animal opiate

Endogenous animal opiate

Endogenous animal opiate

Semi-synthetic from Morphine

Synthetic

Synthetic (cf. Morphine)

Synthetic (cf. Morphine)

Synthetic (cf. Morphine)

[2 nM], k [0.6nM] [inhibition
of Forskolin-stimulated cAMP
production via p O-R
[0.04nM], 8O-R [0.9nM],
kO-R [4nM]; analgesic,
antinociceptive]

kO-R agonist [analgesic,
endogenous anti-convulsant|

pO-R agonist [analgesic,
antinociceptive, endothelial
NO release-mediated
vasodilatory]

pO-R agonist [analgesic,
antinociceptive, endothelial
NO release-mediated
vasodilatory]

O-R agonist [analgesic, narcotic|

O-R agonist [analgesic, narcotic]

O-R agonist [analgesic, narcotic|

O-R agonist — u [~1nM],
& [~1nM], k [~1nM]
[analgesic, antinociceptive]
O-R agonist NMDA-Glu-R)

[analgesic, narcotic]

pO-R antagonist [inhibits opiate
antinociceptive & SM
relaxation effects]

Non-selective O-R antagonist
{(m, K, 8) [InM] [anorectic i.e.
inhibits food & water intake (k);
administered for Heroin
overdose]

O-R antagonist (u >k, 8)

(continued )
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Table 5.6 (Continued)

Compound Plant (family) | part] Receptor affected
(class) (other targets) | in vivo e¢ffects/
[Naltrindole] Synthetic {cf. Morphine) 80-R antagonist [0.1-0.3nM],

{morphinan isoquinoline)

[Nociceptin] (peptide)

Endogenous animal opiate

nO-R, kO-R & ¢O-R

antagonist [0.1-0.3] (8> p, k)

[inhibits opiate antinociceptive

& SM relaxation effects]
ORLI-R agonist

Table 5.7 Leucocyte- and inflammation-related G protein-coupled receptors

Compound (class)

Plant (famaly) | part]

Receptor interaction
(other targets) | in vivo effects/

ADP receptor (ADP-R)

ADP (= Adenosine-5'-
diphosphate) (purine
nucleotide, alkaloid)

ATP (= Adenosine-5'-
triphosphate) (purine
nucleotide, alkaloid)

Ellagitannins
(hydrolysable tannins)

[5'-p-Fluorosulphonyl-
benzoyladenosine
(= FSBA)] (nucleoside)

Rugosin E
{ellagitannin phenolic)

Bradykinin receptor
(BK-R)

Abruquinone A
(isoflavanquinone)

[Anchinopeptolides A, B, C & D;
Cycloanchinopeptolide C]
(peptide alkaloids)

[Bradykinin]
(9aa, [ kDa protein)

1,7-Dihydroxy-2,3-
dimethoxyxanthone
{(xanthone)
Norathiol
{(xanthone)

Universal

Universal

Widespread e.g. Rugosin E

Synthetic

Rosa rugosa (Rosaceae)

Abrus precatorius (Fabaceae)

Anchinoe tenacior
(Mediterranean sponge)

Animals; ex leucocytes

Polygala cyparissias
(Polygalaceae)

Tripterospermum lanceolatum
{(Gentianaceae)

5.7A

ADP-R (P2Y1-R, P2Y12-R,
P2Y13-R) agonist
[induces PA & Ca>*
elevation]

ADP-R antagonist [blocks
ADP-induced PA & Ca’*
elevation]

ADP-R agonists (PA)

Alkylates platelet ADP-R
aggregin (ATP- & ADP-
like alkylating agent)

ADP-R agonist (2) [PA
(antagonized by ATP)]

5.7B

[Inhibits BK-induced
plasma extravasation; Al]

B2-BK-R ligands (NPY-R,
SOM-R)

BK-R agonist [ T capillary
permeability, nociceptive-
pain receptor, NO
synthesis; induces SM
contraction, inflammation,
mast cell Histamine
release]

[Inhibits BK-induced
tracheal contraction (9)]

[Inhibits SP-induced

inflammation]

(continued)
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Table 5.7 (Continued)

Compound (class)

Plant (family) | part|

Receptor interaction
(other targets) | in vivo effects/

Chemokine receptor
(CHK-R)

Baicalein (= 5,6,7-
Trihydroxyflavone)
{flavone)

[Caffeic acid phenethyl ester]
{phenolic)

Capsianoside G
(diterpene glycoside)

Curcumin (= Diferuloylmethane;

Turmeric yellow)

{(phenylpropanoid)

Ferulic acid

{phenolic acid)

Genistein (= Genisteol; Prunetol;

Sophoricol; 4',5,7-
Trihydroxyisoflavone)
(isoflavone)

Ginsenan S-ITA
{acidic polysaccharide)
[IL-1 (= Interleukin-1)]
(12-18kDa protein)

[IL-8 (= Interleukin-8)]
{protein)

Scutellaria spp. (Lamiaceae)
[root, leaf'], Plantago major
(Plantaginaceae); glycosides in
Oroxylum mdicum
(Bignonaceae) [leaf |,

S. galericulata (Lamiaceae)

Honeybee propolis [derived
from plant nectar]

Capsicum annuum (sweet
pepper, paprika) (Solanaceae)

Curcuma longa (turmeric),
C. aromatica, C. xanthorrhiza,
C. zedoana, Zingiber officinale
(Zingiberaceae) [root]

Widespread; Ferula assafoetida

Apiaceae), Cimifuga

Ranunculaceae), Oplopanax

Araliaceae), Beta
(Chenopodiaceae), Oryza,
Phleum (Poaceac), Ajuga, Salvia
(Lamiaceae), Periploca
(Periplocaceae), Pinus, Tsuga
(Pinaceae) spp.

Prunus spp. (Rosaceae) [wood],
Genista spp. (broom), Phaseolus
lunatus, Trifolium
brachycalcinum,

1. subterraneum, 1. spp. (clover)
(Fabaceae); glycosides

Panax ginseng (ginseng)

(Araliaceae) [root]
Animal cytokine

Animal chemokine

5.7C

Binds IL-8 & other CKs ({
CHK-R binding; (—)-HIV-1-
CHK-R binding [blocks
(CHK-R + CD4)-dependent
HIV-1 entry] (BZ-R,
glyoxalase I, 12-LOX)
[antiallergic, anti-HIV-1,

Al diuretic]

[(—)-NFkB activation —
1L-8 & MCP-1 expression;
anticarcinogenic, Al,
antimitogenic,
immunomodulatory]

Causes CD4 & CXCR4
(CHK-R) colocalization &
capping — T HIV-1 dual
attachment & infection

(PK, RTK) [(—)-IKK — (—)-
NF«B activation — 4 IL-8
& MCP-1 expression; Al,
anti-oxidant, hypoglycaemic,
cytotoxic]

[Inhibits viral-induced IL-8
expression; antibacterial,
antifungal, antihepatoxic,
antioestrogenic, antimitotic,
antitumour, PAI]

(AD-R, GABAA-R, HISK,
lipase, PK, RTK,
peroxidase, TOPII) [(—)-
RTK — (—)-NF«B
activation — | IL-8 &
MCP-1 expression;
antifungal, oestrogenic]

[Induces monocyte IL-8
expression|

[Infection e.g. Helicobacter
pylori — TIL-1 — T IL-8
expression — €.g.
inflammation, ulceration]

CXCR1 (CHK-R) agonist
[pro-1, granule exocytosis
from neutrophils, basophils
& eosinophils, leucocyte
attraction|

(continued )
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Compound (class)

Plant (famaly) | part]

Receptor interaction
(other targets) | in vivo effects/

Isoferulic acid
{phenylpropanoid phenolic
acid)

Isohelenine (= Isoalantolactone)
{eudesmanolide sesquiterpene
lactone)

Parthenolide
(sesquiterpene lactone)

[Peptidoglycan)]
(peptidoglycan)

Pheophorbide a
{pyrrole)

Reynosin
(sesquiterpene lactone)

Sanguiin H-11

(tannin)

Shikonin (= 1’ R-Alkannin)
{naphthoquinone)

[TNF-a (= Tumour Necrosis
Factor-at)] (protein)

[vCCI (= Viral Chemokine
Inhibitor)] (protein)

Collagen R (COLL-R)
(cf. 8.3B)

Avicine pseudocyanide
{isoquinoline)

Frangulin B
{anthraquinone)

Helianthus annuus (Asteraceace),
Catalpa ovata (Bignoniaceae),
Aracthis hypogaea (Fabaceae),
Triticum aestivum (Poaceae),
Cimictfuga racemosa, C. spp.
(Ranunculaceae) [rhizome],
Tamarix aphylla (Tamaricaceae)
[leaf]

Inula helentum [oil of
elecampane], 1. spp., Liatris
eylindrica, Telekia speciosa
(Asteraceae)

Ambrosia spp., Arctotis spp.,
Chrysanthemum parthenium,
Tanacetum vulgare (tansy),
(Asteraceae), Michelia
champaca, M. lanuginosa
(Magnoliaceae)

Bacterial

Psychotria acuminata
(Rubiaceae)

Ambrosia confertiflora,
Chrysanthemum parthenium,
Saussurea lappa [root;
aphrodisiac|, Tanacetum
vulgare (tansy) (Asteraceae),
Laurus nobilis (Lauraceae),
Magnolia grandiflora
(Magnoliaceae)

Sanguisorba officinalis
(Rosaceac)

Echium lycopsis, Lithospermum
erythrorfizon, Onosma
caucasicum (Boraginaceae)

Animals; leucocyte cytokine

Pox virus

Lanthoxylum integrifolium
(Rutaceae)

Frangula alnus, Rhamnus
Jformosana (Rhamnaceae)

[(—)-viral-induced IL-8
expression; Al]

[(—)-IkBa degradation —
(—)-NFxB activation
— L TNF-a-induced IL-8
expression; Al,
antibacterial, antifungal,
anthelmintic, antifeedant,
vermifuge]

[(—)-IxBa degradation —
(—)}-NFkB activation —
1L-8 & MCP-1 expression;
antibacterial, antifungal,
antimigraine, antitumour,
cytotoxic]

[TLR2 agonist — @ NF«B
- TIL-8 expression|

[Light-dependent
inactivation of 1L-8 CHK-R]

[(—)-LPS-induced CINC-1

expression (1)]

[(—)-CINC-1(GRO-like
CHK)-dependent
neutrophil chemotaxis]
CCR1 (CHK-R) antagonist
versus RANTES (3),
MIP-1e (3)
[TNF-a-R agonist — @
NFkB — T1L-8 expression]
CCR2 (CHK-R)
competitive antagonist versus

MCP-1 (BCK)
5.7D

COLL-R antagonist [blocks
IPy-mediated T Ca?* |

COLL-R antagonist [blocks
IP;-mediated T Ca?* ]

(continued)
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Table 5.7 (Continued)

Compound (class) Plant (family) | part| Receptor interaction
(other targets) | in vivo effects/
[Trimucytin] Trimeresurus mucrosquamatus COLL-R (glycoprotein

{collagen-like protein]
Histamine R (HIS-R)
Alkaloid

Casimiroedine
(imidazole, N-glycoside)

NA-Dimethylhistamine
(imidazole)

16-Epimethuenine
{acylindole)

Histamine (= 5-Imidazole-
ethylamine; 2-(Imidazol-4-yl)
ethylamine)

(imidazole); discovered by
Adolph Windaus {Germany,
Nobel Prize, Chemistry,
1928, sterols & Vitamin D});
histamine & allergy -

Sir Henry Dale (UK,

Nobel Prize, Medicine, 1936,

(snake) venom

Casumiroa edulis (Rutaceae)
[seed]

Casumiroa edulis (Rutaceae)
[seed]

Prerotaberna imconspicua
{Apocynaceae)

Opuntia ficus-indica
(Cactaceae), Spinacia oleracea
{Chenopodiaceae), Drosera spp.
(Droseraceae), Senna obtusifolia
(Fabaceac), Musa saprentum
(banana) (Musaceae), Nepenthes
spp. (Nepenthaceae), Sarracenia
sp. (Sarraceniaceae), Urtica
dioica (Urticaceae); animals;
decarboxylation product of

chemical neurotransmission} Histidine

Methuenine (acylindole)

N-Methylhistamine
(imidazole)

Phenolic

Geraniin (ellagitannin)

a-Mangostin
(prenylated xanthone)

Procyanidin B4 (= Catechin
(40— 8) epicatechin
{procyanidin dimer})

Rugosin D

(ellagitannin)

Al-Tetrahydro-cannabinol
(= Dronabinol; A*-
Tetrahydrocannabinol; (—)-A'-3,
4- trans- Tetrahydrocannabinol
(dibenzopyranol)

Prerotaberna imconspicua
(Apocynaceae)

Casumiroa edulis (Rutaceae)

[seed]

Acer (Aceraceae),
Cercidiphyllum
(Cercidiphyllaceae), Coriaria
(Coriariaceae) [leaf |, Geranium,
Erythroxylum (Erythroxylaceae),
Euphorbia, Mallotus japonicus
(Euphorbiaceae), Fuchsia
{Onagraceac) spp.

Garcinia mangostana
(Guttiferae) [fruit peel, resin]

Croton lechler: (Euphorbiaceae),
Rubus idaeus (Rosaceae)

Filipendula ulmaria, Rosa
rugosa [ petal] (Rosaceae)

Cannabis sativa (marijuana)
(Cannabaceae) [cannabis
resin, marijuana leaf’]

Ia/1la) agonist

5.7E

5.7Ea

HIS-R (H3) agonist
[hypotensive]

HIS-R (H1) agonist
[hypotensive]

HIS-R antagonist [inhibits
HIS-induced guinea pig
ileum contraction (0.3)]

HIS-R agonist
[bronchoconstrictant,
inflammatory, irritant,
vasodilator, promotes
gastric pepsin secretion|

HIS-R antagonist [inhibits
H-induced guinea pig ileum
contraction (7)]

HIS-R (H1) agonist
[hypotensive]

5.7Ep

H1 HIS-R ligand (>10)
(alA-R, «2A-R, DI-R,
5HTI1-R, O-R)[inhibits
Epinephrine-induced
adipocyte lipolysis,
increases ACTH-induced
adipocyte lipolysis|

HIS-R (Ca®* ATPase, cAMP
PDE, EST-R, HIV-1 PR, PK)
[antibacterial, Al, anti-ulcer]

HI1 HIS-R ligand (~10) («1A-R,
a2A-R, B-A R, D2-R,
5HT1-R) [anti-ulcerative]

H1 HIS-R ligand (>10)
(@2A-R, BA-R, DI-R, O-R)
[antitumour]

H1 HIS-R (CBI) [A]
antiemetic, hallucinogenic,
psychotropic]

(continued )



5. Plasma membrane G protein-coupled receptors 213

Table 5.7 (Continued)

Compound (class) Plant (famaly) | part] Receptor interaction
(other targets) | in vivo effects/
Terpene 5.7Et

Aescin (= Escin)
{triterpene saponin)

Ginsenoside Rg3
{triterpene saponin)
e-Phytol
{acyclic diterpene)

Non-plant reference
[Cimetidine]

(imidazolyl guanidinyl thioether)

[Pyrilamine (= Mepyramine; N-p-
Methoxybenzyl-A”, N'-dimethyl-
N-ci-pyridylethylenediamine)]
(benzyl pyridyl tertiary amine)

[(R)-a-Methylhistamine]

{methyl histamine)

Neurotensin receptor
(NEUT-R)
Cyclopsychotride A

(31aa; 3kDa; 6 Cys; S—S knotted

cyclotide cyclic peptide)
Ginsenoside Rg3
(tritepene glycoside saponin)

Solanum PCI (= Potato
Carboxypeptidase Inhibitor)
(4kDa protein)

[Neurotensin|
(13aa, ~1kDa protein)

[SR 48692]
{non-peptide)

Panax quinquefolius
(Araliaceac), desculus
fuppocastanum
(horse chestnut)
(Hippocastanaceae)

Panax ginseng [ginseng root]
(Araliaceae)

All plants; part of chlorophyll
[leat]; Ocumum suave
(Lamiaceae), Linum
usttatissumum (Linaceae), Fucus
vestculosus (kelp), Jasmimum
officinale (Oleaceae), Elettaria
cardamomum (Zingiberaceac)

Synthetic; Sir James Black
(UK, Nobel Prize,
Medicine, 1988,
B-blocker & anti-
histamine drug
development)

Synthetic

Synthetic

Psychotria longipes (Rubiaceae)
Panax ginseng (ginseng)
(Araliaceae) [root]

Solanum tuberosum (potato)
{Solanaceae) [tuber]

Animals; brain & gut

Synthetic

HIS-R antagonist (SHT-R)
[for oedema, chronic
venous insufficiency &
haemorrhoids]

HIS-R antagonist (at 100)
(mACh-R) [antitumour]

H1 HIS-R antagonist [Al,
inhibits histamine-induced
paw oedema]

5.7En
H2 HIS-R antagonist
[antihistamine]

H1 HIS-R antagonist [2nM]
[antihistamine]

H3 HIS-R agonist

5.7F

NEUT-R antagonist (3)
Ca’* permeability
P }

[ Neurotensin-induced
adrenal chromatffin cell
catecholamine secretion]

NEUT-R antagonist (CPA)
[inhibits mast cell
Histamine release]

NEUT-R agonist (, cAMP
(0.5nM), T cGMP (1nM)
[anorexigenic, autocrine
growth factor for small cell lung
cancer cells (SCLC cells), CNS
NT, duodenum relaxation,
ileum & uterine contraction,
mast cell Histamine release,

{ gastric emptying]

NEUT-R antagonist (15nMj

(mast cell CPA) [inhibits

mast cell Histamine release]

(continued )
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Table 5.7 (Continued)

Compound (class)

Plant (family) | part|

Receptor interaction
(other targets) | in vivo effects/

Platelet-activating factor
receptor (PAF-R)

Alkaloid

Dauricine

(bisbenzylisoquinoline alkaloid)

Ochotensimine
(isoquinoline)

Tetrandine
{(bisbenzylisoquinoline)

Phenolic
Aglafoline
(benzofuran)
[trans-2,5-Bis (3,4,5-
Trimethoxyphenyl)
tetrahydrofuran]
(tetrahydrofuran lignan)
Denudatin B
(lignan)

3',4'-Diisovalerylkhellactone
diester (coumarin)

Di-O-methyltetrahydro-
furoguaiacin B
(tetrahydrofuran lignan)

Galbelgin
(tetrahydrofuran lignan)

Galgravin
(tetrahydrofuran lignan)

Hancinone C (neolignan)
Kadsurenin B (neolignan)
Kadsurenin C (neolignan)
Kadsurenin K (bicyclo(3,2,1)
octanoid neolignan)
Kadsurenin L (bicyclo(3,2,1)
octanoid neolignan)
Kadsurenone (lignan)

Kadsurin A (lignan)

Kadsurin B (lignan)

Menispermum canadense, M.
dauricum (Menispermaceace)

Corydalis ochotensis, C. spp.
(Apiaceae)

Cissampelos parerra, Cyclea
peltata, Stephama discolor, S.
tetranda (Menispermaceae)

Aglaia basyphylla, A. elliptifolia
(Meliaceae)

Synthetic (related synthetic
lignans also variously active)

Magnolia denudata, M. fargesii
{Magnoliaceae) [flower bud],
Piper hancer, P wallichii
(Piperaceac)

Peucedanum japonicum
{Apiaceac)

1llictum floridanum (Illiaceae)
[fruit, leaf]

Piper futukadsura (Piperaceae)
[stem = haifengteng]

Nectrandra rigida (Lauraceace),
Prper futukadsura, P wallichii
(Piperaceae) [stem =
haifengteng]

Piper wallichii (Piperaceae)

Piper kadsura (Piperaceae)

Piper kadsura (Piperaceae)

Piper kadsura (Piperaceac)

Piper kadsura (Piperaceae)

Piper futukadsura, B hancer,
P wallichii (Piperaceae)
[stem = haifengteng]

Piper cubeb, P, futukadsura
(Piperaceae) [stem], Radsura
longipedunculata (Schizandraceae)

Piper futukadsura (Piperaceae)
[stem = haifengteng], Kadsura
longipedunculata
(Schizandraceac)

5.7G

5.7Ga

PAF-R ligand [AI, anaesthetic,
weak curare-like]

PAF-R antagonist

PAF-R ligand [AI,

analgesic, antipyretic]

5.7Gp

PAF-R antagonist (18}
[PAI (PAF-induced) (50)]

PAF-R antagonist (20nM)

PAF-R antagonist [PAI -
PAF-induced (28)]

PAF-R antagonist (4) [PAI —
PAF-induced (56),
collagen-induced (89)]

PAF-R antagonist [AI]

PAF-R antagonist (5) [AI]

PAF-R antagonist (1) [AI]

PAF-R antagonist [AI]
PAF-R antagonist
PAF-R antagonist
PAF-R antagonist

PAF-R antagonist
PAF-R antagonist [39nM,;
58nM] [PAI — PAF-

induced (18); AT]
PAF-R antagonist

PAF-R antagonist

(continued )
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Compound (class)

Plant (famaly) | part]

Receptor interaction
(other targets) | in vivo effects/

Piperbetol (neolignan)

(—)-Piperenone (neolignany)
Piperol A (neolignan)

Piperol B (neolignan)
PJ-1 (khellactone)
Sanguiin H-11 {polyphenol)

Saucerneol
(tetrahydrofuran lignan)

[AS-Tetrahydrocannabinol-
7-oic acid] (phenolic)

Wallichinine {neolignan)
(+)-Veraguensin
(tetrahydrofuran lignan)

Yangambin
(lignan)

Terpene
14-Acetoxy-7(3-(3'-
ethylcrotonoyloxy)-

notonipetranone {= [.-652,469;

Tussilagone) (terpene)
Bakkenolide G

(sesquiterpene lactone)
Ginkgolide A

{(ginkgolide diterpene)
Ginkgolide B (= BN52021)

{ginkgolide diterpene)

BN52023
{(ginkgolide diterpene)
a-Cedrol (= Cedar camphor;
Cedrol; Cypress camphor)
(sesquiterpene)

Pyper betle (Piperaceac)

Pyper cubeb (Piperaceac)
Piper betle (Piperaceac)

Piper betle (Piperaceac)

Peucedanum japonica
{Apiaceac)

Sanguisorba officinalis
(Rosaceae)

Pyper sp. (Piperaceac)

Major metabolite in humans
of A%-Tetrahydrocannabinol

Puper wallichit (Piperaceae)

Lllictum floridanum (Illiaceae)
[fruit, leaf ], Piper futukadsura
(Piperaceae) [stem =
haifengteng]

Artemusia absynthium
(Asteraceae) [root], Ocotea
duckei (Lauraceae), Virola
elongata (Myristicaceae) [toxic
& hallucinogenic bark resin]

Tusstlago farfara (coltsfoot)
(Asteraceae) [bud]

Petasites formosanus (butterbur)
(Asteraceac)

Ginkgo biloba (maidenhair tree)
(Ginkgoaceae) [root bark, leaf |

Ginkgo biloba (maidenhair tree)
{(Ginkgoaceae) [root bark,
leaf ]

Ginkgo biloba (maidenhair tree)

(Ginkgoaceae) [root bark, leaf |

Buota orientalis [leat],
Cupressus sempervirens,
Juniperus virginiana, J. spp.
(Cupressaceae), Saturgja odora
(Lamiaceae)

PAF-R antagonist (9) [PAI
— PAF-induced (18)]
PAF-R antagonist
PAF-R antagonist (88)
[PAI — PAF-induced (114)]
PAF-R antagonist (6) [PAI —
PAF-induced (12)]
PAF-R antagonist

Blocks PAF-dependent
neutrophil chemotaxis
PAF-R antagonist (5) [AI]

PAF-R antagonist (COX,
LOX) [antinociceptive
(probably responsible for
activity of parent A%
Tetrahydrocannabinol)]

PAF-R antagonist [AT]

PAF-R antagonist (1) [AI]

PAF-R antagonist (at 0.1—
10} [inhibits PAF-induced
SM contraction & vascular
permeability; protective
against endotoxic/septic

shock]

5.7Gt

PAF-R antagonist [5]
(L-Ca?* CH) [AL PAI, blocks
PAF- & Carageenan-
induced oedema]

PAF-R antagonist (3) [PAI -
PAF-induced (6)]

PAF-R antagonist [Al,
antifeedant, bitter, PAT]

PAF-R antagonist (2) [PAL
— PAF-induced (5; 12); AL,
anti-asthmatic,
bronchodilator]

PAF-R antagonist [PAI]

PAF-R ligand (13)
[perfume]

(continued )
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Table 5.7 (Continued)

Compound (class) Plant (family) | part| Receptor interaction
(other targets) | in vivo effects/
Ginkgolide A Ginkgo biloba (maidenhair tree)  PAF-R antagonist [Al
(diterpene) {(Ginkgoaceae) antifeedant, antiasthmatic,
bitter, bronchodilatory]
Methylpiperbetol Priper betle (Piperaceae) PAF-R antagonist (5) [PAI -
PAF-induced (11)]
Pinusolide Buota orientalis [leaf ] PAF-R ligand (0.3) [PAI -

(labdane diterpene lactone)

Other

1,2-Di-0-palmitoyl-3- O-(6-sulpho-
a-D-quinovopyranosyl)-glycerol

{(sulphonoglycolipid)

Non-plant reference
[trans-2,5-Bis (3,4,5-
trimethoxyphenyl)

tetrahydrofuran] (tetrahydrofuran

lignan)
[CIS-19]

{aryl naphthylamine)

[all cis-3,4-Dimethyl-2,5-b1s (3,4-

dimethoxyphenyl)

tetrahydrofuran] (tetrahydrofuran

lignan)

[PAF (= 1-0-Alkyl-2-acetyl-sn-
glyceryl-3-phosphorocholine)]

{phospholipid)
[Phomactin]
{tricyclic furanochroman)

Prostaglandin receptors
(PG-Rs)

Other

9-Hydroxy-10-trans, 12-¢is-
octadecadienoic acid

(= 9-HODE) (unsaturated FA)

Non-plant reference

(Cupressaceae)

Polypodium decumanum
{calaguala) (fern)

Synthetic — cf. Veraguensin

Semi-synthetic from
Fagaronine from Fagara
zanthoxyloides (Rutaceae)

Synthetic — cf. Veraguensin

Animals — endogenous ligand

Phoma sp. (marine fungus)

Glechoma hederacea (ground
ivy) (Lamiaceae)

PFA-induced (5)]

5.7Go

PAF-R antagonist (2)
[inhibits PAF-induced
neutrophil exocytosis;
calaguala anti-psoriatic|

5.7Gn
PAF-R antagonist (20nM)
[AI]

PAF-R antagonist (2; 10)

PAF-R antagonist (0.2)
[Al]

PAF-R agonist [6nM]

PAF-R antagonist

5.7H

5.7Ho

PGE, PG-R (platelet)
(competes with PGE;) [22];
PGD, -R {competes with
PGD,) [12]; PGE;-R &
PGD,-R (platelet) (partial
agonist) (10-20)

5.7Hn

[Prostaglandins (e.g. PGE, PGE,,
PGD, & PGDy)]
(FA derivatives)

Animals; Bengt Samuelsson PG-R agonists
(Sweden), Sune Bergstrom
(Sweden) & Sir John Vane
(UK) (Nobel Prize,
Medicine, 1982, PGs)
Sphingosine-1-phosphate 5.71
(= S1P) receptor (S1P-R)
Sphinganine 1-phosphate (=
Dihydrosphingosine
1-phosphate) (sphingolipid)

Universal S1P-R EDG-1 agonist

[chemotaxis|

(continued )
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Table 5.7 (Continued)

Compound (class)

Plant (famaly) | part]

Receptor interaction
(other targets) | in vivo effects/

Sphingosine (= 1,3-Dihydroxy-2-
amino-4-octadecene; 4-
Sphingenine) (sphingolipid)

Sphingosine-1-phosphate (= S1P)
{(sphingolipid)

Thrombin protease activated

receptors (PARs)

Baicalein (= 5,6,7-
Trihydroxyflavone)
(flavone)

Glycine BBI-1
(8kDa protein; 14 Cys)
Glycine Kunitz PI STT
(21kDa protein)

Thromboxane A2 receptor
(TXA2-R)

Cinnamophilin (= (8R, 8'S)-
4,4’-Dihydroxy-3,3'-dimethoxy-
7-0x0-8,8"-neolignan) (lignan)

[Thromboxane A2]

{oxidized unsaturated fatty acid)

Universal; precursor of
Sphingosine-1-phosphate

(= S1P)

Universal; likely signaller in
plants & fungi as well as

animals

Scutellaria baicalensts, S. spp.
(Lamiaceae) [root, leaf ],

Plantago major

(Plantaginaceae); glycosides in
S. galericulata (Lamiaceae),

Oroxylum mdicum

(Bignonaceae) [leaf |
Glycine max (soya bean)

(Fabaceac) [seed]

)
Glycine max (soya bean)
)

(Fabaceae) [seed]

Cinnamomum philippinense

(Lauraceae)

Animals; inflammation

mediator

Phosphorylated by sphingosine
kinase — Sphingosine-1-
phosphate (= S1P)

S1P-R EDG-1 agonist
(SPH-R) [chemotaxis]

5.7]

[Inhibits t-PA & PAI-1
induction by PAR agonist
peptide (7)] (12-LOX,
BZ-R, CK-R, glyoxalase I}
[A]

[Inhibits thrombin PAR
activation] (CHY, TRY)
[Inhibits thrombin PAR
activation] (TRY)
5.7K

TXA2-R (0.5) ( V-gated
Ca®" channel ) [PAI,
relaxant]

TXA2-R agonist
[inflammation, PA,
vasoconstriction]

Table 5.8 Other G protein-linked receptors

Compound (class)

Plant (famaly) | part]

Receptor interaction,
(other targets) | In vivo effects/

ATP receptor (ATP-R)

ATP (= Adenosine-5'-
triphosphate) (purine
nucleotide)

[Mo-Benzyladenine]| (purine)

[5'-p-Fluorosulphonyl-
benzoyladenosine (= FSBA)]|
{(nucleoside)

[Kinetin]

(purine)

[Suramin] (naphthalene-
trisulphonic acid polycyclic)

Universal

Synthetic

Synthetic

From DNA

Synthetic

5.8A
ATP-R agonist — P2Y,
P2Y4 & P2Y11 ATP-Rs

ATP-R agonist — P2
[mitogenic cytokinin in
plants; antisenescent]

Alkylates ATP-Rs (ATP- &
ADP-like alkylating agent)

ATP-R agonist — P2
[mitogenic cytokinin in
plants; antisenescent]

ATP-R antagonist — P2

(continued)
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Table 5.8 (Continued)

Compound (class) Plant (family) | part| Receptor interaction
(other targets) | in vivo effects/
UTP Universal ATP-R agonist - P2-R

{nucleoside triphosphate)
trans-Zeatin
{purine)

Bombesin receptor (BB-R)
[Bombesin]
(14aa, 2kDa protein)

[Gastrin-releasing peptide
(= GRP)]
(3kDa protein)

Kuwanon G
{flavone phenolic)

Kuwanon H
{flavone phenolic)

[Neuromedin B]
{protein)

[Somatomedin C]
{protein)

Cannabinoid R (CB1-R,
CB2-R)

Al-Tetrahydrocannabinol (=
Dronabinol; A’-Tetrahydro-
cannabinol; (—)-A!-3,4-trans-
Tetrahydrocannabinol
(dibenzopyranol); globally
144 million cannabis users

out of 180 million illicit drug

users; negligible mortality

compared to that from use of

alcohol, tobacco, heroin &

amphetamine-related drugs

Widespread; plant growth
regulator (cytokinin)

Animals; endogenous
Bombesin family peptide;
CNS & GI tract

Animals — endogenous
Bombesin family peptide;
CNS & GI tract

Morus alba (mulberry)
(Moraceae) [root bark]

Morus alba (mulberry)
{Moraceae) [root bark]

Animals — endogenous
Bombesin family peptide

Animals — endogenous
Bombesin family peptide

Cannabis sativa (marijuana,
hemp) (Cannabaceae)
[cannabis leaf resin (hashish),
marijuana leaf extract (bhang),
smoked leaf (ganja)]
[incorrectly reputed
intoxicant of “assassins”
of Hasan-i-Sabbah (story
according to Marco Polo);
Arthur Rimbaud; Pierre
Gautier & Charles
Baudelaire, members of
Club des Hachischins;
Bill Clinton “did not
inhale”]

agonist

ATP-R agonist — P2
[mitogenic cytokinin
in plants;
antisenescent]

5.8B

BB-R agonist [40pM],
BB3-R agonist
[anorexigenic, SCLC
cancer cell autocrine
growth factor, induces GI
hormone release]|

BB-R [40pM], GRP-R
(= BB2-R) agonist
[anorexigenic, Gastrin
release, SCLC cancer
cell autocrine growth
factor]

BB-R antagonist [0.5]

[hypotensive]
BB-R antagonist [0.3]

[hypotensive]

BB-R agonist [40pM],
NMB-R (= BB1-R)
agonist [SCLC cancer
cell autocrine growth
factor]

BB-R agonist [SCLC
cancer cell autocrine
growth factor]

5.8C

CBI-R (brain) agonist (rat)
[40nM] (H1-R) [inhibition
of PGEl-activated AC (9nM)];
CB2-R (spleen,
lymphocyte) antagonist
(human) [40nM ] (AND-R)
[Al, anti-emetic,
hallucinogenic, intoxicant,
psychotropic]

(continued )
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Table 5.8 (Continued)

Compound (class)

Plant (family) | part]

Receptor interaction
(other targets) [ in vivo effects/

a- & B-Thujone (= a- & B-
Thujan-3-one)
{monoterpene)

Non-plant reference

[Anandamide (20:3, n—6)]

(= Homo-y-linolenyl
ethanolamine amide)
(FA ethanolamine amide)

[Anandamide (20:4, n—6)]
(=Arachidonyl ethanolamine
amide) (FA ethanolamine
amide)

[Docosatetraenyl
ethanolamine amide (=
Anandamide (22:4, n—6)]
(FA ethanolamine amide)

[M(4-Hydroxyphenyl)-
arachidonylamide
(= AM4040)] (phenolic)

[Olvanil (= N-(Vanillyl)-9-
oleamide] (vanilloid phenolic)

Cholecystokinin receptor
(CCK-R)

Aractus lectin (= Peanut
lectin)

(lectin; CHO-binding protein)

[Asperlicin]
{non-peptide)

[Cholecystokinin
(= Pancreozymin)]
(4kDa protein)

Glycine lectin (= Soya bean
lectin) (lectin;
CHO-binding protein)

Platycodin D
{triterpene saponin)

Artemisia absinthium (wormwood)
[leaf oil in absinthe],
A. dracunculus, Tanacetum vulgare
(tansy) (Asteraceac), Thya
occidentalis (white cedar)
{(Cupressaceae) [leaf oil],
Salvia gfficinalis, S. triloba
(Lamiaceae) [meurotoxic
agent of liqueur Absinthe;
affected Vincent van Gogh,
Henri de Toulouse-
Lautrec & Charles
Baudelaire]|

Endogenous cannabinoid
{mammal)

Endogenous cannabinoid
(mammal)

Endogenous cannabinoid
{mammal)

Synthetic (cf. Capsaicin)

Synthetic (cf. Capsaicin)

Arachis hypogaea (peanut)
(Fabaceae) [seed]

Aspergillus alliaceus (fungus)

Animals; brain & GI tract

Glycine max (soya bean)

(Fabaceae) [seed]

Platycodon grandiflorum
{Campanulaceae) [root]

CBI-R ligand (rat) (>>10),
CB2-R ligand (rat) (>10)
[but inactive against
Forskolin-activated AC]
[anthelmintic, convulsant,
hallucinogenic, intoxicant|

5.8Cn

CBI-R (rat brain) agonist
[245] [inhibition of PGEI-
activated AC (109nMj)]

CBI-R (rat brain) agonist
[155nM] [inhibition of AC
(101 nMj]

CBI-R (rat brain) agonist
[253nM] [inhibition of
PGEl-activated AC (117nM))]

Anandamide transport
inhibition [14]

Anandamide transport
inhibition [14] (VR agonist)
5.8D

[T CCK release — T
pancreatic exocrine
secretion via CCKA-R]

CCK-R antagonist
[attenuates taurocholate-
induced, CCK-mediated
pancreatitis]

CCK-R agonist
%\anorexigenic, nociception,

pancreatic exocrine
secretion,  gastric emptying]

[T CCK release —
pancreatic exocrine
secretion via CCKA-R]

[T Duodenal CCK release,

parncreatic exocrine secretion]

(continued )
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Table 5.8 (Continued)

Compound (class)

Plant (famaly) | part]

Receptor interaction
(other targets) | in vivo effects/

Solanum POT 1I (= Potato
Protease Inhibitor IT)
{protein)

(+)-Yohimbine (= Aphrodine;
Corynine; Hydroergotocin;
Quebrachine)

{indole)

Cocaine- and
Amphetamine-regulated
transcript (CART)
receptor {CART-R)

[Amphetamine (= 1-Phenyl-
2-aminopropance)]

{aryl tertiary amine)

[Cocaine- and Amphetamine-
regulated transcript

(CART)] (protein)

Cocaine (= Benzoyl-
methylecgonine)
{tropane)

Corticotropin (ACTH)
receptor (ACTH-R)
[Corticotropin (= ACTH,;
Adrenocorticotropic
hormone)]
(4kDa protein)
Ginsenosides Rb1, Rb2, Re
& Rgl (triterpene
glycoside saponins)
Momordica steryl glycoside
{triterpene saponin)
(—)-Salsolinol
(tetrahydroisoquinoline
alkaloid)

Corticotropin releasing
factor/ hormone
receptor (CRF-R, CRH-R)

[Corticotropin releasing
hormone (= CRH)]

(5kDa protein)

Solanum tuberosum (potato)
{Solanaceae) [tuber]

Catharanthus lanceus, Rauwolfia
serpentina (Apocynaceae),
Pausmystalia yohimbe (Rubiaceac)
[vohimbe bark]

Synthetic; globally 29 million
amphetamine-related
drug users out of
180 million illicit
drug users

Animals; CNS

Erythroxylum coca, E. recurrens,
E. steyermarku, E. spp.
(Erythroxylaceae) [leaf;
globally 14 million cocaine
users out of 180 million
illicit drug users

Animals; ex anterior pituitary;
familial ACTH resistance
from ACTH-R mutation

Panax ginseng (ginseng)
(Araliaceae) [root]

Momordica charantia
(Cucurbitaceae) [seed]

Annona reticulata (Annonaceae),
Musa paradisiaca (banana)
(Musaceae) [fruit], Theobroma
cacao (— cocoa, chocolate)
(Sterculiaceae) [seed]

Animal; hypothalamus

[T CCK release — |

gastric emptying]

[T CCK-like agent release]
(@lA-R, a2A-R, D-R,
SHT-R) [antidepressant,
aphrodisiac, mydriatic, toxic]

5.8E

Induces CART [@® release
of catecholamines from
presynaptic storage
granules; anorexic, CNS
stimulant]

CART-R agonist [inhibits
Dopamine release;
anorexigenic, {—)-gastric
emptying & gastric acid
secretion via CRF;
psychostimulant]

Induces CART (NE-TR,
5HT-TR) [topical
anaesthetic (ophthalmic),
CNS stimulant, mydriatic,
narcotic|

5.8F

[Induces adrenal growth &
adrenal cortex steroid
hormone production]

[Inhibits ACTH-induced

steroidogenesis|

[Inhibits Cortisol-induced
adipocyte lipolysis|

(D-R) [as D-R antagonist
(0.5) inhibits ACTH release
from pituitary]

5.8G

CRF-R agonist [anorexigenic;
Corticotropin (ACTH)
release]

(continued )
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Table 5.8 (Continued)

Compound (class)

Plant (family) | part]

Receptor interaction
(other targets) [ in vivo effects/

R-(—)-Skyrin-6-0-B-
glucopyranoside
{(bisanthraquinone glycoside)

S-(+)-Skyrin-6-O-B-
glucopyranoside
{(bisanthraquinone
glycoside)

Endothelin receptor
(END-R)

Myriceric acid
(triterpene)

Myriceron caffeoyl ester
{(phenolic ester)

Nahocols A, A1, B, C, D1 &
D2 (prenyl hydroquinones)

Pheophorbide a (pyrrole)

Resveratrol (stilbene)

Gastrin receptor
(Gastrin-R)
[Gastrins]|
(1-4 kDa proteins)
Plautanol
{acrylic diterpene alcohol)

Glucose receptor for GIP
secretion {Glc-R{GIP))

Gymnemic acid 1

{triperpene glycoside
saponin)

Phloridzin (= Phloretin 2'-0-
glucoside)
(dihydrochalcone O-
glycoside)

Glucagon receptor (GN-R)
18-B-Glycyrrhetinic acid
(Glycyrrhetic acid;
Glycyrrhetin)
(triterpene sapogenin)

Hypericum perforatum
(Hypericaceae)

Hypericum perforatum
(Hypericaceae)

Mpyrica cerifera (bayberry)
(Myricaceae)

Mpyrica cerifera (bayberry)
(Myricaceae)

Sargassum autumnale (brown alga)

Artemusia capillaris (Asteraceae)

Cassia, Intsia, Trifolium (Fabaceae),
Nothofagus (Fagaceae), Veratrum
grandiflorum (Liliaceae),
Artocarpus, Morus (Moraceae),
Eucalyptus (Myrtaceae), Pinus
(Pinaceae), Polygonum
(Polygonaceae), Vitis
{Vitaceac) spp.

Animals; gastric mucosa

Croton sublyratus (That anti-ulcer
plau-not) (Euphorbiaceae)

Gymmnema sylvestre
{Asclepiadaceae) [leaf]

Kalmia, Piers, Rhododendron spp.
(Ericaceae), Malus spp.
(Rosaceae) [apple leaf, fruit
skin], Symplocos spp.
{(Symplocaceae)

Glyeyrrhiza glabra (licorice)
(Fabaceae) [root, rhizome]

CRFI1-R ligand

CRFI1-R ligand

5.8H

END-R [66nM] [ END-
induced T Ca?* (11nM))

END-R antagonist
(ETA=R)

END-R antagonist

END-R antagonist — ETA-R
(80nM), ETB-R (0.2)

END-R antagonist (EST-R,
F|-ATPase, TYRase, p56
lck TK, soluble &
membrane TK, XO)

5.81

Gastrin-R [@ gastric
secretion]

[Releases Secretin — (—)
postprandial Gastrin
release; anti-ulcer]

5.8]

Glc-R (GIP) [Reversibly

abolishes sweet taste]

Gle-R (GIP) (Gle-TR)
[bitter, feeding deterrent]

5.8K

[Inhibits hepatocyte
Glucagon response
(TATase induction, glucose
release)] (PKA, PKC) [AL
anti-ulcerogenic,
anti-diuretic]|

(continued )
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Table 5.8 (Continued)

Compound (class) Plant (famaly) | part] Receptor interaction
(other targets) | in vivo effects/
[Glucagon] Animals; ex pancreas islets of GN-R agonist
(4 kDa protein) Langerhans a cells, targets [antihypoglycaemic, ®

Momordica steryl glycoside
{triterpene saponin)

Imidazoline R (I-R)

Alkaloid

Harman (= Aribine; Loturine;
1-Methyl-B-carboline;
Passiflorin)
(B-carboline, indole)

Harmaline (= 3,4-
Dihydroharmine; Harmidine)
(B-carboline, indole)

Rauwolscine (= a-Yohimbine)

{indole)

Tryptamine (= 3-(2-
Aminoethy lindole)
{indole)

Other

Agmatine (= (4-
Aminobutyl) guanidine; 1-
Amino-4-guanidinobutane)
(aminoalkyl guanidine);
Billroth II/Polya
gastrectomy (surgeon
Jeno Polya was my
paternal grandfather)
now largely obviated
by antibacterials

Non-plant reference
[Benazoline]
{anthraquinonyl-imidazoline)

liver

Momordica charantia
{(Cucurbitaceae) [seed]

Phaseolus vulgaris (Fabaceae)
[suspension culture],
Fassiflora edulis, P. incarnata
(Passifloraceac), Singickia rubra
(Rubiaceae), Symplocos racemosa

(Symplocaceae), Peganum harmala,

Tribulus terrestris, Zygophyllum

Jabago (Zygophyllaceae)

Fassiflora incarnata (passion
flower) (Passifloraceac),
Banisteria caapt, Banisteriopsis
caapt (Malpighiaceae), Peganum
harmala (Zygophyllaceac)

Rauwolfia serpenting
(Apocynaceae), Pausinystalia
yolumbe (Rubiaceac)

[yohimbe bark]

Cucurns sativus (Cucurbitaceae),
Mucuna pruriens, Piptadenia
peregrina, Prosopts juliflora
(Fabaceae), Hordeum vulgare,
Lea mays (Poaceae), Lycopersicon
esculentum, Nicotiana labacum,
Solanum tuberosum (Solanaceae)

Rucinus communzs (Euphorbiaceac),
Glycine max, Lathyrus sativa
(Fabaceac), Sesamum indicum
(Pedaliaceae), Hordeum vulgare
(barley) (Poaceae); animals;
bacteria e.g. Helicobacter
pylori - Agmatine —

T gastric acid secretion
— ulceration

Synthetic

gluconeogenesis,
glycogenolysis, adipocyte
lipolysis; catabolic;
hyperglycaemic]

[Inhibits Glucagon-,
Cortisol-, Epinephrine- &
Dibutyryl cAMP-induced
adipocyte lipolysis|

5.8L

5.8La

I1-R agonist (31 nM), I2-R
agonist [49tnM] (DNA,
MAO-A, MAO-B)
[convulsant, cytotoxic,
hypotensive, motor
depressant]

12-R (MAO-A)

I1-R, I2-R (2A-R,
5HT1A-R)

I1-R agonist (36), 12-R
agonist [27]

5.8Lo

I1-R, I2-R (x2A-R, NMDA
Glu-R, NOS) [hypotensive,
inhibits morphine
hyperalgesia, tolerance &
withdrawal, insulin
secretagogue (weak),
neuroprotective|

5.8Ln
I1-R ligand (@A-R)
[hypertensive]

(continued )
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Table 5.8 (Continued)

Compound (class)

Plant (family) | part]

Receptor interaction
(other targets) [ in vivo effects/

[Clonidine (= 2-[(2,6-
Chlorophenyl) imino]-2-
imidazoline)] (imidazoline)

[Epinephrine (= Adrenaline;
I-Methylamino-
ethanolcatechol)]
(catecholamine)

[Idazoxan]

[Pargyline (= N-Benzyl-A-
methyl-2-propynylamine)]|
(aryl alkynyl tertiary amine)

[Rilmenidine (= 2-[N-
(Dicyclopropylmethyl)
amino]-oxazoline)
(arylaminooxazoline)

[Tetrahydro-B-carboline]
(B-carboline)

Luteinizing hormone

R (LH-R)

[Luteinizing hormone (LH)]
{protein)

Lithospermic acid

{phenylpropanoid, caffeic acid

trimer, benzofuran)

a-Melanocyte stimulating-

hormone (a-MSH)
receptor (MC-R)

Melatonin (= A-Acetyl-5-
methoxytryptamine; Regulin)
{indole)

Non-plant reference

Synthetic

Animals (e.g. adrenals)

Synthetic

Synthetic

Synthetic

Synthetic

LH releasing hormone
(LH-RH = gonadotropin
releasing hormone =
GnRHj isolated &
sythesized by Roger
Guillemin (France/
USA) & Andrew Schally
(Poland/USA) (Nobel
Prize, Physiology/
Medicine, 1977,
brain peptide hormones)

Animals ex anterior pituitary

Salvia miltiorhiza (Lamiaceae)

Chenopodia rubrum
(Chenopodicaceae), Tanacetum
parthenium (Chrysanthemum)
(feverfew) (Asteraceac); edible
plant seeds; animal pineal gland;
metabolized to
5-Methoxytryptamine

[Adrenocorticotropic hormone Animals ex anterior pituitary

(= ACTH,; Corticotropin)]
{protein)

[Agouti]

{protein)

Animals

I1-R agonist, I2-R [58]
(aA-R) [antihypertensive,
sedative]

I1-R, I2-R (@A-R, BA-R)
[vasoconstrictor,
cardiostimulant,
sympathomimetic hormone]

I1-R (>1), I2-R [7nM]
[antidepressant]

12-R ligand (MAO)

[antihypertensive]

I1-R agonist
[antihypertensive]

11-R (10), 12-R [9nM]

5.8M

LH-R (regulates corpus
luteum development &
menstrual cycle)

LH release (from pituitary
cells) (AC, AO/FRS, ProH)

5.8N

(MT-R) [Downstream
inhibition of a-MSH-
induced melanogenesis (at
10nM); antiamnesic,
synchronizes circadian &
circannual rhythms]|

5.8Nn
MCI-R agonist

MC-R antagonist - MCI-R
MC4-R [stimulates feeding]

(continued)
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Table 5.8 (Continued)

Compound (class)

Plant (famaly) | part]

Receptor interaction
(other targets) | in vivo effects/

[Agouti-related protein]
{protein)

[a-Melanocyte stimulating
hormone (= Melanocortin;

a-MSH})] (protein)

[PT-141] (peptide)

Melatonin receptor (MT-R)

Melatonin (= N-Acetyl-5-
methoxytryptamine; Regulin)
{indole); circadian rhythm
control — Chernobyl,
Three Mile Island &
Bhopal all night work-
related disasters

Non-plant reference

[A-Acetyltryptamine]
{indole)

[Prazosin] (furane
piperazine quinazoline)

Neuropeptide Y (NPY)

[Neuropeptide Y]
(4 kDa peptide)

Oxytocin receptor

(OX-R)

AS-Carene (= 3-Carene; (—)-
Car-3-ene; Isodiprene)
{monoterpene)

16-a-Hydroxy-ent-kauran-
19-oic acid (diterpene)

16-a-Hydroxy-ent-kauran-
19-oic acid methyl ester
(diterpene)

Monechma oxytocic principle
P3 (peptide)

[Oxytocin]
(9aa, 2 Cys, 1kDa protein)

Animals

Animals; mouse hypo- or
hyperpigmentation due to
MSH-R mutation; Leptin-
induced POMC precursor
protein

Synthetic aphrodisiac;
administered nasally for
sexual dysfunction

Helianthus annuus, Prunus cerasus,
Tanacetum parthenium
(Chrysanthemum) (Asteraceae),
Chenopodia rubrum
{(Chenopodicaceae), Hypericum
perforatum (Hypericaceae), Musa
paridasiaca (Musaceae); edible
plant seeds; animal pineal gland

Synthetic; formed during
extraction of Tryptamine
Synthetic

Animal ex brain (hypothalamus),
PNS & adrenal medulla; major
orexigenic hormone (T feeding,

energy expenditure)

Vincent du Vignaud (USA,
Nobel Prize, Chemistry,
1955, synthesis of
Vasopressin & Oxytocin)

Bupleurum gibraltaricum (Apiaceac)
[oil], Abies spp., Picea spp., Pinus
longifolia, P. splvestris (Pinaceae)
[turpentine oil], Kaempferia galanga
(Zingiberaceae)

Montanoa hibiscifolia (Asteraceae)

Montanoa hibiscifolia (Asteraceae)

Monechma ciliatum (Acanthaceae)

Animals; ex posterior pituitary,
targets uterus, mammary tissue

MC-R antagonist - MCI1-R
[at 55nM], MC3-R, MC4-R
[stimulates feeding]

MC-R (1-5) [{0.3—4nM)]
[appetite suppressant,
anorexigenic|

a-MSH-R agonist
[aphrodisiac]

5.80

MT-R (MT1-R and MT2-R)
agonist [inhibits a-
MSH-induced
melanogenesis; antiammnesic,
synchronizes
circadian & circannual
rhythms|; metabolized to
5-Methoxytryptamine

5.80n

MTI-R & MT2-R partial
agonist; MT3-R antagonist

MT3-R antagonist (al-A R
blocker) [antihypertensive]

5.8P

Production { by Leptin-
induced anorexigenic
hormones (POMC, a-MSH,
CART, CRH) [orexigenic,

 thermogenesis|

5.8Q

OX-R agonist [Al, uterine
contraction]

[Inhibits OX-induced
uterine contraction (at 6—60)]
[Inhibits OX-induced

uterine contraction (at 6—60)]

OX-R agonist [uterine
contraction]

OX-R agonist [stimulates uterine
contraction & lactation]

(continued )
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Table 5.8 (Continued)

Compound (class)

Plant (family) | part]

Receptor interaction
(other targets) [ in vivo effects/

Parathyroid hormone/
parathyroid hormone-
related protein receptor
(PTH-R)

Coniferin (= Abietin;
Coniferoside; Coniferyl
alcohol 4-0O-glucoside;
Laricin) (phenylpropanoid
glycoside)

Coniferyl alcohol
(Phenylpropanoid phenolic)

Eupalitin 3-0-3 »-
galactopyranoside
{flavonoid glycoside)

Eupalitin 3-0-3 b-
galactopyranosyl-(1—2)-
B-D-glucopyranoside
{flavonoid glycoside)

[Ipriflavone (= 7-
Isopropoxyisoflavone)
(isoflavone)

8-Methyl-9'-oxopodopyrone
(y-pyrone)

8-Methyl-10'-oxopodopyrone
(y-pyrone)

9’-Oxopodopyrone
(y-pyrone)

10"-Oxopodopyrone
(y-pyrone)

[Parathyroid hormone (PTH)]
(10kDa protein)

[Parathyroid hormone-related
protein (PTHrP)] (protein)

Angelica (Apiaceae), Scorzonera
fuspanica (Asteraceae), Symphytum
{(Boraginaceace), Beta
(Chenopodiaceae), Lonicera
(Caprifoliaceae), Asparagus
(Liliaceae), Fraxinus (Oleaceae),
Abies, Larix (Pinaceae), Citrus
(Rutaceae) spp.

Aloe vera (Alocaceac), Linum
usttatissimum (Linaceae) [fungus-
induced phytoalexin]| Prnus strobus
(Pinaceac) [wood], Vanila
mexicana (Orchidaceae);
glycoside Coniferin

Boerhaavia repens (Nictaginaceac)

[plant]
Boerhaavia repens (Nictaginaceae)

[plant]

Synthetic

Gonystylus keithii (Thymelaeaceae)

Gonystylus keithii (Thymelaeaceae)

Gonystylus keithii (Thymelaeaceae)

Gonystylus keithii (Thymelaeaceae)

Animal; ex parathyroid, targets

5.8R

Digestion yields the active
anti-PTH aglycone
Coniferyl alcohol
[lignin synthesis precursor]

[Inhibits PTH-induced
bone resorption (at
20-200)] [antifungal; lignin
synthesis precursor]

Inhibits PTH-induced bone

resorption

Inhibits PTH-induced bone

resorption

[Inhibits PTH-induced
bone resorption (at 20-200)
(Ca’* regulator)
[anti-anginal,
anti-osteopenic|

Inhibits PTH-induced bone
resorption [osteoporosis
drug potential]

Inhibits PTH-induced bone
resorption [osteoporosis
drug potential]

Inhibits PTH-induced bone
resorption [osteoporosis
drug potential]

Inhibits PTH-induced bone
resorption [osteoporosis
drug potential]

PTH-R agonist [bone

bone, endometrium, kidney & GI  resorption, T plasma Ca?"]

tract; Jansen metaphyseal
chondrodysplasia from
PTH-R mutation

Animal; ex parathyroid, targets
bone, endometrium, kidney &
GI tract

PTH-R agonist [bone
resorption, ) plasma Ca’*]

(continued)
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Table 5.8 (Continued)

Compound (class)

Plant (famaly) | part]

Receptor interaction
(other targets) | in vivo effects/

Vanillic acid (= 4-Hydroxy-
3-methoxybenzoic acid)
{phenolic acid)

Vanillin

{phenolic aldehyde)

Secretin receptor (SEC-R)
Plautanol
{acrylic diterpene alcohol)

[Secretin]
(27 aa, 3kDa protein)

Sigma receptor
(metabotropic) (0-R)

Hypericin (= Hypericum red)
(bianthraquinone)

Non-plant reference
[Dehydroepiandrosterone]
{neurosteroid)
[Dehydroepiandrosterone-
sulfate (= DHEAS)]
{neurosteroid)
[Haloperidol (= 1-(3-p-
Fluorobenzoylpropyl)-4-p-
chlorophenyl-4-
hydroxypiperidine)]
(aryl piperidine)
[Ifenprodil]
{(benzylpiperidine phenol)

[Metazocine]
{benzomorphan)

Cornandrum, Trachelospermum
(Apiaceae), Panax ginseng
(Araliaceac), Alnus (Betulaceace),
Paratecoma (Boraginaceae),
Eleagnus (Eleagnaceae), Erica

(Ericacea), Gossypuum (Malvaceae),

Melia (Meliaceae), Plerocarpus,
Rosa (Rosaceae), Picrorhiza
{(Scrophulariaceae) spp.

Industrially from wood pulp
lignin; Dahlia (Asteraceae), Beta
{Chenopodiaceae), Asparagus
(asparagus) (Liliaceae), Syzygium
(Myrtaceae), Vanilla planifolia
[vanilla pod], Gymnadenia
(Orchidaceae), Spiraca (Rosaceae),
Ruta (Rutaceae), Solanum
{(Solanaceae) spp.

Croton sublyratus (Thai anti-ulcer
plant plau-not) (Euphorbiaceae)

Animal; duodenum, jejunum

Hypericum perforatum (St John’s
wort) (Hypericaceae); major
herbal antidepressant

Synthetic

Synthetic

Synthetic

Synthetic

Synthetic

[Inhibits PTH-induced
bone resorption (at
20-200)] [anthelmintic]

[Inhibits PTH-induced
bone resorption (at
20-200)] [antifungal, flavour]

5.88

[Releases Secretin — (—)
postprandial Gastrin
release; anti-ulcer]

Secretin-R agonist [(—)
gastrin release; @
pancreatic exocrine
secretion {e.g. bicarbonate)]

5.8T

o-R agonist (~1)
[antidepressant effect
overcome by Rimcazole]

5.8Tn
o-R agonist

o-R agonist

o-R antagonist (D2-R,
NMDA-Glu-R)
[antidyskinetic (in Tourette
Syndrome), antipsychotic]|

o-R agonist
[anticonvulsant, cerebral &
peripheral vasodilator]

o-R agonist [analgesic,
antitussive, narcotic,
protectant against gastric &
duodenal ulcer]

(continued )
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Compound (class)

Plant (family) | part]

Receptor interaction
(other targets) [ in vivo effects/

[(+)-Pentazocine]
{benzomorphan)

[Pregnenolone sulfate]
{neurosteroid)

[Progesterone]
(steroid)

[Rimcazole]
(piperazine)

Somatostatin
{Somatotropin release
inhibiting factor)
receptor {SRIF-R)

Lemna SRIF-like protein
{protein)

Nicotiana SRIF-14-like
protein (protein)

Nicotiana SRIF-28-like
protein (protein)

Psycholeine
(alkaloid)

Quadrigemine C
(alkaloid)

[Somatostatin]
(14aa, 2 kDa, 2 Cys)

Spinacia SRIF-14-like protein
{protein)

Spinacia SRIF-28-like protein
{protein)

Non-plant reference

[Anchinopeptolides
A, B, C & D; Cycloanchino-
peptolide C] (dimeric
peptide alkaloids)

[Somatostatin-14 (= Growth
hormone release inhibiting
factor; GH-RIH;
Somatotropin release
inhibiting factor; SRIF;
SRIF-14)] (14aa; ~ 2kDa;
2 Cys protein)

Synthetic

Synthetic

Animals ex corpus [uteum

Synthetic

Lemna gibba (Lemnaceae) [leaf ]

Nucotiana tabacum (Solanaceae)

[leaf]

Nucotiana tabacum (Solanaceae)

[leaf]

Psychotria oleotdes (Rubiaceae)

Pyychotria oleoides (Rubiaceae)

Animals

Spinacia oleracea (spinach)
{Chenopodiaceae) [leaf]

Spinacia oleracea (spinach)
{Chenopodiaceae) [leaf]

Anchinoe tenacior (Mediterrranean
sponge)

Animals — endogenous ligand

o-R agonist [analgesic,
antiamnesic, antitussive,
narcotic, protectant against
gastric & duodenal ulcer]

o-R agonist

o-R antagonist [88nM]
[implantation, uterine
development]

o-R antagonist

5.8U

[Reactive in SRIF
Immunoassay|

[Inhibits PGE2-induced
GH release (anterior
pituitary cells)]

[Inhibits PGE2-induced
GH release (anterior
pituitary cells)]

SRIF-R antagonist (10}
[inhibits SRIF-induced
inhibition of AC inhibition
& GH secretion]

SRIF-R antagonist;
precursor of Psycholeine
[inhibits SRIF-induced
inhibition of AC inhibition
& GH secretion]

SRIF-R

[Reactive only in C-terminus-
specific SRIF immunoassay]|
[Reactive in N- & C-terminus-
specific SRIF immunoassay]|

5.8Un
SRIF-R ligands (B2-R,
NY-R)

SRIF-R agonist [(—) AC, 4
cAMP, antidiabetic,
antinociceptive, inhibits GH
release (anterior pituitary),
inhibits insulin & glucagon
release (pancreas)|

(continued )
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Table 5.8 (Continued)

Compound (class)

Plant (famaly) | part]

Receptor interaction
(other targets) | in vivo effects/

[SRIF-28 (= Somatostatin-28;
Prosomatostatin processing
variant)] (28aa; 3kDa
protein)

Substance P receptor

(SP-R)

Abruquinone A
(isoflavanquinone)

Capsaicin (= #rans-8-Methyl-
N-[(4-hydroxy-3-
methoxyphenyl) methyl]-6-
nonenamide; #rans-8-Methyl-
N-vanillyl-6-nonenamide)
{(vanilloid phenolic)

1,7-Dihydroxy-2,3-
dimethoxyxanthone
(xanthone)

Ginsenosides
(triterpene glycoside
saponins)

Mustard oil
(terpenes)

Norathiol
{(xanthone)

[Substance PJ
(11aa oligopeptide)

Thyrotropin-releasing
hormone (TRH)

Osthol

(coumarin)

[Thyrotropin-releasing
hormone (TRH)]
{tripeptide)

Vasopressin R (ADH-R,
Antidiuretic hormone R}
(VAS-R)

Alkaloid
Chelerythrine
{(benzophenanthridine)

Animals — endogenous ligand,
hypothalamus

Abrus precatorius (Fabaceae)

Capsicum frutescens, C. annuum
(sweet pepper, paprika)
(Solanaceae) [fruit], {ingiber
officinale (ginger)
(Zingiberaceae)

Polygala cyparissias (Polygalaceae)

Panax ginseng (ginseng)
(Araliaceae)

Sinapis alba (Brassicaceae) [oil]

Tripterospermum lanceolatum
{(Gentianaceae)

Animals; brain & intestine

tachykinin

Synthesized by Andrew

Schally (Poland/USA, Nobel

Prize, Physiology &
Medicine with Roger
Guillemin, 1977)
Atractylodes (Asteraceae),
Peucedanum, Angelica Prangos
(Apiaceae), Flindersia, Citrus,
Clausenia, Cneoridium,
Haplophyllum (Rutaceace) spp.
Animal ex hypothalamus

Vincent du Vignaud (USA,
Nobel Prize, Chemistry,
1955, synthesis of
Vasopressin & Oxytocin)

Argemone, Boccona, Chelidonium
majus (Papaveraceae) [root],

Eschscholzia, Glaucium, Sanguinara

(Papaveraceae) spp., Lanthoxylum
americanum (Rutaceae)

SRIF-R agonist [(—) AC, |
cAMP, inhibits GH release
(anterior pituitary), inhibits
insulin & glucagon release
{(pancreas)|

5.8V

[Inhibits SP-induced
plasma extravasation; Al]
Depletes SP stores (VAN-R)
[burning sensation,
desensitizes sensory
neurons, irritant,
tachykinin release, topical
analgesic]

[Inhibits SP-induced

tracheal contraction (32)]

[Inhibit SP-induced

nociceptive response]

Releases SP [neurogenic
inflammatory reactions]

[Inhibits SP-induced
inflammation]

SP-R agonist [plasma extrava-
sation, inflammation,
nociception, SM contraction]

5.8W

TRH-R antagonist

TRH-R agonist (T Ca?*
per IP;)

5.8X

5.8Xa

V1 VAS-R ligand
(CaMPK, PKA, PKC,
TK)

(continued )
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Compound (class) Plant (family) | part] Receptor interaction
(other targets) [ in vivo effects/
Sanguinarine Chelidonium majus, Dicentra V1 VAS-R ligand

(= Pseudochelerythrine)
{(benzophenanthridine)

Terpene
Khusimol
(sesquiterpene alcohol)

Non-plant reference
[Vasopressin]|
(10kDa; 9aa; 2 Cys; 1 S-5;
peptide)

spectabilis, D. peregrina, Papaver
sommiferum, Sanguinaria canadensis
(Papaveraceae), Fumara officinalis
(Fumariaceae), anthoxylum spp.
(Rutaceae), Preridophyllum spp.
{(Sapindaceae)

Vetweria zizaniowdes (Poaceae) [root]

Animals ex posterior pituitary;
nephrogenic diabetes
insipidus from

V2 VAS-R mutation

(ATPase, Diamine oxidase
CDPK, MLCK, PKA,
PKC) [antibacterial, Al]

5.8Xt
Vla VAS-R ligand [50]

5.8Xn

VAS-R agonist [kidney
distal tubule water
reabsorption per
aquaporins,
vasoconstrictor|

Table 5.9 G protein-interacting plant compounds

Compound (class) Plant (family) | plant part] Target/ process infubited
(other targets) | in vivo effects/
G protein Ga Alfred Gilman & Martin 5.9
Rodbell (USA, Nobel Prize,
Physiology & Medicine,
1994)
Geraniin Acer (Aceraceae), Cercidiphyllum Ga protein-GMP-PNP binding
(ellagitannin) (Cercidiphyllaceae), Coriaria [antinociceptive]
(Coriariaceae), Erythroxylum
(Erythroxylaceae), Fuphorbia,
Mallotus (Euphorbiaceac),
Geranium (Geraniaceae), Fuchsia
{Onagraceae) spp.
Ginsenoside Rf Panax ginseng (Araliaceac) Inhibits Ca* channels per
(triterpene glycoside, pertussis-sensitive G protein
saponin)

Harmaline (= 3,4-Dihydro-
harmine; Harmidine)
{B-carboline, indole)

Harman (= [-Methyl-$-
carboline)
{B-carboline, indole)

Fussiflora incarnata (passion
flower) (Passifloraceae), Banisteria
caapi, Banisteriopsts caapt
(Malpighiaceae), Peganum harmala
(Zygophyllaceae)

Fassiflora edulis, P. incarnata
(Passifloraceac), Singickia rubra
(Rubiaceae), Symplocos racemosa
(Symplocaceae), Peganum harmala,
Tribulus terrestris, Zygophyllum

Jabago (Zygophyllaceae)

Activates G protein (@1A-R,
12-R, MAO-A)

Activates G protein (@1A-R,
BZ-R, DNA, 5HT2-R, L-type
Ca®* CH) [convulsant,
cytotoxic]

(continued)
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Table 5.9 (Continued)

Compound (class)

Plant (family) | plant partf

Target/ process infubited
(other targets) | in vivo effects/

Harmine (= Banisterine;
Leucoharmine; Telepathine;
Yageine)

{B-carboline, indole)

Quercetin (= 3,5,7,3",4'-
Pentahydroxyflavone)
{flavonol)

Rutin (= Quercetin 3-
rutinoside; Rutoside)
{flavonol O-glycoside)

Fassiflora incarnata (passion
flower) (Passifloraceae),
Banisteria caapt (Malpighiaceae),
Peganum harmala, Tribulus
terrestris (Zygophyllaceae)

Widespread; Asteraceae,
Passiflorae, Rhamnaceae,
Solanaceae; Podophyllum peltatum
(Berberidaceae), Allum cepa
(Liliaceae), Oenothera biennis
(Onagraceae), Roelreutetia henryi
{Sapindaceae); widespread as
glycosides

Widespread; Sophora japonica
(Fabaceac), Fagopyrum esculentum,
Polygonum spp. (Polygonaceae),
Ruta graveolens (Rutaceae), Viola
tricolor (Violaceae)

Activates G protein (@1A-R,
MAO-A, L-type Ca®* CH)
[CNS stimulant,
hallucinogen; Gestapo
use as “truth drug”]

Ga protein-GMP-PNP binding
(LOX, PK) [AI,
antinociceptive, feeding
stimulant]

Ga protein-GMP-PNP binding
(5-LOX) [A], feeding
attractant, feeding deterrent,
ovipositing stimulant, antiviral,
antibacterial]




6 Neurotransmitter transporters
and converters

6.1 Introduction

Neurons are structurally quite disparate. However a neuron typically will have a cell body,
several thousand dendrites (elongated, branched processes that receive signals from other
neurons) and an axon (an elongated process transmitting signals away from the cell body
and which is insulated by a myelin sheath formed by the extensive winding of
the plasma membranes (PMs) of accessory cells). “Incoming” axons make connections with
a neuron via narrow gaps or “synapses”, the “presynaptic” end of the axon being enlarged
to form a “terminal button” (“synaptic knob”). Incoming synaptic connections can be on
small dendritic projections or “dendritic spines” (“axodendritic” synapses), on shafts of
axons (“axo-axonal” synapses) and on cell bodies (“axosomatic” synapses). Neurons can
make synaptic connections with muscle cells via “neuromuscular synapses” and with
endocrine cells.

Neurons are electrically active. The transmembrane potential (W) at any point is
typically of the order of about —0.1 volt (inside with respect to outside). As described in
Chapter 3, excitatory neurotransmitters (N'Ts) depolarize the ¥ (make it more positive),
precipitating unidirectional transmission of this depolarization by action potentials.
Inhibitory N'Ts have a hyperpolarizing effect (make W', more negative) and accordingly
inhibit such excitation. Arrival of action potentials at synapses successively causes depolar-
ization, Ca?* entry through voltage-gated channels and thence Ca?*-mediated fusion and
exocytosis {external release of contents) of adenosine 5'-triphosphate (ATP)-primed synaptic
vesicles containing N'Ts. N'Ts diffuse across the synapse to bind and activate “paracrine” NT
receptors (on the postsynaptic membrane of the target cell) or to “autocrine” NT receptors
{on the NT-releasing cell PM and thereby providing “feedback” information about NT
release).

The synaptic vesicles that have emptied their contents by exocytosis at the PM are recon-
stituted by a process successively involving: coating of the external surface of the vesicle with
a network of the protein clathrin; endocytosis (the vesicle rebudding into the cytosol); fusion
of the vesicle with a large “endosome” vesicle and budding of new synaptic vesicles
(“synaptosomes”). After NT uptake into synaptic vesicles the release stage of the cycle suc-
cessively involves translocation of N'T-loaded synaptic vesicles to the PM; protein-mediated
“docking” of synaptic vesicles to the PM via synaptic vesicle synaptobrevin binding to PM
syntaxin, this process being assisted by guanosine 5'-triphosphate (GTP)-rab3 (on the synap-
tic vesicle membrane), cytosolic SNAPs (that bind to synaptobrevin), cytosolic Munc and Sec
proteins (that bind to syntaxin) and PM-located SNAP-25 (that binds to syntaxin); and finally
ATP-priming of the docked synaptic vesicle to permit further Ca?*-mediated fusion, exocy-
tosis and NT release into the synapse.
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It is useful at this point to simply list the variety of peptide and non-peptide compounds
involved as N'Ts or neuromodulators (in addition to other signal transduction functions). The
set of N'Ts and neuromodulators includes the excitatory amino acids (aspartate and gluta-
mate), the inhibitory amino acids (glycine and y-aminobutyric acid or GABA), other bioac-
tive amine N'Is (epinephrine, dopamine, histamine, norepinephrine and serotonin), purines
{(adenosine and ATP), gases (nitric oxide and carbon monoxide), a lipid (anandamide) and a
large number of peptides (noting that many of these can also act elsewhere), namely:
activins, anglotensin II, atrial natriuretic peptide, brain natriuretic peptide, calcitonin gene-
related peptide (CGRP), cholecystokinins (CCK-4, CCK-8), corticotropin release hormone
(CRH), dynorphins, endomorphins, B-endorphin, endothelins, enkephalins, galanin, gas-
trin, gastrin-releasing peptide, glucagon, gonadotropin release hormone (GnRH), growth
hormone release hormone (GRH), inhibins, mobilin, neuropeptide Y, neurotensin, oxytocin,
secretin, somatostatin, substance P and other tachykinins, thyrotropin release hormone
(TRH), vasoactive intestinal peptide and vasopressin.

We have already seen how a variety of peptide and non-peptide NTs and hormones
(Hs) variously act via metabotropic G protein-coupled receptors (GPCRs) or via
lonotropic ligand-gated ion channels. A variety of plant-derived defensive compounds
have been shown to interfere with these primary signal reception and transduction systems
(Chapters 3 and 5). However other actual and potential targets for plant bioactives are the
NT synthesizing and releasing mechanisms. Further, signalling has to be reversible and
this requires that N'Ts are taken up by the releasing neuron and re-sequestered in synaptic
vesicles or converted to inactive entities that do not bind to NT receptors. This chapter is
concerned with plant bioactives that interfere with NT synthesis, release, re-uptake into
vesicles and degradation.

6.2 Synthesis of neurotransmitters

Histamine, serotonin and the catecholamines (dopamine, epinephrine and norepinephrine)
are synthesized from the aromatic amino acids histidine, tryptophan and phenylalanine,
respectively. The biosynthesis of catecholamines in adrenal medulla cells and catecholamine-
secreting neurons can be simply summarized as follows [the enzyme catalysing the reaction
and the key additional reagents are in square brackets]: phenylalanine — tyrosine [via liver
phenylalanine hydroxylase + tetrahydrobiopterin] — I1.-dopa (I.-dihydroxyphenylalanine) [vi
tyrosine hydroxylase + tetrahydrobiopterin] — dopamine (dihydroxyphenylethylamine) [via
dopa decarboxylase + pyridoxal phosphate] — norepinephrine (2-hydroxydopamine)
[via dopamine B-hydroxylase + ascorbate] — epinephrine (M-methyl norepinephrine) [via
phenylethanolamine A-methyltransferase + S-adenosylmethionine].

Histamine is synthesized from the amino acid histidine by simple decarboxylation
catalysed by histidine decarboxylase. Serotonin is synthesized primarily in platelets, the
gastro-intestinal (GI) tract and the brain from the indolyl amino acid tryptophan: tryptophan —
5-hydroxytryptophan [via tryptophan hydroxylase + tetrahydrobiopterin] — 5-hydroxy-
tryptamine (serotonin) [via 5-hydroxytryptophan decarboxylase].

Glutamate derives from the tricarboxylic acid (TCA) cycle intermediate a-ketoglutarate
by transamination [via transaminases + pyridoxal phosphate] and GABA is thence made
from a-decarboxylation of glutamate [catalysed by glutamate decarboxylase]. Cholinergic
nerve ending choline acetylase catalyses the synthesis of acetylcholine from acetylcoenzyme
A and choline. A variety of peptide NTs derive from processing of polypeptide pro-proteins
synthesized on ribosomes. Some plant defensive compounds inhibit N'T synthesis (Table 6.1).
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6.3 Release of neurotransmitters from synaptic vesicles

The release of NTs into the synaptic cleft from exocytosing synaptic vesicles has been out-
lined above. Dopamine release is promoted by the stimulants amphetamine and tobacco-
derived nicotine. The amphetamine-derived stimulants methamphetamine and
3,4-methylenedioxymethamphetamine (MDMA, Ecstasy) promote dopamine and serotonin
release (Table 6.2).

6.4 Re-uptake of neurotransmitters into neurons
and synaptic vesicles

A major way N5 are removed from the synapse (synaptic cleft) involves energy-dependent
(i.e. ultimately ATP-dependent) re-uptake into the cytosol of the releasing neuron.
A major family of 12 TM a-helix transporters co-transports amine N'Ts with Na™ and C1~.
Transporters in this family include those for choline (the precursor of the NT acetyl-
choline), dopamine, epinephrine, GABA, norepinephrine and serotonin. The plant-
derived psychoactive drug cocaine inhibits dopamine, norepinephrine and serotonin
re-uptake and hence is a stimulant (Table 6.3). The synthetic prozac (fluoxetine) inhibits
dopamine re-uptake and hence is excitatory and antidepressant. Transporters for
glutamate couple glutamate translocation to the ATP-dependent movement of Na*t and
K™. Glutamate is excitotoxic and a consequence of anoxia from ischaemia is ATP
depletion, inhibition of glutamate re-uptake and resultant neurotoxicity from elevated
glutamate.

Uptake of amine N'Ts from the neuronal cytosol into synaptic vesicles is achieved by
vesicular monoamine transporters (VMAT1 and VMAT?Z) that sequester dopamine, epi-
nephrine, norepinephrine and serotonin. A similar vesicle transporter (VGAT) sequesters
GABA and glycine and a vesicular transporter (VAChT) sequesters acetylcholine into
synaptic vesicles.

6.5 Neurotransmitter degradation

Neurotransmitters are removed by translocation into vesicles or destroyed in enzyme-
catalysed reactions. Acetylcholine must be removed from the synaptic cleft to permit repo-
larization and relaxation. A high affinity acetylcholinesterase (AChE) (the “true” or
“specific” AChE) catalyses the hydrolysis of acetylcholine to acetate and choline. A plasma
AChE (pseudo-AChE or non-specific AChE) also hydrolyses acetylcholine. A variety of
plant-derived substances inhibit AChE and there is considerable interest in AChE inhibitors
as potential therapies for cognition enhancement and for Alzheimer’s disease.
Organophosphorous compounds alkylate an active site serine on AChE and the AChE inhi-
bition by this mechanism is the basis for the use of such compounds as insecticides (and
unfortunately also as chemical warfare agents). Other synthetics with insecticidal and med-
ical applications carbamoylate and thus inactivate AChE (Table 6.4).

Catecholamines can be variously oxidized or methylated. Extracellular epinephrine is
O-methylated [via liver catechol-O-methyltransferase (COMT])] to 3-methoxyepinephrine
(metanephrine) which can thence be oxidized [via monoamine oxidase (MAO)] to
3-methoxy-4-hydroxy-mandelic aldehyde and thence to 3-methoxy-4-hydroxyphenylglycol
(MHPG) and 3-methoxy-4-hydroxy-mandelic acid (VMA). Similarly, extracellular
norepinephrine is O-methylated [via liver COMT] to 3-methoxynorepinephrine
(normetanephrine) which can be oxidized [via MAQO] to 3-methoxy-4-hydroxy-mandelic
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aldehyde and thence to MHPG and VMA. MAO is located on the outer membrane of mito-
chondria and occurs as two major isozymes, namely MAO-A and MAO-B.

At adrenergic nerve terminals norepinephrine and epinephrine can be taken up, oxidized
[via MAOJ] to 3,4-dihydroxymandelic aldehyde and thence oxidized to 3,4-dihydroxymandelic
acid (DOMA) and 3,4-dihydroxyphenylglycol (DHPG). Extracellular DOMA and DHPG
can then be converted via COMT to the methylated derivatives VMA and MHPG.

Dopamine (3,4-dihydroxyphenylethylamine) can similarly be oxidized [via MAQO] to
3,4-dihydroxyphenylacetaldehyde which is then oxidized [via aldehyde dehydrogenase] to
3,4-dihydroxyphenylacetic acid (DOPAC); DOPAC is thence methylated [via COMT)]
to yield homovanillic acid (HVA). Alternatively dopamine can be methylated [via COMT]
to 3-methoxytyramine which is thence oxidized [via MAO and aldehyde dehydrogenase] to
yield HVA.

Serotonin (5-hydroxytryptamine) is oxidized [via MAO and aldehyde dehydrogenase] to
5-hydroxyindoleacetic acid (5-HIAA).

A minor route for histamine catabolism involves histamine conversion to imidazoleacetic
acid [via diamine oxidase (histaminase)]. In the major route histamine is converted to
methylhistamine [via histamine A-methyl transferase] which is then converted to methylimi-
dazoleacetic acid [via MAQO]. A large number of MAO inhibitors have been isolated from
plants (Table 6.5).

GABA 1is converted to succinic semialdehyde [via GABA transaminase (GABAT) + pyri-
doxal phosphate] which is thence oxidized to succinic acid which is further oxidized via the
TCA cycle. 4-Hydroxybenzaldehyde from Gastrodia elata (Orchidaceae), a plant with
antiepileptic properties, is an inhibitor of GABAT, as is the synthetic antiepileptic valproic
acid (2-propenylpropanoic acid) (Table 6.6).

Finally, it should be noted that peptide N'Is and neuromodulators are hydrolysed by
proteases. Chapter 13 deals in part with protease inhibitors from plant sources.

Table 6.1 Synthesis of neurotransmitters

Compound (class) Plant (family) | part/ Effect/enzyme inhibited
(other targets) /in vivo effects/

Choline acetyltransferase 6.1A
(ChAT)

Americanin A Phytolacca americana [Increases ChAT in rat
(neolignan) (Phytolaccaceae) [seed] neuronal culture (at 10)]

Americanol A Prytolacca americana [Increases ChAT in rat
(neolignan) (Phytolaccaceae) [seed] neuronal culture (at 10)]

Bicycloillicinone asarone {llictum tashiroi (Iliaceae) [wood] [Increases ChAT in rat
acetal neuronal culture]
(prenylated bicyclic)

2(R)-12-Chloro-2,3- Hllicium tashiroi (liaceae) [wood] [Increases ChAT in rat
dihydroillicinone E neuronal culture]
(prenylated bicyclic)

Garbsellin A Garcinia subelliptica (Guttiferae) [Increases ChAT in rat
(polyprenylated [wood] neuronal culture (at 10)]
phloroglucinol)

Isoamericanol A Phytolacca americana (Phytolaccaceae) [Increases ChAT in rat
(neolignan) [seed] neuronal culture (at 10)]

(continued )
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Compound (class) Plant (famuly) | part/ Effect/ enzyme inhibited
(other targets) [ in vivo effects/
Sanguinarine Fumaria officinalis (Fumariaceae), Papaver ~ ChAT ligand (0.3)
(= Pseudochelerythrine) sommyferum, Dicentra spectabilis, (alA-R, a2A-R,
{benzophenanthridine) D. peregrina, Chelidonium majus, Sanguimaria  AChE, ATPase,
canadensts, Argemone, Bocconia, BChE, CDPK,
Eschscholzia, Glaucium, Macleaya spp. diamine oxidase,
(Papaveraceae), Lanthoxylum spp. DNA ligand,

Tricycloillicinone
{prenylated tricyclic)

DOPA decarboxylase
(DDC) & dopamine
synthesis

Berberine (= Umbellatine)
{protoberberine
isoquinoline)

(—)-Epigallocatechin
{flavan-3-ol)
(—)-Epigallocatechin
3-gallate
(flavan-3-ol gallate ester)
Palmatine (= Calystigine)
{benzophenanthridine
isoquinoline)

Sanguinarine
(=Pseudochelerythrine)
{(benzophenanthridine)

Tryptophan
(= a-Aminoindole-3-
propionic acid)
{amino acid)

(Rutaceae), Preridophyllum spp.
(Sapindaceac)

Hllicium tasharor (Illiaceae) [wood]

Coelocline (Annonaceac), Berberts,
Hydyastis, Mahonia, Nandina
(Berberidaceae), Archangelica
{Menispermaceae), Argemone, Chelidonium,
Corydalis (Papaveraceae), Coptis,
Thalictrum (Ranunculacae), Foodia,
Toddalia, Zanthoxylum (Rutaceae) spp.

Chrysophyllum cainito (Sapotaceae),
Camellia sinensis (Theaceae)

Davidsora prurens (Davidsoniaceae) [leaf],

Hamamelis virginiana (Hamamelidaceae)
[bark], Camellia sinensis (Theaceae)

Berberis, Mahonia (Berberidaceace),

Jateorrhiza palmata (Menispermaceae),
Corydalis (Papaveraceae), Coptis
{Ranunculaceae) spp.

Fumaria officinalis (Fumariaceae),
Papaver somniferum, Dicentra spectabilis,
D. peregrina, Chelidonium majus,
Sanguinaria canadensts, Argemone,
Bocconia, Eschscholzia, Glaucium,
Macleaya spp. (Papaveraceae),
Lanthoxylum spp. (Rutaceae),
Preridophyllum spp.

{(Sapindaceae)

In all organisms; Helianthus annuus
(Asteraceae), Phaseolus vulgaris,
Psophocarpus tetragonolobus (Fabaceae),
Oenothera biennis (Onagraceae)

5HT2-R, mACh-R,
nACh-R, MLCK,
PKA, PKC)
[antibacterial, AT]
[Increases ChAT in rat
neuronal culture]

6.1B

[Inhibits D synthesis (28)]
(alA-R, «2A-R, AChE,
ATPase, BChE, ChAT,
diamine oxidase, DNA
ligand, 5SHT2-R,
mACh-R, nACh-R, PK)
[antibacterial,
antimalarial, antipyretic,
bitter stomachic,
cytotoxic]|

DDC

DDC [AI blocks
COX-2 & iINOS
induction]

[Inhibits D synthesis (22)]
(alA-R, «2A-R, AChE,
ATPase, BChE, ChAT,
diamine oxidase,
5HT2-R, mACh-R,
nACh-R, PK)
[antibacterial, Al]

ChAT ligand (0.3) (@ 1A-R,
a2A-R, AChE,

ATPase, BChE, diamine
oxidase, DNA ligand,
5HT2-R, mACh-R,
nACh-R, PK)
[antibacterial, Al]

Precursor of 5SHT
(serotonin); unlike 5SHT
can cross blood—brain
barrier [for depression,
treatment of aggression]

(continued )



236 6. Neurotransmiltter transporters and converters

Table 6.1 (Continued)

Compound (class)

Plant (famaly) | part/

Effect/ enzyme mhuibited
(other targets) | in vivo effects/

Dopamine-B-hydroxylase

(DBH)

[Fusaric acid (= 5-Butyl-2-
pyridinecarboxylic acid)]
(alkylpyridine)

Goitrin (= (—)-5-
Vinyloxazolidine-2-thione)
{oxazolidine)

Hypericin
{bianthraquinone)

5HT (Serotonin) synthesis

[ p~Chlorophenylalanine]
{amino acid)
Tryptophan
(= a-Aminoindole-3-
propionic acid)
(amino acid)

Succinic semialdehyde

dehydrogenase (SSADH)
& succinic semialdehyde
reductase (SSAR) — GHB

Brazilin
(chalcone)

Gastrodin

(= p-Hydroxybenzylalcohol

glycoside)
{phenolic glycoside)

Sappanchalcone
(chalcone)

Succinic semialdehyde
(HOOC-CH,-CH,-CHO)
(alkyl aldehyde carboxylic
acid)

Tyrosinase (TYR)

(Tyr — L-DOPA —
dopaquinone)

Capsaicin (= frans-8-
Methyl-N-[(4-hydroxy-3-
methoxyphenylymethyl]-6-
nonenamide; frans-8-
Methyl-A-vanillyl-6-
nonenamide)

{vanilloid phenolic)

Fusarium heterosporium (fungal pathogen
on corn & other Poaceae)

6.1C

DBH (Tyr H)

Metabolite via myrosinase from Progoitrin DBH (4 T3 & T4)

from Brassicaceae (Cruciferae)

e.g Brassica napus (rape) [seed],

Brassica oleraceae (Brussels sprouts)
Hypericum perforatum (St John’s wort),

H. spp. (Hypericaceae);

major herbal

antidepressant

Synthetic

In all organisms; Helianthus annuus
(Asteraceae), Phaseolus vulgaris,
Psophocarpus tetragonolobus (Fabaceae),
Oenothera biennis (Onagraceac)

Caesalpinia sappan (Fabaceae) [wood]

Gastrodia elata (Orchidaceae) [rhizome]

Caesalpinia sappan (Fabaceae) [wood]

Universal; GABA metabolite via GABA

transaminase

Capsicum annuum (sweet pepper,
paprika), C. frutescens (Solanaceae)
[fruit], Lingiber officinale (Zingiberaceac);
capsicum spray is used in law
enforcement as a humane
alternative to “deadly force”
against civilians — however use
against combatant soldiers is
banned by the revised

Geneva accords

[goitrogenic]

DBH (20) [antidepressant,
antiretroviral;
photogenic sheep
facial eczema
“hypericism”]

6.1D

Tryptophan hydroxylase
[V 5HT]

Precursor of 5SHT
(serotonin); unlike 5SHT
can cross blood—brain
barrier [for depression,
treatment of aggression]

6.1E

SSAR [anticonvulsant;
SSA a substrate via GABA
transaminase|

SSADH [potential
anticonvulsant];
Gastrodin & aglycone
facilitate memory

SSADH, SSAR
[anticonvulsant]

Substrate for SSADH &
SSAR yielding -
Hydroxybutyrate (GHB)

{for treating narcolepsy)

6.1F

TYR (87) (VAN-R,
V-K* CH, V-Na* CH)
[burning sensation,
bronchoconstrictive (1),
desensitizes sensory
neurons, irritant,
tachykinin release,
topical analgesic]

(continued )
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Compound (class) Plant (family) | part] Effect/ enzyme mhuibited
(other targets) | in vivo effects/
Cuminaldehyde Carum, Cuminum, Ferula (Apiaceac), TYR [9]
{monoterpene) Artemisia (Asteraceae),
Commiphora (Burseraceae),
Cassia ( Fabaceac),
Eucalyptus (Myrtaceae)
spp- [oil]
Curcumin Curcuma aromatica, C. longa (turmeric), TYR (47) [50] (CDPK,

(=Diferuloylmethane;
Turmeric yellow)
{phenylpropanoid)

Eugenol (= Allylguaiacol,
Caryophyllic acid, Eugenic
acid)

{phenylpropanoid)

Ferulaldehyde
(= 4-Hydroxy-3-
methoxycinnamaldehyde)
{phenylpropanoid)

Ferulic acid (= 3-0-
methylcaffeic acid)
{phenylpropanoid)

2-Hydroxy-4-
methoxybenzaldehyde
{aryl aldehyde)

3-Methoxytyrosine
{phenylpropanoid, amino
acid)

5-18(L),11(L),14-Penta-
decatrienyl] resorcinol
{phenolic)

6-[8(L),11(Z),14-Penta-
decatrienyl] salicylic acid
{phenolic)

Yakuchinone A
(= 1- 4'-Hydroxy-3'-
methoxyphenyl)-7-phenyl-
3-heptanone)
{phenyl propanoid, aryl
heptanoid)

Yakuchinone B
(= 1- 4'-Hydroxy-3'-
methoxyphenyl)-7-
phenylhept-1-en-3-one)
{phenyl propanoid, aryl
heptenoid)

C. xanthorrhiza, C. zedoaria, Zingiber
officinale (Zingiberaceae) [root]

Widespread; Achillea, Artemisia klotschiana

(Asteraceae), Eugenia caryophyllata
(= Syzpgium aromaticum), Pimentum
dioica, (Myrtaceae), Cinnamomum,
Sassafras (Lauraceae), Ocumum,
Oreganum (Lamiaceac), Myristica
fragrans (Myristicaceae), Piper
(Piperaceae), Rosa (Rosaceac)
spp., Cameltia sinensis (tea)
(Theaceae)

Widespread; per reduction of
Ferulic acid

Widespread; Ferula assa-foetida
(Apiaceae) [root sap], Salvia
spp. (Lamiaceae)

Rhus vulgaris [root], Sclerocarya caffra
[bark] (Anacardiaceae), Mondia
whiter [root] (Asclepiaceac)

Precursor of Ferulic acid

Anacardium occidentale (cashew)
(Anacardiaceae) [fruit]

Anacardium occidentale (cashew)
(Anacardiaceae) [fruit]

Alpimia oxyphylla (Zingiberaceac)
[rhizome]

Alpimia oxyphylla, A. officinarum
(Zingiberaceae) [rhizome]

HIV-1-INT, IKK,
PhosbK, PKA, PKC,
p60* TK, TYR)
[AL anti-oxidant,
hypoglycaemic,
cytotoxic|

TYR (923) (COX-1,
COX-2, OD-R)
[antioxidant, AI, PAI]

TYR (77)

TYR (45) [50] [AO/FRS]
TYR (30)

TYR (420)

TYR

TYR

TYR (514) (COX, 5-LOX)
[anti-tumour
potential: | TPA- induced
AP-1 activation & ODC,
TNF-a & O,
production]

TYR (57) [88] (ACAT,
COX) [anti-tumour
potential: I TPA- induced
AP-1 activation & ODC,
TNF-a & Oy

production]

(continued )
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Table 6.1 (Continued)

Compound (class)

Plant ( fanuly) | part/

Effect/enzyme inhibited
(other targets) | in vivo effects/

Tyrosine hydroxylase
(TyrH)

[DOPA quinone (=
Dihydroxyphenylalanine
quinone)] (quinone)

(—)-Epigallocatechin-
3-gallate
(flavan-3-ol gallate ester)

[Fusaric acid (= 5-Butyl-2-
pyridinecarboxylic acid)]
(alkylpyridine)

Ginseng total saponin
(glycosylated triterpenes)

(—)-Nicotine
{pyridine pyrrolidine)

Generated from Dopamine by
Tyrosinase or Prostaglandin
H synthase

Davidsonia pruriens (Davidsoniaceae)
[leaf], Hamamelis virginiana
(Hamamelidaceae) [bark], Camellia
sinensis (Theaceae)

Fusarium heterosporium (fungal
pathogen on corn &
other Poaceae)

Panax ginseng (ginseng)

(Araliaceae) [root]

Nicotiana tabacum (tobacco), N. spp.
(Solanaceac); also in Asclepras syraca
(Asclepiadaceae), Sedum acre
(Crassulaceae), Lycopodium spp.,
FEquisetum arvense (Equisetaceac)

6.1G

TyrH inactivation

Prevents neurotoxin-
induced J/TyrH &4 D
[Al blocks COX-2 &
iNOS induction]

TyrH (DBH)

TyrH (~100) (D-REL)

[TyrH induction]
(MACh-R agonist) [addictive,
antinociceptive, bitter,
insecticide, respiratory
paralytic, toxic,
tranquillizer]

Table 6.2 Release of neurotransmitters from synaptic vesicles

Compound (class)

Plant (famuily) | part/

Enzyme ifubited [ in vivo ¢ffects/

Catecholamine release
(CAT-REL); Dopamine
release (D-REL);

Norepinephrine release

(NE-REL}; Serotonin
release (S HT-REL)
Alkaloid
Barakol (= 3a,4-Dihydro-

3a,8-dihydroxy-2,5-dimethyl-

1,4-dioxaphenalene)
{polycyclic aromatic,
phenolic)

Harman (= Aribine; Loturine;

1-Methyl-B-carboline;
Passiflorin)
(B-carboline, indole)

Cassia siamea [leaf]
(Fabaceae)

Phaseolus vulgaris (Fabaceae),
Passiflora edulis, P mcarnata
(Passifloraceae), Singickia rubra
(Rubiaceae), Symplocos racemosa
(Symplocaceae), Peganum
harmala, Tribulus terrestris,
Lygophyllum fabago
(Zygophyllaceac)

6.2

6.2a
D-REL (no effect on D uptake)
[anxiolytic]

T D-REL, T NE-REL, T 5HT-
REL (DNA, 11-R, I2-R, MAO)
[antidepressant, co-mutagenic,
convulsant, cytotoxic, genotoxic,
hypotensive, motor depressant,
sheep “Tribulus staggers”];
pyrolysate of Tryptophan
(cooked food)

(continued )
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Compound (class)

Plant (farily) [ part/

Enzyme inhibited | in vivo effects/

{(—)-Nicotine
{pyridine pyrrolidine)

Phenolic

D-Cathinone (= (§)-2-
Amino-1-oxo-1-
phenylpropane)
{phenylpropanoid)

Terpene

B-Amyrin palmitate
(triterpene)

Ginseng total saponin
(glycosylated triterpenes)

Parthenolide
(sesquiterpene lactone)

Other
Theanine (= 5-A-
Ethylglutamine)

(amino acid)

Non-plant reference

[Amphetamine (= 1-Phenyl-

2-aminopropance)]
{aryl amine)

[ Methamphetamine
{ = Methylamphetamine;
1-Phenyl-2-
methylaminopropane)]
{aryl amine)

[(+)-Methylenedioxy-
methamphetamine
(=Ecstasy; “E”; 3,4-
Methylenedioxy-
methamphetamine;
MDMA,; “X”)]

{aryl amine)

Duboisia myoporoides, Nicotiana
tabacum (tobacco), N. spp.
(Solanaceae); also in Asclepias
syriaca (Asclepiadaceae), Sedum
acre (Crassulaceae), Lycopodium
spp., Equisetum arvense
(Equisetaceae)

Catha edulis (kKhat), Maytenus
krukovi (Celastraceae)

Lobelia inflata (Campanulaceae)
lleaf]

Panax ginseng (ginseng)
(Araliaceae) [root]

Ambrosia spp., Aretotis spp.,
Chrysanthemum parthenium
(feverfew), Tanacetum
vulgare (tansy) [leaf surface]
(Asteraceac), Michelia
champaca, M. lanuginosa
(Magnoliaceae)

Camellia japonica ( Japanese green
tea), C. sasanqua, Camellia
sinensis (Theaceae) [leaf]

Synthetic; globally
Amphetamine-related
drugs are used by 29
million out of 180 million
illicit drug users

Synthetic; semi-synthetic from
reduction of Ephedrine &
Pseudoephedrine;
taken by Adolph Hitler
plus Atropine, Strychnine
& Cocaine medications

Synthetic; Ecstasy (“E”) drug
of abuse in disco rave
scene — see Glue by Irvine
Welsh; stimulant &
hallucinogenic; ~3 million
have used MDMA
in the US

T D-REL (nACh-R agonist)
[THase induction; addictive,
antinociceptive, bitter,
insecticide, respiratory paralytic,
toxic, tranquillizer]

6.2p

T CAT-REL, T D-REL
[anorexic, CNS stimulant,
euphoriant]

6.2t
T NE-REL [antidepressant]

Inhibits T D-REL induced by
Nicotine

U 5HT-REL (e.g by
amphetamine) [antibacterial,
antifungal, anti-migraine agent
of feverfew, anti-tumour,
cytotoxic]

6.20

TD-REL, T5HT-REL
[anxiolytic, hypotensive,
relaxant]

6.2n
TD-REL [T synaptic D;

anorexic, CNS stimulant]

TD-REL, T 5SHT-REL
[T synaptic D & 5HT;
anorexic, CNS stimulant,
sympathomimetic]; WW2
Luftwaffe General
Ernst Udet was on
Methamphetamine &
shot himself (1941)

T D-REL, T 5HT-REL
[T synaptic D & 5HT;
anti-dyskinetic (i.e. with
Parkinson 1.-DOPA-
induced dyskinesis),

induces hyperactivity,
CNS stimulant,
neurotoxic memory
impairment|

(continued )
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Table 6.2 (Continued)

Compound (class)

Plant (farmaily) | part/

Enzyme inhibited | in vivo effects/

[4-Phenyltetrahydro- Synthetic D-REL induced by
isoquinoline] Methamphetamine
(isoquinoline)

[Retalin (= Methylphenidate; ~ Synthetic T D-REL, T 5HT-REL [CNS

Methyl phenidylacetate)
{ piperidine arylester)]

stimulant; T synaptic D but
paradoxic ADHD alleviation
effect due to T 5HT]

Table 6.3 Re-uptake of neurotransmitters into neurons and synaptic vesicles

Compound (class)

Plant (family) | part/

Effect or enzyme/ process inhibited
(other targets) | in vivo effects/

Monoamine transporter
(MA-TR); Dopamine
transporter (D-TR);
GABA transporter
(GABA-TR); Vesicular
monoamine

transporter (VMA-TR)

Alkaloid

Arecaidine (= Arecaine; 1,2,5,6-
Tetrahydro-1-methyl-3-
pyridinecarboxylic acid)
(piperidine)

Cocaine (= Benzoyl-
methylecgonine)
{tropane); Richard Willstitter
{Nobel Prize, Chemistry,
1915, plant pigments &
chlorophyll; fled Nazis)

O-Desmethylibogaine
(= 12-Hydroxyibogamine})
{indole)

Guvacine (= A%-Tetrahydro-
nicotinic acid)
(piperidine)

Ibogaine
(12-Methoxyibogamine)
{indole)

Areca catechu (betel nut)
(Palmae) [seed], Piper betel
(betel pepper)
(Piperaceac)

Erythroxylum coca, E. recurrens,
E. steyermarcku, E. spp.
(Erythroxylaceae) [leaf]; cocaine
taken by Adolph Hitler
(for nasal & eye problems)
as well as Atropine,
Methamphetamine &
Strychnine; globally
used by 14 million out of
180 million drug users

Primary metabolite of Ibogaine

Areca catechu (betel nut)
(Palmae) [seed]

Tabernanthe thoga (iboga),
Voacanga thouarsii (Apocynaceac);
iboga West African
stimulant & aphrodisiac

6.3

6.3a
3-Alanine-TR, GABA-TR

D-TR, NE-TR, 5SHT-TR,
Octopamine TR (insect)
[topical anaesthetic
{ophthalmic), CNS stimulant,
mydriatic, narcotic,
stimulant through
elevation of synaptic D,
NE & 5HT]

V-D-TR ligand, SHT-TR
ligand (Cocaine & Paroxetine
sites), V-MA-TR ligand
(KO-R, NMDA-Glu-R,
V-D-TR, V-MA-TR)

3-Alanine- TR, GABA-TR

D-TR 4), V-MA-TR, 5HT-TR
(0.6), NE-TR (AD-R,
mACh-R, D-R, NMDA-Glu-
R, kO-R) [T synaptic 5HT;
antiaddictive, anticonvulsant,
CNS activity, hallucinogen,
increases SH'T, inhibits
morphine dependence]

(continued )
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Compound (class) Plant (famuly) | part/ Effect or enzyme/ process inhibited
(other targets) | in vivo effects/
Noribogaine Metabolic product of Ibogaine D-TR (4), 5HT-TR (40nM),

(= 12-Hydroxyibogaine)
{indole)

Rescinnamine (=
Reserpinine) (indole)
Reserpine

{indole)

[ Nipecotic acid (= 3-
Piperidinecarboxylic acid)]
{ piperidine)

[ Tetrahydropapaveroline]
{isoquinoline)

Phenolic

Adhyperforin
{ phloroglucinol)

Cannabidiol
{ phenolic)

[7-Hydroxy-A'-
tetrahydrocannabinol]
{ phenolic)

Hyperforin
{ phloroglucinol)

Hypericum extract LI 160
(=standardized preparation)
Hypericum extract (= St John’s
Wort extract)
(see Adhyperforin &
Hyperforin)
(+)- & (+/—)-Kavain
(= Gonosan; Kawain)
(pyrone)
(+)-Methysticin
(pyrone)
Al-Tetrahydrocannabinol
(= A-Tetrahydrocannabinol;
Dronabinol)

{phenolic)

Rawwolfia mitida, R. serpentina,
R. vomitoria (Apocynaceae)
Catharanthus roseus (Madagascar
periwinkle), Rauwolfia serpentina

(Indian snakeroot), R. tetraphylla

{(pinque-pinque, four-leaf devil
pepper), R. vomitoria (African
snakeroot), Vinca minor
(periwinkle) (Apocynaceae)

Semi-synthetic from
Nicotinic acid

Metabolite of Dopamine

Hypericum perforatum (St John’s
wort) (Hypericaceae)

Cannabis sativa (marihuana),
Humulus lupulus (hops)
(Cannabaceae) [leaf, flower]

Semi-synthetic

Hypericum perforatum (St John’s
wort) (Hypericaceae);
widely used as
antidepressant
herbal medicine

Hypericum perforatum (St John’s
wort) (Hypericaceae)

Hypericum perforatum (St John’s
wort) (Hypericaceae); major
herbal antidepressant

Piper methysticum (kava)
(Piperaceae) [rhizome, root]

Piper methysticum (kava)
(Piperaceae) [rhizome, root]
Cannabis sativa (marihuana)

(Cannabaceae) [leaf’]

[T synaptic SHT;
antiaddictive, anticonvulsant,
CNS stimulant, hallucinogen]
VMA-TR [antihypotensive,
antipsychotic, tranquillizer]
MA-TR, VM-TR; VMAT1
{adrenal chromaffin granule),
VMAT? (brain, adrenal),
L-type Ca?* CH-dependent
NE release (6) MDR-TR)
[antithypertensive,
antipsychotic, carcinogen,
tranquillizer, neuroleptic
CNS antidepressant]
GABA-TR

D-TR (41)

6.3p

D-TR, 5HT-TR, NE-TR
[antidepressant]

D-TR [~20], SHT-R [~20],
NE-TR [~20], GABA-TR
[~140] (CB-R)

D-TR [~20], SHT-R [~20],
NE-TR [~20], GABA-TR
[~140] (CB-R)

D-TR, 5HT-TR (by
T intracellular Na* as does
Na™/H™ exchanger
monensin; weak Paroxetine
binding inhibitor),

NE-TR [antidepressant]

Inhibits SHT, D & NE
uptake [antidepressant]

D-TR, 5HT-TR, NE-TR

[antidepressant]

NE-TR — (+/—)-
Kavain > (+)- Kavain

NE-TR — (+/—)-Kavain >
(+)- Kavain > (+)-Methysticine
D-TR [12], 5SHT-R [12-25],
NE-TR [12-25], GABA-TR
[140] (CB-R)

(continued )
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Table 6.3 (Continued)

Compound (class)

Plant (family) | part/

Effect or enzyme/ process inhubited
(other targets) [ in vivo effects/

A(i-Tetrahydrocannabinol
(phenolic)

Tyramine (= 4-Hydroxy-
phenylalanine)

(phenolic)

Terpene
[ Testosterone propionate]
(sterol)

Other
3-Alanine (= 3-Aminopropionic
acid) (amino acid)

BMAA (= 3-N-Methylamino-
L-alanine) (amino acid)

1-BOAA (= B-N-Oxalylamino-
L-alanine)
(amino acid)

p-Cathinone (= (S)-2-Amino-1-
phenyll-propanone)
(phenylpropanoid)
2,4-Diaminobutyric acid
(diaminoalkane
carboxylic acid)
Methcathinone
(phenylpropanoid)
Non-plant reference
compound
[Amitryptyline]
(dibenzocycloheptadiene
tertiary amine)
[Amphetamine
(= 1-Phenyl-2-aminopropane;
Benzedrine)|
(aryl tertiary amine)

Cannabis sativa (marihuana)

{Cannabaceae) [leaf]

Lophophora williams,
Trichocereus pachanoi (Cactaceae),
Hordeum vulgare, Lolium
multiflorum (Poaceae),
Ciitrus spp. (Rutaceae),
Viscum album (Viscaceae)

Semi-synthetic from testosterone
yielding testosterone
per esterases

Lunaria spp. (Brassicaceae), Ribes
nigrum (Grossulariaceae), Iris
tingitana (Iridaceae) [seed],
Lycopersicon esculentum
(Solanaceac)

Cycas circinalis, (Cycad, sago
palm), C. spp. (Cycadaceae)
[leaf, seed]

Lathyrus sativus (Fabaceae)
[seed]

Catha edulis (Khat), Maytenus
krukovit (Celastraceae) [leaf]

Acacia, Lathyrus spp. (Fabaceae),
Polygonatum multiflorum
{Solomon’s seal) (Liliaceae)

Catha edulis (khat), Maytenus
krukovit (Celastraceae) [leaf]

Synthetic

Synthetic; globally
Amphetamine-related
drugs used by 29 million
out of 180 million
illicit drug users

D-TR [~20], SHT-R [~20],
NE-TR [~20], GABA-TR
[~140] (CB-R)

D-TR ligand (insect &2A-R-
like TYR-R) [indirect

adrenergic]

6.3t
[Increases 5-HT TR
(rat brain)]

6.30
GABA-TR (GLY-R agonist)

NE uptake inhibition (at 10}
(Non-NMDA-Glu-R
agonist); substrate for large
neutral amino acid TR (rat
blood—brain barrier) (K,,,
2900, competes with leucine)
[excitotoxin, lathyrism
(neuronal damage
disease) in humans]

NE uptake inhibition (at 10}
{Non-NMDA Glu-R agonist)
[excitatory, lathyrism
(neuronal damage
disease) in humans]

4 D-TR, 5HT-TR (BA-R)
[anorexic, CNS stimulant,
euphoriant|

GABA-TR (OTCase)

[anticonvulsant]

4 D-TR, 5HT-TR [stimulant]

6.3n

SHT-TR [antidepressant,
paranoid exacerbation]

I D-TR, L SHT-TR (T
release of catecholamines
from presynaptic storage
granules) [anorexic, CNS
stimulant]

(continued )
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Table 6.3 (Continued)

Compound (class)

Plant (famuly) | part/

Effect or engyme/ process inhibited
(other targets) [ in vivo effects/

[2-(4-Bromobenzoyl)-3-methyl-
4,6-dimethoxybenzofuran
(= BMBD}]
(xanthoxylin)
[Citalopram]
{ benzodioxol fluorophenyl
piperidine)
[Dextromethorphan]
{morphine analogue)

[Fluoxetine (= (*)-NMethyl-
y-[4-(trifluoromethyl)-
phenoxyl]-
benzenepropanamine);
Prozac](trifluorophenoxy
phenyl tertiary amine)

[Litoxetine]
(aryl)

[(+)-Methylenedioxy-
methamphetamine (= Ecstasy;
“E”; 3,4-Methylenedioxy-
methamphetamine;

MDMA,; “X”)]

{aryl amine)

[Oestradiol benzoate]
(sterol)
[Paroxetine]|
{fluorophenyl isobenzofuran
tertiary amine)
[Rimcazole]
{ piperazinyl carbazole)
[Ritalin (= Methylphenidate;
Methyl phenidylacetate)
{ piperidine)

Testosterone propionate
P
(sterol)

[ Tetrahydropapaveroline]
(isoquinoline)
[Zimeldine]
(aryl piridinyl amine)

Synthetic

Synthetic

Synthetic; cough suppressant
abused as the “DMX?”
recreational drug

Synthetic; Prozac — widely
used antidepressant

Synthetic

Synthetic; Ecstasy (“E”)
drug of abuse in disco
scene — see Glue by Irvine
Welsh; stimulant &
hallucinogenic

Semi-synthetic of Oestradiol
yielding oestradiol per esterases
Synthetic

Synthetic

Synthetic

Semi-synthetic from
testosterone yielding
testosterone per esterases

Metabolite of 1-Dopa

Synthetic; Arvid Carlsson
(Sweden, Nobel Prize,
Physiology/Medicine, 2000)

[Antinociceptivity reversed
by SHT synthesis inhibition
by p-Chlorophenylalanine
methyl ester]|

5HT uptake inhibitor
[antidepressant]

D-TR (NMDA-Glu-R, o-R
agonist) [antitussive,
anxiolytic, psychoactive]

SHT uptake inhibitor (nACh-
R, 5SHT3-R antagonist)
[antidepressant, paranoid
exacerbation];
antidepressant
per synaptic serotonin
(5HT) elevation

5HT uptake inhibitor (5HT3-
R antagonist) [antidepressant,
antiemetic|

I D-TR, 5HT-TR (T D-REL,
T SHT-REL) [T synaptic D
& SHT; anti-dyskinetic (i.e.
with Parkinson L-DOPA-
induced dyskinesis), induces
hyperactivity, CNS stimulant,
neurotoxic, memory
impairment]

[Increases SHT-TR (brain)]

5HT uptake inhibitor
[antidepressant]

D-TR (o-R antagonist)

D-TR, SHT-TR [elevates
5HT & Dopamine, stimulant;
calms children with
hyperactivity-attention deficit
disorder]

[Increases SHT-TR (brain)]

D-TR

5HT uptake inhibitor
[antidepressant]
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Table 6.4 Acetylcholinesterase

Compound (class)

Plant ( family) | part/

Enzyme inhibited
(other targets infubited)
/in vivo ¢ffects/

Acetylcholinesterase
(AChE), Butyryl-
cholinesterase (BChE)

Alkaloid

Berberine(= Umbellatine)
(protoberberine
isoquinoline)

Cassaine
(diterpene alkaloid)

a-Chaconine
(triterpene, steroidal

alkaloid)

Coumingine
(alkaloid)
Dehydroevodiamine
{indole)
Deoxypeganine
(= Deoxyvasicine)
{quinazoline quinoline)
Faleoconitine
{norditerpene alkaloid)
Galanthamine (= Galantamine;
Lycoremine; Reminyl)
(galanthaman Amaryllidaceae
alkaloid); clinically used for
Alzheimer’s disease
(acetylcholine signalling-
linked dementia)
{(—)-Huperzine A
{carbobicyclic pyridinone)

Huperzine B
{carbobicyclic pyridinone)

N p-Hydroxyphenethyl)
actinidine (monoterpene

alkaloid)

Coelocline (Annonaceae),
Berberis, Hydrastis, Mahonia,
Nandina (Berberidaceae),
Archangelica
(Menispermaceace), Argemone,
Chelidonium, Corydalis
(Papaveraceae), Coptis,
Thalictrum (Ranunculacae),
FEvodia, Toddala,

Lanthoxylum (Rutaceae) spp.

Erythrophleum guineense,

E. suaveolens (Fabaceae)
[bark]

Notholirion hyacinthinum,
Veratrum stenophyllum
(Liliaceae), Solanum
tuberosum, S. choacoense,

S. nigrum (Solanaceae) [tuber]

Erythrophleum sp. (Fabaceae)

Evodia rutaecarpa (Rutaceae)

Peganum harmala,
P. mgellastrum
(Zygophyllaceae)

Aconitum _falconert
(Ranunculaceae) [root, tuber]

Galanthus woronii (snowdrop)
[bulb], Crinum, Galanthus,
Hippeastrum, Hymenocallss,
Leucojum, Lycoris, Narcissus,
Pancratium, Ungernia spp.
(Amaryllidaceae)

Huperzia serrata (moss),
Lycopodium selago (fir club
moss) — not to be confused
with non-toxic L. cavatum
(sometimes used for a “tea”),
(Lycopodiaceace)

Huperzia serrata (moss),
Lycopodium selago (fir club
moss) (Lycopodiaceac)

Valeriana officinalis
(Valerianaceae) [root]

6.4

6.4a

ACHhE ligand (167), BChE
ligand (56) (x1A-R, a2A-R,
ATPase,CDPK, ChAT,
diamine oxidase, DNA ligand,
5HT2-R, mACh-R, nACh-R,
MLCK, PKA, PKC)
[antibacterial, antimalarial,
antipyretic, bitter stomachic,
cytotoxic]|

AChE (<550) (Na*K "-ATPase)
[cardiotonic, cardiotoxic,
convulsant]

BChE (at physiological
postprandial (potato meal)
serum levels)

[teratogen, toxic]

ACHE (<550) (Na* K"-ATPase)
[cardiotonic, cardiotoxic]

AChE (38) [antiamnesic
(>Tacrine (AD drug)]

ACHhE [cholinergic]|

AChE

AChE (nACh-R allosteric
modulator) [analgesic, clinical
cognitive enhancer for AD,
reverses amnesia from
Scopolamine, insecticide,
neuroleptic|

AChE [5nM], BChE
[cholinergic — causes cramps,
diarrhoea, dizziness, slurred
speech, sweating, vomiting;
toxic, atropine antidote]

ACHhE [cholinergic, anti-AD]

AChE

(continued )
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Table 6.4 (Continued)

Compound (class)

Plant (famuly) | part]

Enzyme intubited
(other targets inhibited)
/I vivo effects/

(+)-Nepapakistamine A
(steroidal alkaloid)

Palmatine (= Calystigine)
(benzophenanthridine
isoquinoline)

Papaverine
(benzylisoquinoline)

Peganine (= Linarine; Vasicine)
(quinazoline quinoline)

Physostigmine (= Eserine;
Physosterine; Physostol)
(indole)

Physovenine

(indole)

Protopine (= Biflorine;
Corydalis C; Corydinine;
Fumarine; Macleyine)
(benzylisoquinoline)

Pseudaconitine
(norditerpene alkaloid)

Sanguinarine
(=Pseudochelerythrine)
(benzophenanthridine)

Sarcococea coracea
(Buxaceae)

Berberis, Mahonia spp.
(Berberidaceae), Fateorrhiza
palmata (Menispermaceae),
Corydalis (Papaveraceae),
Coptis (Ranunculaceae) spp.

Rawwolfia serpentina
(Annonaceac), Papaver
bractaetum, F serpentina,

P somniferum (opium poppy)
(Papaveraceae)

Adhatoda vasica, Justicia
adhtoda (Acanthaceae) [leaf |,
Lunaria spp. (Cruciferae),
Sida cordifolia Malvaceae)
[root], Peganum harmala
(Zygophyllaceac)

[leaf]

Hippomane mancinella
(Euphorbiaceae), Physostigma
venenosum (Calabar bean)
(Fabaceae) [seed]

(isolated 1864)

Physostigma venenosum
(Calabar bean) (Fabaceae)
[seed]

Fumaria officinalis (fumitory)
(Fumariaceae), Argemone
mexicana (prickly poppy),
Corydalis ternata, Papaver
somniferum (opium poppy)
(Papaveraceae)

Aconitum_falconert, A. ferox,

A. spictatum ( Ranunculaceae)
[root, tuber]

Chelidonium magus, Dicentra
spectabilis, D. peregrina,
Papaver somniferum,
Sanguinaria canadensts
(Papaveraceae), Fumaria
offictnals (Fumariaceae),
Lanthoxylum spp. (Rutaceae),
Preridophyllum spp.
(Sapindaceae)

AChE

AChE ligand (125), BChE ligand
(426) (a1A-R, a2A-R, ATPase,
CDPK, ChAT, diamine
oxidase, 5SHT2-R, mACh-R,
nACh-R, MLCK, PKA, PKC)
[antibacterial, AI]

ACHhE [antitussive, SM relaxant,
spasmolytic, vasodilator]

AChE [abortefacient,
anthelmintic, bronchodilatory,
cholinergic, hypotensive,
respiratory stimulant,
uterotonic]

AChE, BChE (carbamoylates
active site Serine) [anti-AD, esp.
AD amyloid plaque- & tangle-
associated ChE; miotic,
organophosphate poison
antidote, parasympathetic,
toxic]

AChE [ parasympathetic, toxic]

AChHE (50) [antibacterial, anti-
amnesic (=anti-AD drug
Velnacrine), sedative, SM
relaxant]

AChE (nACh-R)
[anticholinergic, cardiac &
respiratory depressant,
hypotensive, toxic]

ACHhE ligand (11), BChE ligand
(17) (e 1A-R, a2A-R, ATPase,
BChE, CDPK, ChAT, diamine
oxidase, DNA ligand, 5HT2-R,
mACh-R, nACh-R, MLCK,
PKA, PKC) [antibacterial, Al]

(continued )
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Table 6.4 (Continued)

Compound (class)

Plant (family) | part/

Enzyme imhibited
(other targets infubited)
/in vivo effects/

a-Solanine (= Solatunine)
(triterpene, steroidal alkaloid)

Ungiminorine
{Amaryllidaceae alkaloid)
(—)-Vaganine D
(steroidal alkaloid)
Phenolic
Resorcinolic lipids
{phenolic esters)

Terpene

1,8-Cineole (= Cajeputol;
Eucalyptol)
{monoterpene)

a-Pinene (= 2-Pinene)
{monoterpene)

Ursolic acid (= Malol; Malolic
acid; Micromerol; Prunol;
Urson) (triterpene)

Other

Solanum CPI (= Potato
Carboxypeptidase Inhibitor)
(5 kDa protein)

Non-plant reference

[Aldicarb (= 2-Methyl-2-
{methylthio) propionaldehyde
O-(methylcarbamoyl) oxime]
(aliphatic carbamate)

Lycopersicon esculentum
(tomato), Capsicum spp.,
Solanum tuberosum (potato)
[tuber], S. nigrum (woody
nightshade) (Solanaceac)

Nareissus sp. (narcissus)
{Amaryllidaceae)

Sarcococca cortacea
(Buxaceae)

Triticum aestivum (Poaceae)

[seed]

Artemisia maritima
(Asteraceae), Salvia
lavandulagfolia (Lamiaceac),
Eucalyptus globulus, E. spp.,
Melaleuca leucadendron
(Myrtaceae) [oil], Alpinia,
Curcuma (Zingiberaceac)

Junyper macropoda
(Cupressaceac), Mentha,
Salvia spp. (Lamiaceace),
Eucalyptus globulus
(Myrtaceae), Pinus palestris,
P walliciana, P. spp. (Pinaceae),
Ciitrus spp. (Rutaceae)

Widespread; Nerium oleander
(Apocynaceae), Vaccinium
macrocarpon (cranberry),
Arctostaphylos uva-urst
(Ericaceac), Organum
mayorana, Prunella vulgars,
Salvia spp. (Lamiaceace),
Malus sp., Pyrus sp.
(Rosaceae) [fruit surface]

Solanum tuberosum (potato)
(Solanaceae) [tuber]

Synthetic

BChE (at physiological
postprandial (potato meal)
serum levels) [causes coma,
diarrhoea, hallucination,
vomiting; insecticide,
teratogen, toxic|

AChE

AChE

6.4p
Membrane AChE (18-90)

6.4t

AChE (670) [anthelmintic,
antiseptic, expectorant, {lavour,
cockroach repellent]

ACHhE (630) [ataxic,
delirium-inducing,
dermatitic, irritant,
perfume]

AChE [6 pM] (CDPK, DNAP,
HIV-1 PR, PKA, PKC, RT,
TOPI, TOPII) [Al cytotoxic,

antineoplastic]

6.40

[AChE, BChE esp. AD amyloid
plaque- & tangle-associated
ChE (at 50-100)] (CP)

6.4n

AChE (carbamoylates — forms
carbamoyl ester with active site
Serine) [acaricide, most potent
market carbamate insecticide,
nematocide, toxic (atropine
antidote)]

(continued )
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Table 6.4 (Continued)

Compound (class) Plant (family) | part| Enzyme inhibited
(other targets inhibited)
/I vivo effects/
[Amiloride] Synthetic AChE, BChE (Na*/H*
(pyrazine guanidine) antiporter) [diuretic]

[Anatoxin-a(s)]
(guanidine methylphosphate
ester)

[ Diisopropylfluorophosphate]
(organophosphate)

[Donepezil (= Aricept)]

(aryl piperidine)

[Fasciculins]

(7 kDa proteins)

[Huprine X]
(quinoline)

[Huprine Y]
(quinoline)

[Neostigmine (= 3-Dimethyl-
carbamoxyphenyl)
trimethylammonium]|
(quaternary amine aryl
carbamate)

[Parathion (= 0,0-Diethyl O-p-
nitrophenyl phosphorothioate}]
(organophosphorothioate)

[Phenserine (= (—)-A-
Phenylcarbamoyl eseroline)]
(phenylcarbamate)

[Rivastigmine]
(carbamate)

[Sarin (= Isopropoxy-
methylphosphoryl fluoride)
(organophosphate)

[Soman (= Methyl-
phosphonofluoridic acid 1,2,2-
trimethylpropvl ester)]
(organophosphate)

[Tacrine (= Cognex; 1,2,3,4-
Tetrahydro-5-aminoacridine)]
(acridine)

Anabaena flos-aquae
(cyanobacterium, blue-
green alga)

Synthetic insecticide

Synthetic

Dendroasprs angusticeps
(mamba snake) venom

Synthetic

Synthetic

Synthetic — cf. Physostigmine

Synthetic

Synthetic — cf. Physostigmine

Synthetic — cf. Physostigmine

Synthetic

Synthetic

Synthetic

[Velnacrine (= 1-Hydroxy-1,2,3,4- Synthetic; metabolite of

Tetrahydro-5-aminoacridine)]
(acridine)

Tacrine

AChE (forms covalent
adduct with active site
Serine resistant to
oxime reactivation)
AChE (forms phosphoryl ester
with active site Serine)
AChE [I nM] [nootropic]|

AChE (at pM—nM)
AChE [26 pM] [anti-AD]
AChE [33pM] [anti-AD]

AChE (carbamoylates — forms
carbamoyl ester with active
site Serine) [cholinergic,
myotic, toxic
(curare antidote)]

AChE (phosphorothiolates
active site Serine)
[insecticide]

AChE (carbamoylates — forms
carbamoyl ester with active
site Serine) [cognition
enhancer for AD]

AChE (carbamoylates
pseudoirreversibly — forms
carbamoyl ester with active
site Serine) [clinical
cognition enhancer for AD]

AChE (forms phosphoryl ester
with active site Serine)
[chemical warfare agent]

AChE (forms phosphoryl
ester with active site Serine)
[chemical warfare agent]

AChE [0.4nM; 31 nM], BChE
(nACh-R) [esp. AD amyloid
plaque- & tangle-associated
ChE; clinical cognition
enhancer for AD]

AChE [cognition enhancer,
nootropic, potential

anti-AD]
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Table 6.5 Monoamine oxidase

Compound (class)

Plant (family) [ part/

Enzyme inhibited
/1in vivo effects/

Monoamine oxidase
(MAO)

Alkaloid

Cinchonaminone
(= [3'R4'S]-2-]2-
(-Ethenyl-4- piperidinyl)-
acetyl]-1H- indole-3)-
ethanol (piperidinyl
indole)

Cinchonaminone (=
[15,3"R,4'R]-3-(3-Ethenyl-
4-piperidinyl)-1-(4-
quinolinyl}-1-propanol)
{(piperidinyl quinoline)

Harmaline (= 3,4-
Dihydroharmine;
Harmidine)
(indole, carboline)

Harman (= Aribine;
Loturine; 1-Methyl-3-
carboline; Passiflorin)
{B-carboline, indole)

Harmine (= Banisterine;
Leucoharmine;
Telepathine; Yageine)
(B-carboline, indole)

2-Methoxytetrahydro-8-
carboline (= 2-Methoxy-
tetrahydronorharman)
(B-carboline, indole)

2-Methyltetrahydro-3-
carboline (= 2-Methyl-
tetrahydronorharman)
(B-carboline, indole)

Norharman
(= B-Carboline)

(B-carboline, indole)

Cinchona succirubra (Rubiaceae) [cortex]

Cinchona succirubra (Rubiaceae) [cortex]

Fassiflora incarnata (passion flower)
(Passifloraceae), Banisteria caapr,
Bansteriopsts caapt (Malpighiaceae),
Peganum harmala (Zygophyllaceac)

Phaseolus vulgaris (Fabaceae) [suspension
culture], Passiflora edulis, P incarnata
(Passifloraceae), Singickia rubra (Rubiaceae),
Symplocos racemosa (Symplocaceae),
Peganum harmala, Tribulus terrestrs,
Lygophyllum fabago (Zygophyllaceae);
cooked food, pyrolysate of
Tryptophan

Fassiflora incarnata (passion flower)
(Passifloraceae), Banisteria caapt
(Malpighiaceae), Peganum harmala, Tribulus
terrestris (Zygophyllaceae); “pharmahuasca”
(cf. S. Am. psychotropic Ayahuasca)
combination of N,N-dimethyltryptamine
(BHT-R agonist) + harmine
(MAO inhibitor)

Palicourea marcgravii (Rubiaceae) [leaf’]

Palicourea marcgravi (Rubiaceae) [leaf]

Cichortum intybus (Asteraceae), Tribulus
terrestris (puncture vine), ygophyllum
Jabago (Zygophyllaceae); tobacco smoke
[ex Nicotiana tabacum [leaf] (Solanaceae)];
cooked food, pyrolysate of
Tryptophan

6.5

6.5a
MAO (32)

MAO (12)

MAO-A (I2-R) (a2A-R,
BZ-R, DNA, NMDA-
Glu-R) [ataxic,
excitatory,
hallucinogenic, increases
c¢GMP, tremorigenic]

MAO-A (0.5) [5nM],
MAO-B (5) (T CAT-
REL, DNA, I1-R, I2-R)
[antidepressant, co-
mutagenic, convulsant,
cytotoxic, genotoxic,
hypotensive, motor
depressant, sheep
“Tribulus staggers”|

MAO-A [2 nM] (DNA)
[CNS stimulant,
hallucinogenic; WW2
Nazi Gestapo use as
“truth drug”]

MAO-A (1)

MAO-A [may T toxicity
of Fluoroacetate
in same plant]

MAO-A (weak) (BZ-R,
DNA) [co-mutagenic,
sheep “Tribulus
staggers”|

(continued )
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Compound (class)

Plant (family) | part]

Enzyme inhibited
/1n vivo effects/

Quinine
{quinoline)

[Tetrahydro-B-carboline
(=tetrahydronorharman}]
(B-carboline, indole)

Tetrahydroharmine
{B-carboline, indole)
1,2,3,4-Tetrahydro-
isoquinoline 1-cyano
adduct

{isoquinoline)

1,2,3,4-Tetrahydro-
isoquinoline N-(1"-
cyanoethyl), A=(1'-
cyanopropyl) & A(1'-
cyanobutyl) adducts
{isoquinoline)

Tryptamine (= 3-(2-
Aminoethyl) indole)
{indole)

Phenolic

Apigenin (= 5,7,4'-
Trihydroxyflavone)
(flavone)

Chrysin (= 5,7-
dihydroxyflavone)
(flavone)

Confluentic acid
(depside, aryl ester)
Desmethoxyyangonin
(pyrone, phenolic

derivative)

Cinchona officinalis, C. succirubra, C. spp.,
Remyjia pedunculata (Rubiaceac)

Metabolite from Tryptamine

Banisteria caapt (liana), Banisteriopsts caapt
(ayahuasca) (Malpighiaceae) [bark]

Derived from smoking tobacco — Nicotiana
tabacum (Solanaceac) [leaf]

Derived from smoking tobacco — Nicotiana
tabacum (Solanaceac) [leaf]

Cucumis sativus (cucumber) (Cucurbitaceae),
Mucuna pruriens, Piptadenia peregrina,
Prosopus juliflora (Fabaceae), Hordeum
vulgare (barley), Zea mays (corn) (Poaceae)
[seed], Lycopersicon esculentum (tomato),
Nicotiana tabacum (tobacco), Solanum
melongena, S. tuberosum ( potato)
(Solanaceac)

Aprum, Daucus (Apiaceae), Mentha
(Lamiaceae) spp., ferns [leaf surface];
7- apiosylglucoside (= Apiin; Apioside)
in Apium graveolens (celery), Petroselinum sp.
(parsley) (Apiaceae) [leaf, seed];
glucosides in Cosmos bipinnatus,
Erigeron annuus (Asteraceae),
Amorpha fruticosa (Fabaceae)

Daucus (Apiaceae), Pinus spp. (Pinaceae)
[wood], Populus spp. (poplar) (Salicaceae)
[leaf bud], Escallonia spp. (Saxifragaceac)
[leaf]

Himatanthus sucuuba (Apocynaceae) [ bark]

Piper methysticum (kava) (Piperaceae)
[rhizome]

MAO (16)
[abortefacient,
antimalarial,
antifibrillatory,
bitter taste, cardiac
depressant,
stimulant]

MAO-A (5), MAO-B
(~50)

MAO

MAO [~30] [tobacco
smoke inhibits MAO &
has protective effect
against Parkinson’s
disease]

MAOQO [~30] [tobacco
smoke inhibits MAO &
has protective effect
against Parkinson’s
disease]

Precursor of Tetrahydro-
3-carboline

(II-R, 12-R)

6.5p

MAO-A (1; 8), MAO-B
(BZ-R-like R, CDK2,
EGF-RTK, MLCK,
PKA, PKC, RTK
(insulin-RTK, IGF-

1- RTK)) [antibacterial,
Al diuretic,
hypotensive, Rhizobium
nodulation

stimulant]

MAO-A (2), MAO-B
(AR, PDE, ITD,
histamine release)

[AL antibacterial]

MAO-B (0.2)

(not MAO-A)

MAO-B [0.3]

(continued )
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Table 6.5 (Continued)

Compound (class)

Plant (family) | partf

Enzyme infubited
/in vivo effects/

(+/—)-Dihydrokavain
(= Dihydrokawain) (pyrone,
phenolic derivative)

(+/—)-Dihydromethysticin
{pyrone, phenolic
derivative)

(—)-Epicatechin
(= 2R,3R)-5,7,3" 4'-
Tetrahydroxyflavan-3-ol}
(flavan-3-ol)

Isopsoralen
(furocoumarin)

Kaempferol (= 3,5,7,4'-
Tetrahydroxyflavone)
(flavonol)

(+/—)-Kavain (= Gonosan;
Kawain)
{pyrone, phenolic
derivative)

Lemuninol A
{(naphthalene dimer)
Lemuninol B
{(naphthalene dimer)
Lemuninol C
{(naphthalene dimer)
Malvidin 3-glucoside
{anthocyanin)

3-Methyl-8-methoxy-1,4-
naphthoquinone
{(naphthoquinone)

2'-0-Methylperlatolic acid
(depside, aryl ester)

N-Methyltyramine
{phenolic amine)

(+/—)-Methysticin

(pyrone, phenolic derivative)
Myristicin

{ phenylpropene)

Prper methysticum (kava) (Piperaceae)
[rhizome]

Prper methysticum (kava) (Piperaceae)
[rhizome]

Widespread; Aesculus californica
(Hippocastanaceae), Plerocarpus spp.
(Fabaceae) [bark], Podocarpus nagt
(Podocarpaceac), Crataegus monogyna
(Rosaceae), Camellia sinensis ( Theaceae)

Psoralea corylifolia (Fabaceae) [seed]

Widespread as aglycone & glycosides;
Cuscuta reflexa (Convolvulaceae),
Azadirachia mdica (Meliaceae), Delphinium
consolida (Ranunculaceae), Citrus paradisi
(grapefruit) (Rutaceae), Koelreuteria henryt
(Sapindaceae); glycosides in Fabaceae,
Hippocastanaceae

Prper methysticum (kava) (Piperaceae)

[rhizome]; Fijian drink kava (yaqona;

pronounced yangona) — excess
yields local paralysis
(e.g. numb lips)

Diospyros sp. (Ebenaceae)

Duospyros sp. (Ebenaceac)
Duospyros sp. (Ebenaceac)

Malva sylvestris (mallow) (Malvaceae)
[flower], Ligustrum vulgare (Oleaceae),
Vitis vingfera (grape) (Vitaceac)

Diospyros sp. (Ebenaceae)

Himatanthus sucuuba (Apocynaceae) [ bark]

Paticourea marcgravi (Rubiaceae) [leaf]

Prper methysticum (kava) (Piperaceae)
[rhizome]

Aprum graveolens, Daucus carota, Levisticum
scoticum, Pastinaca sativa, Petroselinum
crispum (Apiaceae), Cinnamomum
glanduliferum (Lauraceae), Orthodon spp.
(Lamiaceae), Myristica fragrans
(Myristicaceae) [nutmeg oil]

MAO-B

MAO-B

MAO-A (> 25) (AR,
PKA) [antibacterial,
Al anti-oxidant]

MAQ-A (9) [7],
MAO-B (13) [11]
MAO-A (0.7), MAO-B
(CDPK, EGF-RTK,
MLCK, PKA,
p56'* TK)

MAO-B

MAO (12-25)
MAO (> 62)
MAO (> 60)

MAO-A (> 25)

[mauve colour]

MAO (> 108)

MAO-B (81)
(not MAO-A)
MAO-A (competitive
substrate) [may
toxicity of
Fluoroacetate in
same plant]
MAO-B [1]
[spasmolytic]
MAO (DNA) [PAI,
psychotropic]

(continued )
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Compound (class)

Plant (famuly) | part]

Enzyme infubited
/in vivo effects/

Pelargonidin 3,5-di-0-
glucoside (= Pelargonin)
(anthocyanin)

Psoralen (= Ficusin)
(furocoumarin)

trans-Resveratrol (= 3,5,4'-
Trihydroxystilbene)
(stilbene)

Tyramine (= 4-Hydroxy-
phenethylamine;
Tyrosamine)

{ phenolic amine)

Veraphenol
(stilbene)
Yangonin
{(pyrone, phenolic
derivative)

Other

[2-Naphthylamine]
{naphthalene amine)

Non-plant reference

(cf. I2-R ligands)
[Pargyline (= A-Benzyl-A-

methyl-2-propynylamine)]|

(aryl alkynyl tertiary
amine)
[Clorgyline]
(chloroaryl alkynamine)
[Deprenyl]
(propargylamine, aryl
alkynamine)

Commiphora mukul (Burseraceae),
Pelargonium zonale (Geraniaceae),
Gladiolus sp. (Iridaceac)

[petal]

Pastinaca sativa, Petroselinum
crispum{Apiaceae), Coronilla
glauca, Psoralea corylifolia,

P. spp. (Fabaceae) [seed],
Ficus carica (Moraceae),
Phebalium argenteum [oil],
Xanthoxylum flavum[wood]
(Rutaceac)

Nothofagus (Fagaceae), Cassia,
Intsia, Trifolium (Fabaceae),
Veratrum (Liliaceae), Fucalyptus
(Myrtaceae), Pinus (Pinaceac),
Artocarpus, Morus (Moraceae),
Polygonum (Polygonaceae),

Vitis (Vitaceae) spp.; glycosides
in Polygonum ( Polygonaceae),
Angophora, Fucalyptus
(Myrtaceac) spp.

Lophophora williamst, Trichocereus
pachanoi (Cactaceae), Hordeum vulgare,
Lolium multiflorum (Poaceac),
Palicourea marcgravii (Rubiaceae),
Citrus spp. (Rutaceac),

Viscum album (Viscaceae)

Veratrum taliense [rhizome, root]|
(Liliaceae)

Piper methysticum (kava) (Piperaceac)
[rhizome]

Nicotiana tabacum (tobacco)
(Solanaceae) [cigarette smoke]

Synthetic

Synthetic

Synthetic

MAO-A (> 25)

[red colour]

MAO-A (15) [14],
MAO-B (62) [58]

MAQ-A (27) [47]
(p56'* TK)

Precursor of
N-Methyltyramine &
Tetrahydro-B-carboline
[sympathomimetic|

MAO-A (38) [36]

MAO-B [spasmolytic]|

6.50
MAO-A [52], MAO-B
[40] [carcinogen]

6.5n

MAO-A (I2-R ligand)

[antihypertensive]

[Irreversibly inhibits
MAO-A in viwo]

MAO-B [clinical anti-
AD)] [anti-Parkinson]
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Table 6.6 Degradation of other neurotransmitters

Compound (class) Plant (famaly) | part/ Effect/ enzyme mhibited
(other targets)
/n vivo effects/
GABA breakdown, 6.6A
GABA transaminase
(GABAT)

4-Hydroxybenzaldehyde
(= 4-Formylphenol)
{phenolic aldehyde)

Valerenic acid
(sesquiterpene)

[Valproic acid (= 2-
Propenylpropanoic acid)]
(aliphatic carboxylic acid)

Glutamate
decarboxylase
(GIuDC)

[Chelidamic acid]

{ pyridininone)

Chelidonic acid
{pyranone dicarboxylic

acid)

Widespread; Plerocarpus marsupium
(Fabaceae), Gastrodia elata (Orchidaceae),
Plocama pendula (Rubiaceae)

Valeriana officinalis (valerian)
(Valerianaceae) [root]

Synthetic

Synthetic

Chelidonium majus (Papaveraceae);
Amaryllidaceae, Liliaceae, Papaveraceae

GABAT (cf. Valproic
acid) [anticonvulsant,
antiepileptic]

[Inhibits GABA
breakdown]

GABAT [antiepileptic,
increases brain GABA]

6.6B

GluDC [33]

GluDC [1]




7 Cyclic nucleotide-, Ca’*- and
nitric oxide-based signalling

7.1 Introduction

“Second messenger”’-mediated signal transduction is a major signalling mechanism in
eukaryotes. Essentially “primary messengers” (neurotransmitters (N'Is), hormones, odorants
and light) are registered by PM-located receptors with a consequent elevation of the
intracellular concentration of “second messenger” substances such as cAMP, cGMP and
Ca’*. These “second messengers” can activate “downstream” effectors, notably serine- and
threonine-specific protein kinases that catalyse the transfer of the y-phosphoryl (-PO3) of
ATP to a serine or threonine residue hydroxyl of the protein substrate:

Protein-Ser/ Thr-OH + ATP — Protein-Ser/ Thr-O-PO4>~ + ADP

The (reversible) phosphorylation of a protein substrate, X, typically results in a subtle
change in the conformation of the phosphoprotein (denoted X-P) that is typically associated
with a change in ligand binding and/or catalytic activity. Such phosphorylation is ultimately
reversed through the operation of phosphoprotein phosphatases (PPs) that catalyse the
hydrolytic dephosphorylation of phosphoproteins:

protein—O-PO3*~ + H,0 — protein~OH + P; (inorganic phosphate)

Calcium ion (Ca®*) is a major “second messenger” in eukaryote cells, the cytosolic levels
of Ca** rising transiently in response to “primary messengers” that ultimately cause the
opening of voltage-gated Ca®* channels or ligand-gated Ca** channels (Chapter 4). Ca®*
concentration returns to a resting level of about 0.1 wM through the operation of Ca?*
pumps (Chapter 4). A variety of Ca?*-dependent enzymes are activated by the 1-10 uM
free cytosolic Ca** concentration obtaining in “excited” cells. Such activation can occur
through Ca?* binding directly to the enzyme. Alternatively Ca?* binding to the Ca®*-
binding regulator protein calmodulin (CaM) forms a relatively hydrophobic Ca**,~CaM
complex, which can bind to and activate a variety of enzymes. The most generally impor-
tant Ca**-dependent enzymes are Ca?*- or CaM-dependent protein kinases that catalyse
the reversible phosphorylation and functional alteration of other proteins. Such phosphory-
lation is reversed through the operation of PPs including the Ca®*-dependent PP
calcineurin (PP2B).

The cyclic nucleotides adenosine 3',5"-cyclic monophosphate (cyclic AMP (cAMP)) and
guanosine 3’,5"-cyclic monophosphate (cyclic GMP (¢cGMP)) are “second messengers”
generated by adenylyl (adenylate) cyclase (AC) and guanylyl (guanylate) cyclase (GC),
respectively, in response to receptor occupation by particular “primary messengers”, that is,
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hormones or N'Ts (see Chapter 5). Cyclic AMP and ¢cGMP are ultimately hydrolysed to 5'-
AMP and 5'-GMP, respectively, by cyclic nucleotide phosphodiesterases (PDEs). AC and
GC are activated (switched on) by particular signalling molecules. The resultant elevated
cytosolic cyclic nucleotide “second messengers” cAMP and cGMP, respectively, open cAMP-
or cGMP-gated Na™ channels (thereby depolarizing cell membranes) or activate cAMP-
dependent protein kinase (PKA) or cGMP-dependent protein kinase (PKG). PKA and PKG
are serine/threonine-specific protein kinases that catalyse the phosphorylation and func-
tional alteration of particular proteins, which is ultimately reversed through the operation of
PPs (Chapter 8).

Before outlining Ca?*- and cyclic nucleotide-based signalling in greater detail, it should
be noted that signalling pathways involving these different “second messengers” can interact
In various ways (just as various law enforcement bodies interact in maintaining an orderly
society). An example of this so-called “cross-talk” is provided by the Ca’*-dependent PP
calcineurin (PP2B) that catalyses the dephosphorylation of phosphoproteins phosphorylated
by cAMP- or cGMP-dependent protein kinases. Similarly, Ca?*,~CaM (CaM for short
hereafter) activates nitric oxide synthase (NOS), the nitric oxide (NO) generated thence
activating a soluble GC which generates the “second messenger” cGMP.

7.2 Ca’'- and calmodulin-dependent enzymes

A number of proteins are directly activated through the binding of Ca?*. Troponin C is
a CaM-like skeletal muscle protein that binds Ca?*, the consequent troponin C conforma-
tional change triggering a conformational change in a tropomyosin—troponin C complex
that exposes myosin-binding sites on actin filaments and thus enables skeletal muscle con-
traction. This process can be summarized as follows: nerve signal — Ca?* released from the
sarcoplasmic reticulum — Ca** binds to troponin C — conformational change of troponin-
C—tropomyosin complex = myosin head-binding sites exposed on actin filaments (thin
filaments) = myosin-head-ADP-P; complex binds to actin filaments (thereby linking myosin
“thick filaments” with actin “thin filaments” with release of P;)— P; release triggers
a “power stroke” in which the myosin head moves the actin and myosin filaments relative to
each other with the concomitant release of ADP — ATP binds to the myosin head causing
its dissociation from the actin filament— ATP is hydrolysed to yield ADP and P; bound to
the myosin head — the next round of interaction of myosin with the actin thin filament.

A large family of protein kinase G (PKC) isoenzymes (e.g. PKC isoforms o, § and ) are
variously activated (“switched on”) through binding Ca®* and other ligands including phos-
pholipid and diacylglycerol (DAG). Thus RTK- or GPCR-mediated signalling that activates
phospholipase C (PLC) results in hydrolysis of PI4,5P, yielding DAG and IP; (Chapters 5
and 8). IP; binds to ER IPy-gated channels resulting in release of Ca?* from ER stores
into the cytosol with consequent activation of “autoinhibited” PKC by DAG, Ca?* and PM-
associated phospholipid depending upon the particular PKC isoenzyme involved.

A number of other protein kinases are activated by the Ca?*;~CaM complex generated
as a result of elevation of cytosolic free Ca** concentration. CaM is a relatively small (17 kDa)
acidic protein with four Ca?*-binding sites (K values about 1 wM). Ca?* binding to CaM
generates a hydrophobic Ca?*—CaM complex through a major conformational change in
this small protein. The hydrophobic Ca?*~CaM complex binds to and activates a variety of
proteins including particular protein kinases. Various CaM-dependent protein kinases
(CGaMPKs I-1V) phosphorylate a variety of protein substrates. However, a particular CaM-
dependent protein kinase called myosin light chain kinase (MLCK) phosphorylates myosin
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light chains (MLCs) associated with myosin head groups. MLC phosphorylation by MLCK
in smooth muscle triggers muscle contraction by permitting myosin heads to interact
with actin filaments. Smooth muscle contraction is also regulated by “cross-talk” involving
cAMP signalling: elevation of cAMP activates PKA which phosphorylates MLCK. PKA-
phosphorylated MLCK 1is poorly activated by CaM, resulting in decreased MLC phospho-
rylation and muscle relaxation. Activated PKA also phosphorylates a muscle sarcoplasmic
reticulum (ER) membrane protein called phospholamban, the phosphorylated form of
which stimulates Ca?* pumping into the ER lumen by the Ca®*-ATPase (Chapter 4) with
resultant lowering of cytosolic Ca’" and smooth muscle relaxation.

CaM is an integral subunit of a further major protein kinase, namely phosphorylase
b kinase (PhosbK), which regulates glycogenolysis and is subject to dual control by Ca** and
PKA. A CaM-domain-containing protein kinase (or Ca®*-dependent protein kinase,
CDPK) is present in plants and in the malaria-causing organism Plasmodum falcyparum (which
has an evolutionary origin involving a photosynthetic symbiont). These CDPKs have
a C-terminal domain composed of four CaM-like Ca?*-binding domains.

CaM (i.e. the Ca**,—CaM complex) activates a variety of other proteins including brain
adenylyl cyclase, a Ca?*-dependent Na* channel, ER Ca?* release channels, calcineurin
(PP2B), brain cAMP PDE, plant glutamate decarboxylase, the olfactory cAMP-gated Na™
channel, retinal rod and cone cell cGMP-gated Na™ channels, plant NAD* kinase, endothe-
lial NO synthase (eNOS), phosphatidylinositol 3-kinase (PI3K), PM Ca**-ATPase and RNA
helicase. It is clear from this list that many of these Ca**-dependent interactions involving
CaM provide “cross-talk” between Ca?*- and cyclic nucleotide-based signalling.

The Ca?*—CaM complex interacts with CaM-binding elements of the target effector
proteins, which in many cases are amphipathic a-helices that can be envisaged as “cyclindri-
cal” structural elements in which one side of the cylinder is hydrophobic (i.c water “fearing”
or repelling) and the other side polar and hydrophilic (i.e. readily solvated by water mole-
cules). Peptides of this kind can bind tightly to CaM. Thus, the bee venom peptide melittin
has an amphipathic a-helical structure and binds tightly to Ca**,—CaM. Such CaM antag-
onists can be experimentally detected through inhibition of CaM-dependent enzymes (such
as brain cAMP PDE or MLCK) or through fluorimetric detection of changes in the confor-
mation of CaM. A number of plant defensive proteins interact with Ca®*—CaM as do some
plant-derived secondary metabolites (Table 7.1).

7.3 Adenylyl cyclase

Adenylyl cyclase catalyses the reaction ATP — cAMP + pyrophosphate (PP;). Membrane-
bound ACs are activated by hormones and NTs that act via G protein-linked receptors to
generate AC-activating Gas—GTP (Chapter 5). Particular AC isoforms are activated by
Ca**-calmodulin, this representing an example of “cross-talk” between cAMP and Ca?*
signalling pathways. As outlined in Chapter 5, Gai~GTP inhibits AC and hence lowers
cAMP concentration. A variety of hormones and NTs act via GPCRs to either activate or
inhibit AC and in turn a variety of plant-derived compounds interfere with these processes
(Chapter 5). The plant-derived diterpene forskolin and related compounds directly activate
AC (Table 7.2).

7.4 Membrane-bound and soluble guanylyl cyclases

Guanylyl cyclase catalyses the reaction GTP —c¢GMP + pyrophosphate (PP;). Heart stress
(e.g atrial stretch due to increased blood pressure and hence increased cardiac muscle work)
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signals release of the peptide hormone atrial natriuretic factor/peptide (ANF/ANP). ANP
binds to PM-located ANP receptors (ANPR-A and ANPR-B) that are transmembrane
receptors having an external ANP-binding domain and a tyrosine kinase-like, cytosolic GG
domain. ANP binding activates the GC with resultant elevation of intracellular cGMP and
ultimately decreased blood pressure through vascular dilation. Another ANP receptor is
coupled via a G protein to decrease cAMP and increase Ca’* via PLC activation and 1Py
generation.

A further type of PM-located GC 1is gastrointestinal (GI) C-type GC that is activated by
the paracrine peptide hormone guanylin. Guanylin is secreted by GI cells and resultant GC
activation and cGMP elevation results in increased Cl ™ transport via the cystic fibrosis trans-
membrane conductance regulator (CFTR) into the intestinal lumen with resultant increased
water flow. The Escherichia coli heat-stable enterotoxin mimics guanylin in activating this
intestinal C-type GC and consequently causes diarrhoea.

Soluble, haem-containing GCs are activated by NO generated by NOSs that are either
constitutive (<(NOS) or inducible {INOS). Constitutive eNOS is regulated through phospho-
rylation by AMP-dependent protein kinase (AMPK) and is also activated by CaM (these
regulatory phenomena providing further examples of signalling pathway “cross-talk™).
Soluble GC is also activated 2 vivo by carbon monoxide (CO) generated from haem by haem
oxygenase 2 (HEO2) that catalyses the reaction haem — biliverdin + Fe** + CO. Activation
of soluble GG by NO successively results in elevated cGMP, activation of cGMP-dependent
protein kinase (PKG), specific protein phosphorylation and vascular dilation. The antiangi-
nal drug nitroglycerin acts by generating NO with the successive consequences of cGMP
generation, PKG activation, coronary artery dilation and increased blood flow to the heart

(Table 7.3).

7.5 Nitric oxide synthesis

Nitric oxide 1s synthesized from the amino acid arginine in a reaction catalysed by NOS:
1-arginine + O, + NADPH — citrulline + NADP* + NO (thiol, tetrahydrobiopterin, FMN
and FAD being requisite cofactors in this process). NO subsequently acts by activating solu-
ble GC, thereby successively causing elevation of cGMP and PKG activation. NO can also
act by activating Ca?*-dependent K* channels.

Nitric oxide and NOS can be constitutive or inducible. Constitutive nNOS and eNOS
occur in neuronal and endothelial cells, respectively, and are activated by CaM. In endothe-
lial cells acetylcholine, bradykinin or blood flow derived shear stress elevate cytosolic Ca?*
with the successive consequences of eNOS activation by CGaM, NO production, GC activa-
tion by NO, elevation of cGMP, PKG activation, specific protein phosphorylation, vascular
smooth muscle relaxation and vascular dilation.

In immune responses INOS is expressed in macrophages in response to bacterial
lipopolysaccharide (LPS) and to cytokines such as interferon-y (IFN-v). The resultant ele-
vated NO is cytotoxic through formation of reactive oxygen species (ROS), such as perox-
ynitrite (- OONO), which react with and damage cellular constituents such as proteins. The
induction of iINOS by IFN-vy and LPS successively involves ligand binding to PM receptors,
downstream activation of inhibitor kB (IkB) kinase (IkBK), phosphorylation of IkB, IkB
proteolytic degradation, consequent activation (de-inhibition) of nuclear factor kB (NFkB),
translocation of NFkB to the nucleus and “switching on” of expression of INOS as well as
of enzymes such as COX-2 (inducible cyclooxygenase) (see Chapter 14).
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7.6 Cyclic AMP- and cyclic GMP-dependent protein kinases

Cyclic AMP can act by opening cAMP-gated Na™ channels and hence depolarizing the
PM (see Chapter 6) or by activating cAMP-dependent protein kinase (PKA) (Chapter 8). A
further very specialized signalling function for cAMP is to act via specific 7 TM a-helix PM
cAMP receptors as an extracellular aggregation-promoting agent in the slime mould
Dictyostelium discordeum. PKA 1s heterotetrameric, the inactive holoenzyme subunit composi-
tion being RyCy (where R = inhibitory cAMP-binding regulatory subunit and C = catalytic
subunit). The catalytic subunit activity is inhibited by the regulatory subunits in the inactive
holoenzyme but elevated cytosolic cAMP causes dissociation of the regulatory subunits and
release of the now-active catalytic subunits:

RyCy + 4 cAMP «— (R-cAMPy), + 2C (active)

Cyclic GMP (cGMP) can act to open cGMP-gated Na* channels (and hence depolarize
the PM) (see Chapter 5) and can also activate a dimeric cGMP-dependent protein kinase
(PKG). PKG is homologous to PKA but differs from PKA in having cyclic nucleotide-binding
regulatory domains and the catalytic domains on the same polypeptide chains, activation
occurring through ¢GMP binding to the “autoinhibitory” regulatory domains:

(PKG)y [inactive] + 4cGMP — (PKG-cGMPy), [active]

Activated PKA and PKG catalyse the transfer of the y-phosphoryl (-POg) of ATP to a serine
or threonine residue hydroxyl of their protein substrates with consequent changes in ligand
binding and/or catalytic activity of the reversibly modified protein.

7.7 Protein kinase homologies and phosphoprotein phosphatases

The reversible phosphorylation of proteins with consequential change in protein function
represents a major mechanism of signal transduction. While protein kinases are regulated by
a variety of different mechanisms, the catalytic domains are homologous. Thus, a variety of
plant substances that inhibit PKA by binding at or near the active site also inhibit other pro-
tein kinases (including tyrosine- as well as serine-/threonine-specific protein kinases).
Accordingly, for economy and convenience, plant-derived inhibitors of Ca’*-, CaM- and
cyclic nucleotide-dependent protein kinases, of other protein kinases and of PPs will be con-
sidered together in detail in Chapter 8.

Reversibility in signalling requires that phosphoproteins must ultimately be dephosphory-
lated. This is achieved by PPs that catalyse the following hydrolysis reaction:

protein—O-PO3 + HyO — protein-OH + P; (inorganic phosphate)

There are many different kinds of PPs of which the best-known enzymes catalysing the
dephosphorylation of serine- and threonine-phosphorylated proteins are PP1, PP2A, PP2B
and PP2C. PP is inhibited by dinoflagellate-derived okadaic acid, by blue-green alga
Microcystis-derived microcystins and by phosphorylated endogenous Inhibitor protein 1
(I1-P). PP2A is also inhibited by okadaic acid and microcystins but is less sensitive to these
inhibitors than PP1. PP2B (calcineurin) is a CaM-activated, Ca’*-dependent PP having
a catalytic A subunit and a CaM-like regulatory B subunit. PP2C is a Mg’ *-dependent PP.
A variety of other PPs catalyse the dephosphorylation of tyrosine-phosphorylated proteins
(Chapter 8).
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7.8 Cyclic nucleotide phosphodiesterases

Reversibility of signalling requires that second messenger concentrations are ultimately
returned to the resting levels. The elevation of the cytosolic concentration of the second
messengers cAMP and ¢GMP is rendered transient through the operation of cyclic
nucleotide phosphodiesterases (PDEs) that catalyse the hydrolysis of the 3',5"-cyclic nucleo-
side monophosphates cAMP and ¢GMP to the corresponding non-cyclic 5'-nucleoside
monophosphates adenosine 5’-monophosphate (5'-AMP) and guanosine 5’ -monophosphate
(5'-GMP), respectively.

A multiplicity of PDEs variously hydrolyse cAMP (cAMP PDEs), cGMP (cGMP PDEs) or
both cyclic nucleotides. Particular brain cAMP PDEs are activated by CaM, this represent-
ing a further example of “cross-talk” between signalling pathways involving cAMP and
Ca®* as second messengers. In the process of vision, light reception by rhodopsin (a covalent
complex of opsin protein with the chromophore 11-cis-retinal) successively results in retinal
rod cell cGMP PDE activation by Gat—GTP (transducin) (Chapter 5), decreased cytosolic
cGMP, closure of cGMP-gated Na™ channels and cell membrane hyperpolarization that is
communicated to the CNS.

Because of the importance of cyclic nucleotides as second messengers involved in regula-
tion of smooth muscle and vascular dilation, PDEs are targets of particular drugs. Thus,
a variety of plant-derived methylxanthines (notably tea- and coffee-derived caffeine and
theophylline) inhibit cAMP PDEs (as well as interacting with some other targets). Inhibition
of cAMP PDE successively results in elevation of cytosolic cAMP, PKA activation, phos-
phorylation of particular proteins, smooth muscle relaxation and consequent beneficial
effects (such as bronchial dilation for asthmatics). Viagra (sildenafil), a synthetic analogue of
the methylxanthine PDE inhibitors, selectively inhibits a specific PDE (¢cGMP PDE V) with
the successive consequences of ¢cGMP elevation, PKG activation, phosphorylation of partic-
ular proteins, vascular smooth muscle relaxation, vascular dilation, increased blood flow and
penile erection (Table 7.4).

Table 7.1 Calmodulin

Compound (class) Plant (family) | part| Enzyme/ process intubited
(other targets) | in vivo effects/

Alkaloid 7.1a

Berbamine (= Berbenine)  Berberis thunbergir, B. vulgars, CaM-PDE [antitumour,

{ bisbenzylisoquinoline) Moahonia aquifolium (Berberidaceae), — antibacterial, curarizing, toxic,
Pycnarrhena manillensis, Stephania spasmolytic, vasodilatory]
sasakii (Menispermaceae)

Dauricine Menispermum dauricum, CaM-PDE [Al, anaesthetic,
{ bisbenzylisoquinoline) M. canadense (Menispermaceac) curarizing, hypotensive, toxic|
[inhibits ADP-induced PA]
Daurisoline Menispermum dauricum CaM-PDE (25), Dansyl-CaM-FC
{ bisbenzylisoquinoline) {Menispermaceae) (1) (P-type Ca’* channel) [inhibits

ADP-induced PA]
[Daurisoline derivatives] ~ Semi-synthetic from Daurisoline ~ CaM-PDE (0.5-9), Dansyl-CaM-FC

{ bisbenzylisoquinolines) (0.5-9)

[O-(4-Ethoxylbutyl) Semi-synthetic from Berbamine ~ CaM-Ca®*-ATPase (0.4), CaM-PDE
berbamine] (2), Dansyl-CaM-FC (increased
{ bisbenzylisoquinoline) at 1)

(continued)
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Compound (class)

Plant (family) | part|

Enzyme/ process imhibited
(other targets) | in vivo effects/

(+)-Tetrandine
{ bisbenzylisoquinoline)

Phenolic

Quercetin (= 3,5,7,3' 4"~
Pentahydroxyflavone)
(flavonol)

Terpene
Gossypol
{(dimeric phenolic
sesquiterpenoid)

Other

Brassica napin large
chains L1, L2
(10kDa, 6 Cys)

Brassica napin small chains
S1, 82,83, 54
(5kDa, 2 Cys)

Brassica napin
(15kDa, 8 Cys, S-L.
heterodimer)

Brassica napin
(15kDa, 8 Cys, S—L.
heterodimer)

Brassica napin
(15kDa, 8 Cys, S—L.
heterodimer)

Oxalic acid
(= Ethanedioic acid)
{dicarboxylic acid)

Raphanus napin small
chains RCA1, RCA2,
RCA3 (5kDa, 2 Cys)

Raphanus napin
(14kDa, 8 Cys, S-L.
heterodimer)

Ricinus napin small chains
RS2A-D
(5kDa, 2 Cys)

Cissampelos pareira, Cyclea peltata,
Stephania tetranda, S. discolor
{Menispermaceac)

Widespread; Asteraceae,
Passiflorae, Rhamnaceae,
Solanaceae; Podophyllum peltatum
{ Berberidaceae), Allium cepa
(Liliaceae), Oenothera biennis
(Onagraceac), Roelreuteria henryt
(Sapindaceae); widespread as
glycosides

Gossyprum spp. (cotton), Montezuma
speciosissima, Thespesia populnea
(Malvaceace) [seed]

Brassica napus (kohlrabi)
( Brassicaceae) [seed]

Brassica napus (kohlrabi)
( Brassicaceae) [seed]

Brassica napus (kohlrabi)
( Brassicaceae) [seed]

Brassica napus {rape)
( Brassicaceae) [seed]

Brassica rapa (turnip)
( Brassicaceae) [seed]

Chenopodium album, Spinacia
oleracea (Chenopodiaceae), Oxalis
spp- (Oxalidaceae), Cenchrus ciliars,
Dugitaria decumbens, Pennisetum
clandestinum, Setaria sphacelata
(Poaceae), Fagopyrum esculentum,
Rheum rhaponticum (rhubarb)
(Polygonaceae)

Raphanus satius (radish)
(Brassicaceac) [seed]

Raphanus satius (radish)
(Brassicaceac) [seed]

Rucinus communis (castor bean)

(Fabaceac) [seed]

CaM-PDE (bovine), CaM-Ca®"-
ATPase (40) [Al, analgesic,
antipyretic|

7.1p

CaM-PDE (at 25), Dansyl-CaM-FC
(at 25) (AR, F|-ATPase, LOX,
MDR-TR, Na*, K"-ATPase, NEP,
PS-EF-la, PK, RTK, TOPII) [A],
allergenic, antibacterial, antivirall;
major dietary flavonoid

7.1t

CaM-Dansyl-CaM-FC (at 3) (Ca’*-
ATPase, 1 IBHSDH, PK)
[antifungal, antitumour, inhibits
spermatogenesis]

7.10
CaM-MLCK (L1, $; 1.2, 1)

CaM-MLCK (S1, 2; S2, 4;
$3, 3; 4, 3)

CaM-MLCK (4), Dansyl-CaM-FC
(at 10) [antifungal]

CaM-MLCK (4) [antifungal]
CaM-MLCK (2) [antifungal]

Ca’" chelator [toxic; prolonged
feeding gives secondary
hyperparathyroidism, bone
mobilization & osteodystrophy in
horses; hypocalcaemia in cattle &
sheep (but greater rumen
degradation))

CaM-MLCK-RCA2 (7), RCA3 (2)

CaM-PDE [CaM antagonist activity
disappears during seed germination]

CaM-MLCK (0.3); Dansyl-CaM-FC
(at 10)

(continued)
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Table 7.1 (Continued)

Compound (class)

Plant (family) | part|

Enzyme/ process intubited
(other targets) | in vivo effects/

Sinapis napin small chains
S1, 82, 83 (4kDa, 2 Cys)
Stnaprs napin large chains
L1, L2 (10kDa, 6 Cys)
Sinapis napin
(15kDa, S—L heterodimer)
Sinapis defensins M1, M2A,
M2B (6kDa, 8 Cys, 4 S-S

Non-plant reference

[Calmidazolium]
(chlorophenyl imidazole)

[Chlorpromazine]
{phenothiazine)

[ Melittin]
(26 aa, 3kDa, basic,
amphipathic a-helical
protein)
[Mitoxantrone]
(anthraquinone)
[Ophiobolin A]
(C25 terpene aldehyde)

[Purealin] (brominated
polycyclic aryl imidazole)

[Trifluoperazine]
{(phenothiazine)

[A~(6-Aminohexyl)-5-
chloro-1-naphthalene-
sulfonamide (= W7)]
{naphthalene-
sulfonamide)

Sinapis alba (vellow mustard)
{Brassicaceae) [seed]
Stnaprs alba (yellow mustard)
{Brassicaceae) [seed]
Sinapis alba (vellow mustard)
(Brassicaceace) [seed]
Sinapis alba (vellow mustard)
{Brassicaceae) [seed]

Synthetic CaM antagonist
Synthetic
Aprs melltfica (mellyfera)
(bee venom)
Synthetic
Cochliobolus setariae, Bipolaris spp.
{fungal pathogens on
rice & maize)
Psammaplysilla purea (sea sponge)

Synthetic CaM antagonist

Synthetic

CaM-MLCK (S1, 2; 82, 3; 83, 2)
CaM-MLCK (L1, 3; L2, 4)
CaM-MLCK (2), Dansyl-CaM-FC

CaM-MLCK (5 — M1), (6 — M2A);
Dansyl-CaM-FC (M2A, M2B)

7.1n
CaM-Ca?*- ATPase (0.4)

CaM (D-R) [antiemetic,
antipsychotic, neuroleptic,
tranquillizer]

CaM antagonist [anti-rheumatic]

Dansyl-CaM-FC (4) [anticancer
drug, cytotoxic, immunomodulator]

CaM-PDE, CaM (reacts with lysine
e-NH,), PFCDPK, Quercetin-
stimulated intestinal C1~ secretion
[phytotoxic]|

CaM (cAMP PDE, MLCK)
[modulates smooth muscle myosin]

CaM-PDE (8), PFCDPK, Dansyl-
CaM-FC (8), Quercetin-stimulated
intestinal Cl™~ secretion
[antipsychotic]

CaM antagonist, PPFCDPK

Table 7.2 Adenylyl cyclase and guanylyl cyclase

Compound (class)

Plant (famuly) | part]

Enzyme/ process inhibited
or actwated (other targets)
/ in vivo effects/

Adenylyl cyclase (AC)
activation

Terpene

6-Acetyl-7-
desacetylforskolin
(labdane diterpenoid)

Earl Sutherland (USA,
Nobel Prize, Medicine, 1971;
cAMP as second messenger)

Coleus forskohli (Lamiaceae)

7.2A

7.2At
AC activator (rat brain)
(40) [increases cAMP]

(continued)
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Table 7.2 {Continued)

Compound (class) Plant (family) | part| Enzyme/ process imhibited
or actiwated (other targets)
/ in vivo effects/

9-Deoxyforskolin Coleus forskohlii (Lamiaceae) AC activator (rat brain)
(labdane diterpenoid) (100) [increases cAMP]
7-Desacetylforskolin Coleus forskoflii (Lamiaceac) AC activator (rat brain)
(labdane diterpenoid) (20) [increases cAMP]
1,9-Dideoxyforskolin Coleus forskohli (Lamiaceae) Inactive as AC activator
(labdane diterpenoid) (mACh-R, Ca®" CH, MDR)
Forskolin Coleus barbatus, C. forskohlii AC activator (rat brain) (8)
(labdane diterpenoid) (Lamiaceae) (mACh-R, Ca?* CH, MDR)
[hypotensive, T heart rate]
Other 7.2A0
Pyrularia thionin Pyrularia pubera (Santalaceae) AC activator [per
(47 aa; 5 kDa; 8 Cys; [nut] membrane PL interaction;
4 S=S; basic protein) cytotoxic, haemolytic,
neurotoxic]|
Triticum gliadin & Triticum aestivwm (wheat) Activates AC
gliadin peptides (Poaceae) [seed]
(peptides)
Adenylyl (adenylate) 7.2B
cyclase (AC) inhibition
Helenalin Arnica montana, Eupatorium AC (at 100)
(sesquiterpene lactone) perfoliatum, Helentum microcephalum,
Inula helenium (Asteraceae)
Hymenovin Hymenoxys richardsonii (Asteraceae)  AC (at 100)
(sesquiterpene lactone)
Lithospermic acid Chricus benedictus (Asteraceae), AC (AO/FRS, ProH)
{phenylpropanoid, Lycopus spp., Salvia miltiorhiza
benzofuran) (Lamiaceae) [root]
Lithospermic acid Salvia maltiorhiza (Lamiaceae) AC (AO/FRS, ProH)
methyl ester [root]
{phenylpropanoid,
benzofuran)
Rosmarinic acid Anethum, Lensticum, Sanicula, AC (AR, COX-1, COX-2,
{(phenylpropanoid) Astrantia (Apiaceae), Symphytum HIV-1 INT) [AL antiviral]

(Boraginacaeae), Lycopus, Melissa,
Mentha, Ocimum, Oreganum, Prunella
vulgaris, Rosmarinus, Teucrium, Salvia,

Thymus (Lamiaceae) spp.
Rosmarinic acid methyl Salvia miltiorhiza (Lamiaceae) AC (AR, COX-1, COX-2)
ester [root] [AL antiviral]
{ phenylpropanoid)
Guanylyl (guanylate)  Robert Furchgott, Louis 7.2G
cyclase (GC) Ignarro & Ferid Murad (USA,
activation Nobel Prize, Physiology/
Medicine, 1998, NO, GC
activation, vasodilation)
Alkaloid 7.2Ca
Indole-3-acetic acid Universal in plants GC stimulation (at 1) [plant
(= Auxin; IAA) {plant hormone) hormone; cell wall & cell
{indole) expansion]

(continued)
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Table 7.2 (Continued)

Compound (class) Plant (family) | part| Enzyme/ process inhibited
or activated (other targets)
/ in vivo effects/
Terpene 7.2Ct
Gibberellic acid Universal in plants (plant GC activation (10pM tol mM})
{(gibbane diterpenoid) hormone); Gibberella fujikurol (Fusarium [plant hormone;

moniliforme) plant pathogenic fungus
{causes excessive growth in rice — Japan
“foolish rice seedling disease”

Ginsenosides Panax ginseng (Araliaceac)
{triterpene saponins)

Other

Carbon monoxide From combustion of carbon-containing
(= CO) compounds; brain neurotransmitter
{carbon oxide) formed by haem oxygenase (HO) type

HO2; used for execution of
criminals by Romans & Greeks;
biggest gaseous cause of
human death; >6% motor
vehicle exhaust

Cigarette smoke Ex Nicotiana tabacum (tobacco)
(tars, NO) (Solanaceac)

3-Nitropropionic acid Astragalus membranaceous, A. spp.
(aliphatic carboxylic (Fabaceae) - Huang-Qi,
acid) Chinese tonic

Nitric oxide (= NO) Universal
{nitrogen oxide)

Plant protein binding Metasequoia glyptostroboides (dawn red-
anti-ANP antibodies wood) (Taxodiaceae) “discovered”
{protein) in Szechuan, China (1945)

Non-plant reference

[Atrial natriuretic Animals ex stressed heart
peptide (= ANP; Atrial
natriuretic factor; ANF)]

{protein)

[A%-Benzyladenine] Synthetic cytokinin
{purine)

[Escherictua colt Diarrhoea-producing Escherichia coli
enterotoxin| strains (anaerobic intestinal bacteria)

(heat-stable protein)

[Guanylin] Animals ex endocrine Paneth cells in
(2kDa, 15 aa, 4 Cys small intestinal crypts of
protein) Lieberkiihn

breaks seed dormancy;
barley seed aleurone
a-amylase induction in
brewing]

Increase GC & ¢cGMP via
increased NO

7.2Co

GC activation (ETC, Hb)
[extremely toxic; blocks
Oy,—Hb formation; motor

vehicle exhaust CO used

in mass murder of Jews

in WW2 by Nazi SS

GC activation (mediated by
NO?) [antihypertensive,
vasodilatory]

GC activation
[antihypertensive,
vasodilatory]

Soluble GC activation

Animal ANP activates
plant GC

7.2Cn

Activates PM GC (ANPR-
A & ANPR-B) - via NPR-
A & NPR-B (guanylyl
cyclase-coupled receptors);
induces plant stomatal
opening inhibited by GC
inhibitors LY83583 &
Methylene blue

GC stimulation (at 1)
[mitogenic in plants]

Activates C-type PM GC
[CFTR activation, T Cl™- &
H,O transport &
diarrhoea]

Activates C-type PM GC
[ultimately CFTR
activation & T Cl™ & H,O
transport]

(continued)
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Table 7.2 {Continued)

Compound (class)

Plant (family) | part|

Enzyme/ process infubited
or actiated (other targets)
/ in vivo effects/

[Kinetin (= N
Furfuryladenine)]
(purine)

[ Nitroglycerin (=
Glycerol trinitrate)]
(alkanol nitrate)

Guanylyl (guanylate)
cyclase {GC)
inhibition

[6-Anilino-5,8-
quinoline-dione
(=LY83583)]
{aniline quinoline)

[Methylene blue]
{(phenothiazine)

[1H-(1,2,4)-
Oxadiazole[4,3-
a]quinoxaline-1-one

(=0DQ)] (oxadiazole)

From DINA breakdown

Synthetic; generates nitric oxide (NO);
highly explosive (e.g. dynamite) —
stabilized by Alfred Nobel
(1866) (his brother & 4 workers
died in experiments); guilt
over war-use led to Nobel
Prize bequest

Synthetic

Synthetic

Synthetic

Putatively activates GC
(mimics ANP-induced
stomatal opening
inhibited by GC
inhibitors LY83583 &
Methylene blue

Soluble GC activation by

NO

7.2D

GC

GC

GC

Table 7.3 Nitric oxide synthesis

Compound (class)

Plant (famuly) | part]

Enzyme/ process inhibited or
activated (other targets)
/ in vivo effects/

iNOS expression

Alkaloid

Higenamine (= (+/—)-
Demethylcoclaurine
racemic mixture)
{ bisbenzylisoquinoline)

Oleandrin
{cardenolide, cardiac
glycoside)

Annona squamosa (Annonaceae),
Astasarum heterotropoides
(Aristolochiaceae), Aconitum japonicum
(Ranunculaceae) [aconite root], Evodia
rutaecarpa (Rutaceae), Nelumbo
nucifera (Nelumbonaceae)

Nerium oleander (oleander)
(Apocynaceae) [leaf]

7.3A

7.3Aa

4 INOS expression [inhibits
NFkB activation & LPS- &
IFN-vy-induced macrophage
iINOS expression]|

(Inhibits LPS- & TNF-
induced AP-1 & NFkB
activation) (Na™, K*-ATPase)

(continued)
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Table 7.3 (Continued)

Compound (class) Plant (family) | part/ Enzyme/ process inhubited or
activated (other targets)
/ in vivo effects/
Thaliporphine Neolitsea komishii (Lauraceae) 4 INOS expression [inhibits
(aporphine isoquinoline) LPS-induced macrophage
INOS expression]|
Tryptanthrine Strobilanthes cusia (Acanthaceae), Iratis L INOS expression (at 20)
(= Couroupitine A) tinctoria (woad) ( Brassicaceae), (AH-R, COX-2) [inhibits
{quinazoline) Couroupita guaranensis (Lecithidaceae), NO & PGE2 production]
Polygonum tinctorum (Polygonaceae);
woad yielded blue dye and
body paint of ancient
Britons e.g. Boadicea
Phenolic 7.3Ap
Anomalin Angelica furcyuga (Apiaceac) [root] LiINOS expression [blocks

(= acylated Khellactone)
(coumarin)

Apigenin (= 5,7,4'-
Trihydroxyflavone)
(flavone)

Bilobetin
(biflavone)

Caffeic acid phenethyl ester
{phenylpropanoid)

Casuarinin
(hydrolysable tannin)

Casuarictin
(hydrolysable tannin)
Cnidicin
{coumarin)

Curcumin
(=Diferuloylmethane;
Turmeric yellow)
{phenylpropanoid)

Daidzein
(isoflavone)

Apium graveolens (Apiaceae),
Anisochilus, Mentha, Thymus

(Lamiaceae) spp., ferns [leaf surface];

Digitaria exilis (Poaceae) [seed]; as
glycoside in Apium graveolens,
Petroselinum (Apiaceace), Cosmos
bipennatus, Engeron annuus, Dahlia
variabilis (Asteraceac), Amorpha
fruticosa (Fabaceae)

Araucaria bidwillia (monkey puzzle
tree) (Araucaria), Ginkgo biloba
(maidenhair tree) (Ginkgoaceac)

[leaf]

Populus sp. (Salicaceae), bee propolis

Melastoma dodecandrum
(Melastomaceae), Punica granatum
(Punicaceac)

Melastoma dodecandrum
(Melastomaceae)

Angelica koreana (Apiaceae) [root]

Curcuma longa (turmeric),
C. aromatica, C. xanthorrhiza,
C. zedvana, Zingiber officinale
(Zingiberaceae) [root]

Genista tinctoria, Glycine max (soya),
Phaseolus, Psoralea, Pueraria,
Sophora, Trifolium, Vigna (Fabaceae)
spp- [seed]

LPS-induced macrophage
iNOS expression;
hepatoprotective]

L iNOS (& COX-92) expression
{(per IKK inhibition)
(BZ-R-like R, EGF-RTK,
EST-R, Na*/K*/CI™ TR,
PK, RTK, TPO)
[antibacterial, Al, diuretic,
hypotensive]

1 iNOS (& COX-2, TNF-a)
(PLA,) [inhibits LPS-induced
macrophage iNOS
(& COX-2, TNF-o)
expression]|

Blocks NFkB activation
(AO/FRS, apoptotic,
HIV-1INT, 5-LOX)

[AI, antioxidant]
L INOS expression (~5)

L INOS expression (~5)

LiNOS expression [inhibits
induced macrophage iINOS
expression]|

1 iNOS expression (CDPK,
HIV-1-INT, IKK, PhosbK,
PKA , PKC, p60™ TK,
TYR) [AL anti-oxidant,
hypoglycaemic, cytotoxic]

4 INOS expression (iNOS)
[LPS-induced macrophage
iNOS expression]

(continued)
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Compound (class)

Plant (family) | part/

Enzyme/ process inhibited or
activated (other targets)
/ in vivo effects/

(—)-Epigallocatechin
3-gallate (flavan-3-ol)

Ferulaldehyde
(=Coniferaldehyde;
Coniferyl aldehyde)
{phenylpropanoid)

Genistein (= Genisteol;
Prunetol; Sophoricol; 4,5,
7-Trihydroxyisoflavone)
(isoflavone)

Ginkgetin
{biflavone)

Glycitein
(isoflavone)

Hinokiol
(lignan)

Hirsutanonol
(diarylheptanoid)

Hypericin
{bianthraquinone)

Hyuganins A, B, C & D
(= acylated Khellactones)
(coumarins)

Isoepoxypteryxin
(= acylated Khellactone)
{coumarin)

Isopteryxin
(= acylated Khellactone)
{coumarin)

B-Lapachone
{(naphthoquinone)

Camellia sinensts (tea leaf) (Theaceae),
Davidsonia pruriens (Davidsoniaceae)
[leaf], Hamamelis virginiana
(Hamamelidaceae) [ bark]

Acer saccharinum (Aceraceace),
Cinnamomum verum, Sassafras albidum
(Lauraceae), Senra tncana
(Bombacaceae), Linum usitatissimum
(Linaceae), Quercus sp. (Fagaceae),
Juglans cinerea ( Juglandaceae),
Fraxinus rhynchophylla (Oleaceac),
Sequoia sp. (Taxodiaceae)

Genista spp., Glycine max, Phaseolus,

Trifolium (Fabaceae) spp., Prunus spp.

(Rosaceae) [wood]; glucosides in
Genista tinctoria, Glycine max, Lupinus
luteus, Ulex nanus, Sophora japonica
(Fabaceae)

Ginfgo biloba (maidenhair tree)
(Ginkgoaceae) [fruit, leaf]

Glycine max (soya) (Fabaceae) [seed]

Tetraclinis articulata (Cupressaceae),
Magnolia obovata, M. officinalis
(Magnoliaceae) [stem bark]

Alnus hirsuta (Betulaceae) [leaf]

Hypericum perforatum (St John’s wort),
H. spp. (Hypericaceae); popular

antidepressant herbal medicine

Angelica furcyuga (Apiaceae) [root]

Angelica furcyuga (Apiaceae) [root]

Angelica furcyuga (Apiaceac) [root]

Tabebuia sp. (trumpet tree)
(Bignoniaceae)

L INOS expression (EST-R,
PK, proteosome, 5aR, RTK]
[inhibits TNFo expression;
oxidation products give tea
taste]

L iNOS expression (COX)
[inhibits LPS- & IFN-y-
induced macrophage iINOS
expression; antifungal,
phytoalexin (Linum)|

L iNOS expression (AD-R,
GABAA-R, HISK, lipase,
Nat/K*/Cl- TR, peroxidase,
PK, RTK, TOPII, TPO)
[inhibits LPS-induced
macrophage iINOS expression;
antifungal, oestrogenic|

L iNOS (& COX-2, TNF-a)
(PLA,)[inhibits LPS-induced
macrophage iINOS expression]

L iNOS expression (INOS)
[inhibits LPS-induced
macrophage iINOS expression]

LiINOS expression (6)

[inhibits LPS-induced
macrophage iINOS expression]

L iNOS expression (14)

[blocks LPS- & IFN-
v-induced macrophage
iINOS expression]

Blocks NF«B activation ( (HIV-
1 INT, PI3K, PK, RTK)
[photosensitising, red pigment]

L INOS expression) [blocks
LPS-induced macrophage
iNOS expression;
hepatoprotective]

L iNOS expression) [blocks
LPS-induced macrophage
iINOS expression;
hepatoprotective]

L iNOS expression) [blocks
LPS-induced macrophage
iINOS expression;
hepatoprotective]

L iNOS expression (TOPII)
[inhibits LPS-induced
macrophage INOS expression;
cytotoxic, pro-apoptotic|

(continued)
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Table 7.3 (Continued)

Compound (class) Plant (family) | part/ Enzyme/ process inhubited or
activated (other targets)
/ in vivo effects/
Magnolol Sassafras randatense (Lauraceae) [root], | iNOS expression (17)
(lignan) Magnolia obovata, M. officinalis [inhibits LPS-induced

Nobotannin B
(hydrolysable tannin)

Pedunculagin
(hydrolysable tannin)

Piceatannol (= 3,3" 4,5'-
Tetrahydroxystilbene)
(stilbene)

Praeroside
{coumarin glycoside)

Pteryxin
(= acylated Khellactone)
{coumarin)

Quercetin (= 3,5,7,3",4'-
Pentahydroxyflavone)
(flavonol)

cis- & trans-Resveratrol
(stilbene)

Rhaponticin-2"-0-gallate
(stilbene glucoside gallate)

Rhaponticin-6"-0-gallate
(stilbene glucoside gallate)

Rhapontigenin
(stilbene)

(Magnoliaceae) [stem bark]

Melastoma dodecandrum
(Melastomaceae)

Melastoma dodecandrum
(Melastomaceae)

Laburnum anagyroides (Fabaceae)
[wood], Morus alba (Moraceae), Picea
Spp-, Pinus spp., Tsuga canadensis
(Pinaceae), Rheum spp. (rhubarb)
(Polygonaceac)

Angelica furcyuga (Apiaceae) [root]

Angelica furcyuga (Apiaceac) [root]

Widespread; Asteraceae, Passiflorae,
Rhamnaceae, Solanaceae;
Podophyllum peltatum ( Berberidaceac),
Rhododendron cinnabarium (Ericaceae),
Allium cepa (Liliaceae), Oenothera
biennis (Onagraceae), Koelreuteria
henryt (Sapindaceae); widespread as
glycosides

Cassia dentata, Intsia byuga, Trifolium
dubium (Fabaceac), Nothofagus spp.
(Fagaceae), Veratrum grandiflorum
(Liliaceae), Artocarpus spp., Morus spp.
(Moraceac), Fucalyptus wandoo
(Myrtaceae), Pinus spp. (Pinaceae),
Polygonum spp., Rheum spp.
(Polygonaceae), Vitis vinifera (Vitaceae)

Rheum spp. (rhubarb) (Polygonaceac)

Rheum spp. (rhubarb) (Polygonaceac)

Rheum rhabarbarum, R. spp. (rhubarb)
(Polygonaceae) [root]

macrophage INOS expression]
L INOS expression (~5)

LiNOS expression (~5)

1 INOS expression (CDPK,
MLCK, PKA , PKC, p56“*
TK, p40 TK) [inhibits LPS-
induced macrophage NO
production; antifungal, inhibits
NFkB activation]

4 INOS expression [blocks
LPS-induced macrophage
iNOS expression;
hepatoprotective]

1 iNOS expression) [blocks
LPS-induced macrophage
iINOS expression;
hepatoprotective]

LiNOS expression (LPS- &
IFN-y-stimulated macrophage)
(AR, cAMP PDE, CFTR, F;-
ATPase, 113HSDH, LOX,
MDR-TR, Na™, K*-ATPase,
NEP, PK, PS -EF-1«, RTK,
TOPII) [allergenic,
antibacterial, A, antiviral]

4 INOS expression (LPS- &
IFN-vy-stimulated macrophage)
[inhibits NFkB activation,
inhibits LPS-induced
macrophage NO production]
(EST-R, p56! TK)

LiNOS expression [inhibits
NFkB activation, inhibits
LPS-induced macrophage
NO production]

LiNOS expression [inhibits
NFkB activation, inhibits
LPS-induced macrophage
NO production]

4 INOS expression [inhibits
NF«B activation, inhibits
LPS-induced macrophage
NO production]

(continued)
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Compound (class) Plant (family) | part/ Enzyme/ process inhibited or
activated (other targets)
/ in vivo effects/

Savinin Plerocarpus santalinus (sandalwood) Inhibits TNF-a expression

(dibenzylbutyrolactone
lignan)

Scopoletin (= 6-Methoxy-
umbelliferone)
(coumarin)

Suksdorfin
(= acylated Khellactone)
{coumarin)

Theaflavin (= mixture of
Theaflavine-3-gallate,
Theaflavin-3'-gallate &
Thearubigin)

{flavanol)

Theaflavin-3,3'-digallate
(flavanol)

Torachrysone 8-0-B-D-
glucopyranoside
(naphthalene glycoside)

Wogonin (= Norwogonin
8-methyl ether)
{flavone)

Terpene

15-Acetoxy-eremantholide
B (germacranolide
sesquiterpene lactone)

Costunolide
{germacranolide
sesquiterpene lactone)

Dehydrocostus lactone
(sesquiterpene)

(Santalaceac)

Widespread; Nerium odorum
(Apocynaceae) [flower], Artemisia
afra, A. fedder (Asteraceae), Convolvulus
scammonia, Ipomoea orizabensts
(Conwolvulaceae), Diospyros maritima
(Ebenaceac), Gelsemum sempervirens
(Loganaceae), Avena satiwa (Poaceac),
Prunus serotina (Rosaceae), Atropa

belladonna (Solanaceac)

Angelica furcyuga (Apiaceac) [root]

Camellia chinensts (tea leaf) (Theaceace)

Camellia chinensis (tea leaf) (Theaceae)

Rheum spp. (rhubarb) (Polygonaceae)

Anodendron affine (Apocynaceae)
[stem], Scutellaria baicalensts,
S. discolor, S. galericulata (Lamiaceae)
[root]

Asteraceae

Artemisia dracunculus, Saussurea lappa
(costus root oil) (Asteraceae), Laurus
nobilis { bay laurel) (Lauraceac)

Saussurea lappa (castus, mu xiang)
(Asteraceac); root extract Indian
Ayurvedic aphrodisiac (oil
irritates urethra & induces
painful erection); Laurus nobilis
(Lauraceae)

(LPS-activated macrophages
& ConA-stimulated T cells)

L iINOS expression [LPS- &
IFN-y-induced macrophage
iNOS; antibacterial,
antifungal, hypotensive,
spasmolytic]

LiINOS expression [blocks
LPS-induced macrophage
iINOS expression;
hepatoprotective]

LiINOS expression [blocks
IKK, NFkB activation, iNOS
expression & hence inhibits
activated macrophage NO
production]

L iNOS expression [blocks
IKK, NFkB activation, iNOS
expression]

L iNOS expression [inhibits
NFkB activation, inhibits
LPS-induced macrophage
NO production]

L iINOS expression (COX-2,
12-LOX)) [oestrogenic, anti-
implantation]

7.3At

NFkB activation blocked (1)

(& hence cytokine, TNF-a &
iNOS expression)

L iNOS expression (3) (FPTasc)
[blocks IKK, NFkB
activation, INOS expression;
anti-schistosomal, antitumour,
dermatitic]

L iNOS (& TNF-)
macrophage expression
induced by LPS (per
inhibiting NFkB activation)
(3) [anti-endotoxaemia
potential]

(continued)
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Table 7.3 (Continued)

Compound (class) Plant (family) | part/

Enzyme/ process inhubited or
activated (other targets)
/ in vivo effects/

EGb, EGb 761 (= Ginkgo  Ginkgo biloba (maidenhair tree)
biloba leaf extracts) {(Ginkgoaceae) [leaf]
(triterpene glycoside
saponins)

283,5-Epoxy-5,10-dihydoxy- Carpesium divaricatum (Asteraceae)
6a-angeloyloxy-93-
isobutyloxy germacran-
8a,12-olide
{germacranolide
sesquiterpene lactone)

48,15-Epoxy-miller-9£- Asteraceae
enolide (germacranolide
sesquiterpene lactone)

Eremanthine Eremanthus, Lychnophora, Vanullosmopsis,
{(guaianolide sesquiterpene  Vernonia spp. (Asteraceae),
lactone) Laurus nobilis (Lauraceae)

Ergolide Inula britannica (Asteraceac)

(sesquiterpene lactone)

Excisanin A Isodon japonicus (Lamiaceae)
(kaurane diterpene)

Genipin Gardenia jasminoides, Genipa
{iridoid monoterpene americana (Rubiaceac)
lactone)

Geniposide (= Genipin Cornus sp. (Cornaceae), Gardenia
glucoside) jasminoides, Genipa americana
(iridoid monoterpene (Rubiaceae), Euphrasia officinalis
lactone glycoside) {(Scrophulariaceae)

15-(2-Hydroxy)-iso- Asteraceae
butyryloxy-micrantholide
{germacranolide
sesquiterpene lactone)

Hypoestoxide Hpypoestes rosea (Acanthaceae)
(diterpene)

15-Isovaleroyl & Asteraceae

15-(2-methylbutyryl)-
2ci-acetoxymiguanin
{germacranolide
sesquiterpene lactone)

Kamebacetal A Isodon japonicus (Lamiaceae)
(kaurane diterpene)

1 INOS expression
(endothelial cells)

4 INOS expression [per
inhibiting NFkB activation]

NFkB activation blocked (&
hence cytokine, TNF-a &
iNOS expression)

4 iNOS expression (3) [blocks
NFkB activation]

1 iNOS expression [per NFkB
inactivation]

4 INOS expression [blocks
LPS-induced macrophage
NFkB activation, iNOS &
COX-2 expression & NO &
PGE2 production]

T NOS [neuritogenic like
nerve growth factor NGF
(effects of both blocked by
NOS & GC inhibitors);

T bile flow]

Yields Genipin [laxative]

NFkB activation blocked (38)
(& hence cytokine, TNF-a &
INOS expression)

1 iNOS expression (IKK)
[blocks LPS-induced
monocyte iINOS, TNF-q,
IL-13 & IL-6 expression]

NF«B activation blocked (1)
(& hence cytokine, TNF-a &
iINOS expression)

4 INOS expression [blocks
LPS-induced macrophage
NFkB activation, iNOS &
COX-2 expression & NO &
PGE2 production]

(continued)
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Compound (class) Plant (family) | part/ Enzyme/ process inhibited or
activated (other targets)
/ in vivo effects/
Kamebakaurin Isodon japonicus (Lamiaceae) L iNOS expression [blocks

(kaurane diterpene)

Kamebanin
(kaurane diterpene)

Labdane F2 (= ent-8a-
Hydroxy-labda-13(16),
14-diene) (diterpene)

Magnolialide
(sesquiterpene lactone)

Parthenolide
{germacranolide
sesquiterpene lactone)

Pristimerin
(friedelane triterpene)

Santamarine (= Balchanin)
{eudesmanolide
sesquiterpene lactone)

Spirafolide
(sesquiterpene lactone)

Tryptoquinone A
(diterpene)

Zaluzanin C
{guaianolide
sesquiterpene lactone)

Other

18-Acetoxy-octadeca-1,9-
dien-4,6-diyn-3,8-diol
{polyacetylene)

Acidic polysaccharide
{polysaccharide)

Ajoene
(aliphatic disulfide)

Allicin
(aliphatic disulfide)

Angelan
{polysaccharide)

Isodon japonicus (Lamiaceae)

Stderitis javalambrensts (Lamiaceae)

Laurus nobilis (Lauraceae)

Ambrosia sp., Arctots sp.,
Chrysanthemum parthenium, Tanacetum
vulgare (Asteraceae), Michelia spp.
(Magnoliaceae)

Catha edulis, Maytenus sp., Pristimera
indica, Schaefferia cuneifolia
(Celastraceac)

Ambrosia confertiflora, Artemusia spp.,
Tanacetum vulgare (Asteraceae), Laurus
nobilis (Lauraceae), Michelia compressa
(Magnoliaceae)

Laurus nobilis (Lauraceae)

Tripterygium wilfordii (Celastraceae)

Podachaenium eminems, Vernonia spp.,
Laluzania spp., {innia acerosa

(Asteraceae), Laurus nobilis (Lauraceae)

Angelica gigas (Apiaceae)

Panax ginseng (Araliaceac)

Alltum satioum (garlic) (Liliaceae)
[bulb]
Allium cepum (onion), A. satioum

(garlic) (Liliaceae) [bulb]

Angelica gigas (Apiaceae)

LPS-induced macrophage
NFkB activation, INOS &
COX-2 expression & NO &
PGE2 production]

LiINOS expression [blocks
LPS-induced macrophage
NFkB activation, INOS &
COX-2 expression & NO &
PGE2 production]

LiINOS (& COX-2)
expression [blocks LPS-
induced macrophage iINOS &
COX-2 expression]

L iNOS expression (3) [blocks
NFkB activation]

Inactivates NFxB (alkylates
P65 subunit at cysteine 38)

JiNOS, COX-2 expression
[antibacterial, antitumour,
germination inhibitor, toxic]

L iNOS expression (3) [blocks
NFkB activation]

L INOS expression (3) [blocks
NFkB activation]

L iINOS & IL-1B expression
induced by LPS [~
Dexamethosone; Al

L iNOS expression (3) [blocks
NFkB activation]

7.3A0

LiINOS expression [blocks
induced macrophage iINOS
expression]

T iNOS [induces iNOS in
macrophage * IFN-y]

L iINOS expression (at 5)
[antithrombotic]

LiINOS expression (at 20)
[antibacterial, antidiabetic,
antihypertensive,
antithrombotic, odorant]

T iNOS [LPS mimetic;
induces macrophage iNOS per
NFkB activation]

(continued)
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Compound (class) Plant (family) | part/ Enzyme/ process inhubited or
activated (other targets)
/ in vivo effects/

Falcarindiol Angelica furcyuga, A. sinensis, Aprum 1 iNOS expression (2) [blocks

{polyacetylene ketone)

Falcarinol
{polvacetylene alcohol)

Falcarinone
{polvacetylene ketone)

Octadeca-1,9-dien-4,6-
diyn-3,8,18-triol
{polvacetylene)

Oregonin
(diarylheptanoid)

Panaxydol
{polvacetylene ketone)

Panaxynol
{polvacetylene ketone)
Panaxytriol

{polyacetylene ketone)

Persenone A

(long-chain aliphatic ester)

Saffron proteoglycan
{proteoglycan)

Taxol (= Paclitaxel;
Taxol A) (polycyclic
peptide)

[3,8,18-Triacetoxy-
octadeca-1,9-dien-4,6-
diyn] (polyacetylene)

Induced in vivo NO

production (probably
per iNOS expression)

graveolens, Daucus carota,
Saposhnikovia divaricata (Apiaceae),
Lycopersicon esculentum (Solanaceae)
[leat’] (phytoalexin)

Angelica furcyuga, A. sinensis, Daucus
carota, Falcaria vulgaris, Oenanthe
crocata (Apiaceae) [root|, Hedera helix,
Schefflera arboricola (Araliaceae),
Lycopersicon esculentum (Solanaceae)

Angelica stnensis, Aprum graveolens,
Carum caror, Contum maculatum,
Falcaria vulgaris [root], Oplopanax
chironaum, Petroselinum crispum,
Saposhnikovia divaricata (Apiaceae),
Hedera helix (Araliaceae)

Angelica gigas (Apiaceae)

Alnus hirsuta (Betulaceae) [leaf]

Panax ginseng, P quinquefolium
(Araliaceae)

Panax ginseng, P quinquefolium
(Araliaceae)

Panax quinguefolium (Araliaceae)

Persea americana, P. spp. (avocado)
(Lauraceae)

Crocus sativus (saffron) (Iridaceae)
[corm]

Cephalotaxus mannii (Cephalotaxaceae),
Taxus baccata, T. brevifolia,
T. cuspidata, T. spp. (yew) (Taxaceace);
Briton king Catuvolcus
committed suicide by
drinking yew sap

Semi-synthetic from acetylation of
Octadeca-1,9-dien-4,6-diyn-3,8,
18-triol from Angelica gigas (Apiaceac)

LPS- & IFN-y-induced
macrophage iINOS expression,
dermatitic, phytoalexin]

4 INOS expression (5-LOX)
[blocks LPS-induced
macrophage iNOS
expression, dermatitic]

LiNOS expression (>>20)
[blocks LPS- & IFN-y-induced
macrophage INOS expression,
dermatitic, phytoalexin|

LiNOS expression [blocks
induced macrophage iINOS
expression]|

4 iNOS expression (4) [ blocks
LPS- & IFN-y-induced
macrophage iNOS expression]|

4 iNOS expression (7) [ blocks
LPS- & IFN-y-induced
macrophage iNOS expression]|

LiNOS expression (2)
(HPGDH, 5-LOX) [blocks
LPS- & IFN-y-induced
macrophage iNOS expression]

4 INOS expression (10)

[blocks LPS- & IFN-y-induced
macrophage iNOS expression]

Blocks LPS- & IFN-y-induced
INOS (& COX-2) expression
(at 20) [AI]

T INOS [induces macrophage
NFkB activation, iNOS
expression & NO production]

Mimics LPS (in mouse but not
man) T INOS (induces
macrophage NFkB activation,
iINOS expression) (TUB)

[antitumour]

4 INOS expression [blocks
induced macrophage iINOS
expression]|

7.3B
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Compound (class) Plant (family) | part/ Enzyme/ process inhibited or
activated (other targets)
/ in vivo effects/
Alkaloid 7.3Ba

4,8-Dimethoxy-1-vinyl-B-
carboline ( B-carboline)
4-Methoxy-1-vinyl-B-
carboline ( B-carboline)
Sinomenine
{morphinan isoquinoline)

Melia azedarach (Meliaceace)
Melia azedarach (Meliaceae)

Stnomenium acutum (Menispermaceac)

Phenolic
Batatasin II1 Scaphyglotus liida (Orchidaceac)
{phenolic)
Bergamottin Citrus aurantiffolia (lime), C. hystrix, C.
{coumarin) timon (lemon), C. paradisi (grapefruit)
(Rutaceae) [fruit]
Casuarictin Casuarina (Casuarinaceae), Osbeckia
(ellagitannin) (Melastomaceae), Eucalyptus, Psidium,
Syzyguem (Myrtaceae), Rubus (Rosaceae),
Stachyurus (Stachyuraceae) spp.
Casuarinin Casuarina (Casuarinaceae), Quercus
(ellagitannin) (Fagaceae), Liguidambar
(Hamamelidaceae), Osbeckia
(Melastomaceae), Eucalyptus, Fejjoa
(Myrtaceae), Punica granatum
(Punicaceae), Stachyurus
(Stachyuraceae) spp.
Ciliatoside A Fusticta cihata (Acanthaceac)
(lignan glycoside) [whole plant]
Ciliatoside B Justicia ciliata (Acanthaceae)
(lignan glycoside) [whole plant]
Coelonin Scaphyglottis livida (Orchidaceae)
{phenolic)

[trans-Dehydroosthol]
(prenyl coumarin)

7-Demethylsuberosin
{prenyl coumarin)

Dentatin
{coumarin)

3,4'-Dihydroxy-5,5'-
dimethoxybibenzyl
{phenolic)

3,7-Dihydroxy-2,4-

dimethoxyphenanthrene

{ phenolic)

Semi-synthetic from Osthol

Angelica dahurica (Apiaceae) [root]

Clausenia harmandiana (Rutaceae)

Scaphyglottis livida (Orchidaceae)

Scaphyglottis livida (Orchidaceae)

1 NO [blocks macrophage
LPS- & IFN-y-induced NOJ]

1 NO [blocks macrophage
LPS- & IFN-y-induced NOJ]

1 NO [blocks macrophage
LPS- & IFN-y-induced NO;

Al analgesic, anti-rheumatic]

7.3Bp

T NO [T NO (inhibited by 1-
NAME) & hence T cGMP
(inhibited by ODQ;
spasmolytic]

L NO (14) [blocks
macrophage LPS- & IFN-y-
induced NOJ

I NO [blocks macrophage
LPS-induced NOJ

{ NO (CA) [blocks
macrophage LPS-
induced NOJ

1 NO [blocks macrophage
LPS-induced NO (27)]

I NO [blocks macrophage
LPS-induced NO (29)]

T NO [T NO (inhibited by
L- NAME) & hence
T cGMP (inhibited by
ODQ); spasmolytic]

4 NO (<50) [blocks macrophage
LPS- & IFN-vy- induced NO]

4 NO (<50) [blocks
macrophage LPS- & IFN-y-
induced NOJ

L NO (<10) [blocks
macrophage LPS- & IFN-y-
induced NO; anti-plasmodial]

T NO [T NO (inhibited by
L-NAME) & hence T cGMP
(inhibited by ODQ);
spasmolytic]

T NO [TNO (inhibited by L-
NAME) & hence T cGMP
{inhibited by ODQ) );

spasmolytic]

(continued)
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Compound (class)

Plant (family) | part/

Enzyme/ process inhubited or
activated (other targets)
/ in vivo effects/

5,4'-Dihydroxy-6,7,8,3",5'-
pentamethoxyflavone
{flavone)

5,4'-Dihydroxy-6,7,8,3'-
tetramethoxyflavone
{flavone)

Dioclein
(flavone)

(—)-Epigallocatechin
3-gallate (= EGCG)
(flavan-3-ol}

Eupatilin
(flavone)

5-Geranyloxy-7-
methoxycoumarin
{coumarin)

5-Geranyloxypsoralen
(= Bergamottin)
{coumarin)

8-Geranyloxypsoralen
{coumarin)

Grapenol (= Grape seed
proanthocyanidins)
{proanthocyanidin
mixture)

Green tea polyphenols
{polyphenols)

4-Hydroxyderricin
{chalcone)

Imperatorin
(= Marmelosin)
(prenyl furanocoumarin)

Kaempferide 3-0-
neohesperidoside
{flavonol glucoside)

Cleome droserifolia (Capparidaceae)

Cleome droserifolia (Capparidaceae)

Dioclea grandiflora (Fabaceae)

Davidsonia pruriens (Davidsoniaceae)
[leaf ], Hamamelis virginiana
(Hamamelidaceae) [bark], Camellia
sinensts (tea leaf ) (Theaceae)

Artemisia rubripes, Chrysanthemum
wmdicum [flower], Eupatorium
semiserratum, Tanacetum vulgare
(Asteraceae) [aerial], Sideritis
tomentosa, S. spp. (Lamiaceac)
[aerial], Citrus reticulata (Rutaceae)
[fruit peel]

Citrus limon (Rutaceae) [lemon peel]

Citrus limon (Rutaceae) [lemon peel]

Citrus limon (Rutaceae) [lemon peel]

Vaitis vinifera (grape) (Vitaceae) [seed]

Camellia sinensis (tea leaf) (Theaceae)

Angelica keisker (Apiaceac)

Ammi, Angelica, Cridium, Foeniculum,
Heracleum, Levisticum, Pastinaca,
Petroselinum, Pimpinella (Apiaceac),
Chenopodium (Chenopodiaceae),
Fragaria (Rosaceae), Citrus, Aegle
(Rutaceae) spp.

Costus spicatus (Costaceae) [leaf]

4 NO [inhibits LPS-induced
macrophage NO production]

4 NO [inhibits LPS-induced
macrophage NO production]

T NO [T NO & hence
T cGMP]

4 NO (EGF-RTK, EST-R,
FGF-RTK, PDGF-RTK,
pp60¥, PKA, PKC,
proteasome, 5aR) [blocks
macrophage LPS- & IFN-y-
induced NO; oxidation
products give tea taste]

1 NO (49) [inhibits LPS-
induced macrophage NO
production] (5-LOX)

4 NO [blocks macrophage
LPS- & IFN-vy-induced NO
production]

4 NO [blocks macrophage
LPS- & IFN-vy-induced NO
production]

4 NO [blocks macrophage
LPS- & IFN-vy-induced NO
production]

4 NO [blocks astrocyte
LPS/IFN-y-induced
NO release; Al]

4 NO [blocks hepatocyte
TPA-induced NO production]

TNO [T endothelium-derived
relaxation factor (EDRF) &
NO; inhibits phenylephrine-
induced vasoconstriction]

4 NO (>50) [blocks
macrophage LPS- & IFN-y-
induced NO]

4 NO (at 100) [ LPS-induced
macrophage NO production]

(continued)
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Compound (class)

Plant (family) | part/

Enzyme/ process inhibited or
activated (other targets)
/ in vivo effects/

Luteolin (= 5,7,3',4'-
Tetrahydroxyflavone)
(flavone)

5-Methoxyseselin
(coumarin)

Nobotannin B
(hydrolysable tannin)
Osthol

{prenyl coumarin)

Pedunculagin
(ellagitannin)

Polyphenol
{ polyphenol)

Pycnogenol (= Pine bark

proanthocyanidins)

{proanthocyanidin mixture)

Quercetin 3-0-
neohesperidoside
{flavonol glucoside)

Rhaponticin 2'-0-gallate
(stilbene glucoside gallate)

Rhaponticin 6'-0-gallate
(stilbene glucoside gallate)

epi-Rhododendrin (= (+)-
Rhododendrol glucoside)

{phenolic glycoside)

(+)-Rhododendrol
{(phenolic)

Seselin
(coumarin)

Widespread in leaves; Ammi, Cuminum,
Daucus (Apiaceae), Lavandula, Mentha,
Ocimum, Origanum, Rosmarinus,
Thymus (Lamiaceae); widespread as
glycosides in Brassicaceae, Lamiaceae,
Fabaceae, Scrophulariaceae [aeriall;
Chrysanthemum indicum (Asteraceae)

[flower], Digitaria exilis (fonio, semi-arid

zone millet variety) (Poaceae) [seed]
Citrus grandis (Rubiaceae)

Melastoma dodecandrum
(Melastomataceae)

Angelica, Peucedanum, Prangos (Apiaceace),
Citrus, Clausenia, Creoridium, Flindersia,
Haplophyllum (Rutaceae) spp.

Casuarma (Casuarinaceace); Quercus
(Fagaceae), Juglans ( Juglandaceae),
Rubus, Potentilla (Rosaceae),
Stachyurus (Stachyuraceae), Camellia
(Theaceae) spp.

Vitis vingfera (Vitaceae) [red wine]

Pinus maritima (Pinaceae) [bark]

Costus sprcatus (Costaceae) [leaf]

Rheum spp. (rhubarb) (Polygonaceac)

Rheum spp. (rhubarb) (Polygonaceac)

Acer nikoense (Aceraceae), Betula spp.
(Betulaceae), Rhododendron
chrysanthum, R. fauriae, R. ferrugieum,
R. ponticum (Ericaceae)

Acer nikoense (Aceraceae); aglycone
from epi-Rhododendrin

Foeniculum vulgare, Pimpinella anisum
(Apiaceace), Citrus aurantium (bitter
orange), C. limon (lemon), C. paradist
(grapefruit), C. sinensis (orange)
(Rutaceae) [fruit]

{ NO (20) (ACE, AR, AROM,
CDPK, iNOS, ITDI, MLCK,
NADH DH, Na*, K"-
ATPase, NEP, PKA, PKC,
succinate DH, TOPII, TPO)
[LPS-induced macrophage NO
production; antibacterial, Al,
nodulation signal]

4 NO (<50) [blocks
macrophage LPS- & IFN-vy-
induced NOJ

I NO (4) [ LPS-induced
macrophage NO production]

L NO (<50) [blocks
macrophage LPS- & IFN-y-
induced NOJ

L NO 4) [LPS-induced
macrophage NO production]
(NADH DH)

T NO - inferred from TcGMP
sensitive to NOS inhibitor
L-NAME

4 NO [blocks macrophage
LPS-& IFN-y-induced NO]

4 NO (at 100) [ LPS-induced
macrophage NO production]

4 NO [inhibits NFkB
activation, inhibits LPS-
induced macrophage NO
production]

1 NO [inhibits NFkB
activation, inhibits LPS-
induced macrophage NO
production]

L NO [AT]

L NO [AI]

4 NO (>50) [blocks
macrophage LPS- & IFN-vy-
induced NOJ

(continued)
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Compound (class) Plant (family) | part/ Enzyme/ process inhubited or
activated (other targets)
/ in vivo effects/

Silymarin (= Silychristin;  Silybum marianum (Asteraceae) 4 NO [blocks astrocyte LPS/
Silymarin IT) IFN-y-induced NO release; Al,
(flavanolignan) hepatoprotective]

Suberosin C. limon (lemon), C. paradisi 4 NO (<50) [blocks
{prenyl coumarin} (grapefruit), C. sinensts (orange) macrophage LPS- & IFN-y-

(Rutaceae) [root] induced NOJ]

Tamarixetin 3-0- Costus spicatus (Costaceae) [leaf] 4 NO (at 100) [ LPS-induced
neohesperidoside macrophage NO production]
{flavonol glucoside)

Tannic acid Widespread; e.g. Quercus spp. 4 NO [blocks hepatocyte
(gallotannin}) (oak) (Fagaceae) [bark] TPA-induced NO production]

Torachrysone 8-0-3-D- Rheum spp. (rhubarb) 4 NO [inhibits NFkB
glucoside (Polygonaceae) activation, inhibits LPS-

{(naphthalene glucoside)

Woorenosides I, II, II1, Coptis japonica (Ranunculaceae)
IV & V (dihydro-
benzofuran neolignan)

Xanthoangelol Angelica keiskel (Apiaceae)
(chalcone)

Xanthoangelol E Angelica keisker (Apiaceac)
{chalcone)

Xanthoangelol F Angelica keiskel (Apiaceae)
{chalcone)

Xanthoxyletin Angelica archangelica (Apiaceae),
(coumarin) Cutrus grandss, C. limon, C. paradist,

C. sinensis [root], Lanthoxylum
elephantiasis (Rutaceae) [bark]
Xanthyletin Citrus aurantufolia, C. grandis,
{coumarin) C. limon, C. medica, C. paradist,
C. sinensis [root], Ruta graveolens (rue),
Lanthoxylum americanum, K. elephantiasis

(Rutaceae) [bark] (Rutaceae)

Terpene

la,5a-bis-Acetoxy-8- Tusstlago farfara (Asteraceae)
angeloyloxy-33,4B-epoxy-  [flower bud]
bisabola-7(14),10-dien-2-
one  bisabolene epoxide

sesquiterpene)
Aerugidiol Curcuma zedoaria (Zedoariae Rhizoma)
(sesquiterpene) (Zingiberaceae) [rhizome]

induced macrophage NO
production]

1 NO [inhibits mitogen-
induced macrophage iINOS &
TNF-a production]

T NO [T endothelium-derived
relaxation factor (EDRF) &
NO; inhibits phenylephrine-
induced vasoconstriction]

TNO [T endothelium-derived
relaxation factor (EDRF) &
NO; inhibits phenylephrine-
induced vasoconstriction]

T NO [T endothelium-derived
relaxation factor (EDRF) &
NO; inhibits phenylephrine-
induced vasoconstriction]

4 NO (>50) [blocks
macrophage LPS- & IFN-y-
induced NOJ]

4 NO (>50) [blocks
macrophage LPS- & IFN-y-
induced NOJ]

7.3Bt
4 NO [blocks macrophage
LPS-induced NOJ

4 NO [blocks macrophage
LPS-induced NO; blocks
D-Galactosamine/
TNFa-induced hepatotoxicity;
hepatoprotective]

(continued)
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Table 7.3 (Continued)

Compound (class) Plant (family) | part/ Enzyme/ process inhibited or
activated (other targets)
/ in vivo effects/

Carnosol Salvia officinalis (sage), Rosmarinus { NO [inhibits LPS- & IFN-y-

{abietane diterpene) officinalis (rosemary) (Lamiaceac) induced macrophage NO

production]

Caryolane 1,9-B-diol Chrysanthemum indicum (Asteraceae) { NO (at 100) [ LPS-induced

(sesquiterpene) [flower] macrophage NO production]
Clovanediol Chrysanthemum indicum (Asteraceae) 4 NO (at 100) [ LPS-induced
(sesquiterpene) [flower] macrophage NO production]
Costunolide Artemisia dracunculus, Saussurea lappa L NO (~3) [LPS-induced
(sesquiterpene) (Asteraceac), Laurus nobilis (bay leaf, macrophage NO production]
laurel) (Lauraceae) [leaf]
Curcumenol Curcuma longa, C. zedoaria (Zedoariae L NO [blocks macrophage
(sesquiterpene) Rhizomaj (Zingiberaceae) [rhizome]  LPS-induced NO; blocks
D-Galactosamine/
TNFa-induced hepatotoxicity;
hepatoprotective]
Curcumenone Curcuma zedoaria (Zedoariae Rhizoma) | NO [blocks macrophage
(sesquiterpene) (Zingiberaceae) [rhizome] LPS-induced NO; blocks
D-Galactosamine/
TNFa-induced hepatotoxicity;
hepatoprotective]
Curcumin Curcuma longa, C. xanthorrfuza, 1 NO [blocks macrophage
(sesquiterpene) C. zedoaria (Zedoariae Rhizoma), LPS- & IFN-y-induced NO;
Langiber officinale (Zingiberaceae) blocks D-Galactosamine/
[rhizome] TNFa-induced
hepatotoxicity;
hepatoprotective]
Curdione Curcuma longa, C. zedoaria (Zedoariae L NO [blocks macrophage
(sesquiterpene) Rhizoma) (Zingiberaceae) [rhizome]  LPS-induced NO; blocks

Dehydrocostus lactone

Laurus nobilis (bay leaf, laurel)

D-Galactosamine/
TNFa-induced hepatotoxicity;
hepatoprotective]

L NO (~3) [LPS-induced

(sesquiterpene) (Lauraceae) [ leaf] macrophage NO production]
Deltoin Ammi majus, Angelica archangelica, I NO [blocks macrophage
(furanocoumarin) Saposhnikovia divaricata (Apiaceae) [root]  LPS-induced NO]
Eremanthine Laurus nobilis (bay leaf, laurel) L NO (~3) [LPS-induced
(sesquiterpene) (Lauraceae) [leaf] macrophage NO production]
Furanodiene Commiphora myrrha (myrrh) [essential L NO [blocks macrophage
(sesquiterpene) oll] ( Burseraceae), Curcuma zedoaria LPS-induced NO; blocks

(Zedoariae Rhizoma) (Zingiberaceae) D-Galactosamine/
[rhizome]; frankincense & TNFa-induced hepatotoxicity;
myrrh - gifts of the magi to hepatoprotective]
the infant Jesus

Panax ginseng,  spp. (Araliaceae)
[root]; increased endothelial

TNO [successive TNO &
c¢GMP; antinephritic]

Ginsenosides Rb1, Rgl
(triterpene glycoside

saponins) NO release linked to
vasorelaxant aphrodisiac
effect of Panax ginseng
Ginsenoside Rbl Panax ginseng, B spp. (Araliaceae) I NO [neuroprotective —
(triterpene glycoside [root] NO-mediated glutamate-
saponin) induced neurotoxocity]

(continued)
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Table 7.3 (Continued)

Compound (class)

Plant (family) | part/

Enzyme/ process inhubited or
activated (other targets)
/ in vivo effects/

Ginsenoside Rg3
(triterpene glycoside
saponin)

Ginsenoside-Rh1 (triterpene

glycoside saponin)

Ginsenoside-Rh2 (triterpene

glycoside saponin)
Germacrone
(sesquiterpene)

Imperatorin
(furanocoumarin)

Isocurcumenol
(sesquiterpene)

Kikkanol B (germacrane
sesquiterpene)
Kikkanol D monoacetate

{(germacrane sesquiterpene)

Kikkanol E (germacrane
sesquiterpene)
Kikkanol F monoacetate

{germacrane sesquiterpene)

Magnolialide
(sesquiterpene)

Neocurdinone
(sesquiterpene)

Oplopalone
(sesquiterpene)

[Pruioside A acetylated
derivative] (acetylated
terpene glycoside)

Santamarine
(sesquiterpene)

Spirafolide
(sesquiterpene)

Zaluzanin C
(sesquiterpene)

Panax ginseng, E spp. (Araliaceae)
[root]

Panax ginseng, E spp. (Araliaceae)
[root]

Panax ginseng, E spp. (Araliaceae)
[root]

Rhododendron dauricum (Ericaceac),
Curcuma zedoaria (Zedoariae Rhizoma)
(Zingiberaceae) [rhizome]

Ammi, Angelica, Cridium, Foeniculum,
Heracleum, Levisticum, Pastinaca,
Petroselinum, Pimpinella spp.,
Saposhnikovia divaricata (Apiaceae),
Chenopodium (Chenopodiaceae),
Fragaria (Rosaceae), Citrus, Aegle
spp- (Rutaceae)

Curcuma zedoaria (Zedoariae Rhizoma)
(Zingiberaceae) [rhizome]

Chrysanthemum indicum (Asteraceae)
[flower]

Chrysanthemum indicum (Asteraceae)
[flower]

Chrysanthemum indicum (Asteraceae)
[flower]

Chrysanthemum indicum (Asteraceae)
[flower]

Laurus nobilis (bay leaf, laurel)
(Lauraceae) [leaf |

Curcuma zedoaria (Zedoariae Rhizoma)
(Zingiberaceae) [rhizome]

Chrysanthemum indicum (Asteraceae)
[flower]

Semi-synthetic from Prunioside A ex
Spiraea prunifolia (Rosaceae)

Tanacetum vulgare (tansy) (Asteraceae),
Laurus nobilis (bay leaf, laurel)
(Lauraceae) [leaf]

Laurus nobilis (bay leaf, laurel)
(Lauraceae) [leaf]

Laurus nobilis (bay leaf, laurel)
(Lauraceae) [leaf]

4 NO [neuroprotective —
NO-mediated glutamate-
induced neurotoxicity]

4 NO [blocks macrophage
LPS- & IFN-y-induced NOJ]

4 NO [blocks macrophage
LPS- & IFN-y-induced NO]

4 NO [blocks macrophage
LPS-induced NO; blocks
D-Galactosamine/
TNFa-induced hepatotoxicity;
hepatoprotective]

4 NO [blocks macrophage
LPS-induced NQO;

anti-mutagenic, toxic|

4 NO [blocks macrophage
LPS-induced NO; blocks
D-Galactosamine/
TNFa-induced hepatotoxicity;
hepatoprotective]

4 NO (100) [ LPS-induced
macrophage NO production]

4 NO (at 100) [ LPS-induced
macrophage NO production]

4 NO (at 100) [LPS-induced
macrophage NO production]

4 NO (91) [LPS-induced
macrophage NO production]

4 NO (~3) [LPS-induced
macrophage NO production]

4 NO [blocks macrophage
LPS-induced NO; blocks
D-Galactosamine/
TNFa-induced hepatotoxicity;
hepatoprotective]

4 NO (at 100) [ LPS-induced
macrophage NO production]

4 NO [induced macrophage
NO production]

4 NO (~3) [LPS-induced
macrophage NO production]

4 NO (~3) [LPS-induced
macrophage NO production]

4 NO (~3) [LPS-induced
macrophage NO production]

(continued)
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Table 7.3 (Continued)

Compound (class) Plant (family) | part/

Enzyme/ process inhibited or
activated (other targets)
/ n vivo effects/

Zeaxanthin dipalmitate

(= Physalien; Physalin)

Physalis alkekeng: (Chinese lantern)
(Solanaceae) [fruit, petal]

{carotene)

Zedoarondiol Curcuma zedoaria (Zedoariae Rhizoma)
(sesquiterpene) (Zingiberaceae) [rhizome]

Yomogin Artemisia princeps (Asteraceae)

(sesquiterpene lactone)

Other
Acemannan Aloe vera (aloe vera) (Liliaceae) [leaf]
{carbohydrate) gel]; most popular cosmetic &

toiletry ingredient in USA; for
burns, bruises, wounds &

hypoglycaemic
Bidensyneoside A| (= Bidens parviflora (Fabaceae) [whole
3(R),8(£)-8-Decene-4, plant]

6-diyne-1,3-diol 1-0-3-
D-glucoside) (polyacetylene
glycoside)

Bidensyneoside A, (= Deca- Budens parviflora (Fabaceae) [whole
3(R),8(E)-8-Decene- plant]
4,-6-diyne-1,3-diol 1-0-B-
D-glucoside) (polyacetylene
glycoside)

Bidensyneoside B (= 3(R)-
Deca-4,6,8-triyne-1,3-diol
1-O-B-D-glucoside)
(polyacetylene glycoside)

Budens parviflora (Fabaceae) [whole
plant]

Bidensyneoside C (= 3(R),
8(E)-8-Decene-4,6-diyne-
1,3,10-triol 1-0-B-n-
glucoside) (polyacetylene
glycoside)

3-Deoxybidensyneoside
B (= 8(£)-8-Decene-4,6-
diyne-1,10-diol 1-0-3-D-
glucoside) (polyacetylene

Bidens parviflora (Fabaceae) [whole
plant]

Budens parviflora (Fabaceae) [whole
plant]

glycoside)

Diallyl trisulfide Allium sativum (garlic) (Liliaceac)
(aliphatic sulfide) [bulb]

Falcarindiol Angelica simensts, Apuum graveolens, Daucus
{polyacetylene) carota, Saposhnikovia divaricata (Apiaceae),

Panax quinquefolium (Araliaceae),
Lyopersicon esculentum (Solanaceac)

4L NO [yellow]

1 NO [blocks macrophage
LPS-induced NO; blocks
D-Galactosamine/
TNFa-induced hepatotoxicity;
hepatoprotective]

L iNOS expression [Al, anti-
endotoxaemia, antiseptic
shock; blocks macrophage

LPS-induced NOJ

7.3Bo
T NO (& IL-6, TNF-a) in

macrophage

4L NO (0.1; 0.2) [inhibits LPS-
& LPS/IFN-vy-induced
macrophage NO production;
inhibits mast cell histamine
release (0.1)]

L NO (>1) [inhibits LPS- &
LPS/IFN-y-induced
macrophage NO production;
inhibits mast cell histamine
release (0.1)]

4 NO (0.1) [inhibits LPS- &
LPS/IFN-vy-induced
macrophage NO production;
inhibits mast cell histamine
release (0.2)]

{ NO (0.1; 0.9) [inhibits
LPS-& LPS/IFN-y-induced
macrophage NO production;
inhibits mast cell histamine
release (0.1)]

4 NO (0.1) [inhibits LPS- &
LPS/IFN-y-induced
macrophage NO production;
inhibits mast cell histamine
release (0.1)]

1 NO [blocks macrophage
LPS-induced NO;
antibacterial, antifungal, PA,
TTX formation]

J LPS/TFN-y-induced NO
production (2)

(continued)
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Table 7.3 (Continued)

Compound (class) Plant (family) | part/ Enzyme/ process inhubited or
activated (other targets)
/ in vivo effects/
Falcarinone Angelica sinensis, Apium graveolens, 4 LPS/IFN-y-induced NO
(polyacetylene) Saposhrikovia divaricata (Apiaceac), production (>20)

(2R)-(12Z,15Z)-2-Hydroxy-
4-oxoheneicosa-12,15-
dien-1-yl acetate
(long-chain aliphatic ester)

Karasurin-A
{type I ribosome-
inactivating
protein)

Panaxydol
{polyacetylene)

Panaxynol
{polyacetylene)

Panaxytriol
{polyacetylene)
Persenone A
(long-chain aliphatic ester)
Persenone B
(long-chain aliphatic ester)
cis-Spiroketalenolether
polyyne (aliphatic polyyne)
trans-Spiroketalenolether
polyyne
(aliphatic polyyne)

Non-plant reference
[Docosahexaenoic acid]
(long-chain aliphatic ester)

NOS

Phenolic
3-Lapachone
{a-naphthoquinone)

Daidzein
(isoflavone)

Genistein
(isoflavone)

Panax quinguefolium (Araliaceae)
Persea americana (avocado)
(Lauraceae) [fruit]

Trichosanthes kirilowii (Cucurbitaceae)

Saposhnikovia divaricata (Apiaceac),
FPanax ginseng, E quinquefolium

Saposhnikovia divaricata (Apiaceac),
FPanax ginseng, E quinquefolium

Saposhnikovia divaricata (Apiaceac),
Panax quinguefolium (Araliaceae)

Persea americana (avocado)
(Lauraceae) [fruit]

Persea americana (avocado)
(Lauraceae) [fruit]

Chrysanthemum indicum (Asteraceae)

Chrysanthemum indicum (Asteraceae)

Haplophragma adenophyllum,
Pryllarthiron comorense [wood],
Tabebuia avellanedae [wood]
(Bignoniaceae), Teclona grandis
(Verbenaceae) [root]

Genista tinctoria, Glycine max (soya),
Phaseolus, Psoralea, Pueraria, Sophora,
Trifolium, Vigna (Fabaceae) spp. [seed]

Genista spp., Glycine max, Phaseolus,
Trifolium (Fabaceae) spp., Prunus spp.
(Rosaceae) [wood]; glucosides in
Genista tinctoria, Glycine max, Lupinus
luteus, Ulex nanus, Sophora japonica

4 NO (4) [blocks macrophage
LPS- & IFN-y-induced NOJ]

4 NO [} LPS-induced
macrophage NO production;
blocks LPS-, ConA- & PHA-
induced lymphocyte
proliferation;
immunosuppressive]

J LPS/TFN-y-induced NO
production (7)

J LPS/TFN-y-induced NO
production (2)

J LPS/TFN-y-induced NO
production (10)

4 NO (1) [blocks macrophage
LPS- & IFN-y-induced NOJ]

4 NO (4) [blocks macrophage
LPS- & IFN-y-induced NO]

4 NO (38) [LPS-induced
macrophage NO production]

4 NO (60) [LPS-induced
macrophage NO production]

7.3Bn
4 NO (4) [blocks macrophage
LPS- & IFN-y-induced NO]

7.3C

7.3Cp
iNOS (TOP, RT) [AL

antimicrobial, antitumour]

iNOS (90) [inhibits LPS-
induced macrophage iINOS
expression]|

iNOS (50) [inhibits LPS-
induced macrophage iINOS

expression]|

(continued)
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Compound (class) Plant (family) | part/ Enzyme/ process inhibited or
activated (other targets)
/ in vivo effects/
Glycitein Glycine max (soya) (Fabaceae) [seed] iNOS (90) [inhibits LPS-
(isoflavone) induced macrophage iINOS

Luteolin (= 5,7,3',4'-
Tetrahydroxyflavone)
(flavone)

Myricetin (= 3,5,7,3" 4,
5'-Hexahydroxyflavone)
(flavonol)

Other

Canavanine
(alkylguanidine)

Indospicine (= 1.-2-Amino-
6-amidinohexanoic acid)
{amino acid)

Non-plant reference
[Aminoguanidine]
{guanidine)
[NY-Methyl-1-arginine
(= 1.-NMMA}]
{methylated amino acid)
[Mo-Nitro-L-arginine
methyl ester (= 1-NAME)]
{amino acid ester)

NOS activation
Other

Arginine
(amino acid)

Calmodulin (CaM)
(18 kDa protein)

Glycine CaM SCaM-1
(18 kDa protein)

Glycine CaM SCaM-4
(18 kDa protein)

Widespread in leaves; Ammi, Cuminum,
Daucus (Apiaceae), Lavandula, Mentha,
Ocimum, Origanum, Rosmarinus,
Thymus (Lamiaceae); widespread as
glycosides in Brassicaceae, Lamiaceae,
Fabaceae, Scrophulariaceae [aeriall;
Chrysanthemum indicum (Asteraceae),
Dugitaria exilis (Poaceae)

Haplopappus canescens (Asteraceae),
Azadirachta indica, Soymida febrifuga
(Meliaceae) [wood], Haplopappus
canescens (Asteraceae); glycosides in
Vaccinium macrocarpon (Ericaceae),
Mpyrica rubra (Myricaceae), Primula
stnensis (Primulaceae), Camellia
sinensts (Theaceae)

Canavalia ensiformus, Glycine max,
Robinia pseudoacacia (Fabaceae) [seed]
Indigofera spicata, I. spp. (Fabaceae)

Universal; Helianthus annuus
(Asteraceace), Cucurbita foetidissima
(Cucurbitaceae), Ceratonia siliqua
(Fabaceae), Allium sativum (garlic)
(Liliaceae) [bulb], Rehmannia
glutinosa (Scrophulariaceae) [root]

Universal in eukaryotes

Glycine max (soya bean) (Fabaceac)

Glycine max (soya bean) (Fabaceae)

expression]|

INOS (250) (ACE, AR,
AROM, NADH DH, Na™,
K*-ATPase, NEP, PK,
succinate DH, TOPII, TPO)
[{ LPS-induced NO;
antibacterial, Al, nodulation
signal]

iNOS (250) (F|-ATPase, 5-
LOX, NADH DH, Na*, K*-
ATPase, NEP, PK, 5aR,
succinate DH, TOPII, TPO)
[antibacterial,
antigonadotropic|

7.3Co

cNOS, iINOS (Alk Pase,
Arginase) [cytotoxic]

cNOS, iINOS (Arginase)
[abortefacient, hepatoxic,
teratogenic]

7.3Cn
NOS (notably iNOS)

cNOS, iNOS (28), nNOS

nNOS, iNOS

7.3D

7.3Do
NOS substrate

eNOS activation by active
Ca%"~CaM complex
NOS activation (180 nM)

Inhibits NOS activation by
SCaM-1 [120nM]

(continued)
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Table 7.3 (Continued)

Compound (class) Plant (family) | part/

Enzyme/ process inhubited or

activated (other targets)
/ in vivo effects/

Nitric oxide (= NO) Universal

{nitrogen oxide)

Synthetic; explosive —
4CgH5(ON02)3 — 12002 +
10H,0 + 6N, + O,

[Nitroglycerin (= Glyceryl
trinitrate)| (glycerol
nitric acid triester)

NOS product [activates
soluble GC; induces plant
stomatal closure;
pro-inflammatory]

Yields NO (activates soluble
GC) [antianginal coronary
vasodilator]

Table 7.4 Cyclic nucleotide phosphodiesterases

Compound Plant (family) | part/ Target inhibited (other targets)
/ in vivo effect/
Alkaloid 7.4a

Boccomia sp., Chelidonium sp.,
Corydalis sp., Dicentra sp.,
Eschscholtzia sp., Glaucium arabica,
Sanguinaria sp. (Papaveraceae),
Lanthoxylum sp. (Rutaceae)

a-Allocryptopine
(= B-Homochelidonine;
a-Fagarine) (protopine)

[Apomorphine] [Synthetic, from morphine]
{(dibenzoquinoline,
aporphine)
Atherosperminine Annona montana, A. muricata,
(Isoquinoline) Fissistigma glaucescens, Guatteria
discolor (Annonaceace)
Bulbocapnine Corydalis bulbosa, C. cava,

(= N-Methyl-launobine)

(aporphine isoquinoline)

C. decumbrens, C. solida, Fumaria
officinalis, Glauctum flavum,
G. pulchrum (Papaveraceae)
Llex paraguayensis (maté)
(Aquifoliaceae), Coffea arabica,
Coffea spp. (coffee) (Rubiaceac)
[coflee bean], Faullinia cupana
(guarana) (Sapindaceae), Cola
acuminata (cola) (Sterculiaceac)
[seed], Camellia sinensis (tea)
(Theaceae) [leaf]; African
slave labour especially for
Brazil coffee plantations
plus cotton, & sugar
plantations in the
Americas — about
15 million kidnapped &
transported to the
Americas

Caffeine (= 1,3,7-
Trimethylxanthine;
Coffeine; Guaranine;
Thein; Theine) (purine,
methylxanthine); most
consumed plant
bioactive alkaloid?
Over 4 million tons of
coffee produced
each year

[cAMP PDE inhibition, ileal

smooth muscle relaxation]

cAMP PDE (15) [emetic,
expectorant]

cAMP PDE [elevates
cAMP, smooth muscle
relaxant]

cAMP PDE (46) [cataleptic,
sedative]

cAMP PDE (150), cGMP
PDE (PDES) (>100)
(A|AD-R, AAD-R, RY-R,
ATP-, Ca’*- & V-K* CH)
[bitter, cardiac, CNS &
respiratory stimulant,
diuretic, smooth muscle
relaxant, vasodilator];
8000 tons of coffee
part of unsuccessful

WW2 offer for 1 million

Hungarian Jews

(Joel Brand, 1944)

(continued)
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Table 7.4 (Continued)

Compound Plant (family) | part/ Target inhibited (other targets)
/ in vivo effect/
3',5"-Cyclic AMP (= cAMP) Universal; quantitated in various Substrate for cAMP PDE

plants e.g. Agave (Agavaceae),
Kalanchoe (Crassulaceac), Lolium
(Poaceae) spp.; regulatory role in
plants unclear

{cyclic nucleotide); Earl
Sutherland (USA, Nobel
Prize, Medicine, 1971,
cAMP as second
messenger); Edwin Krebs
& Edmond Fischer (USA,
Nobel Prize, Medicine,

1992, PKA)

w

Prize, Physiology/

Medicine, 1998, NO, cGMP)
Glaucine (= Boldine dimethyl
ether) (aporphine isoquinoline)

Papaverine
{benzylisoquinoline); Sir

Robert Robinson (UK,

Nobel Prize, 1947,
Chemistry, alkaloids)

Theobromine (= 3,7-
Dimethylxanthine)
{methylxanthine)

Theophylline (= 1,3-
Dimethylxanthine)
{methylxanthine)

Phenolic
Acacetin-7-0-6"-a-1-Rha-
(6-1)-B-n-Gle

{flavone glycoside)

",5'-Cyclic GMP (= ¢cGMP)
{cyclic nucleotide); Robert
Furchgott, Louis Ignarro &
Ferid Murad (USA, Nobel

Eukaryotes; quantitated in various

plants e.g. Phaseolus vulgaris, Pisum
sativum (Fabaceae) & Lea mays
(Poaceae) seedling tissues;
involvement in plant defence &
stomatal opening

Annona squamosa (Annonaceac),

Dicentra eximia, Corydalis ambigua
(Fumartaceae), Beilschimedia
podagrica (Lauraceae), Eschscholzia
californica, Glauctum flavum
(Papaveraceae)

Rauwolfia serpentina (Apocynaceae),

FPapaver bracteatum, R somniferum
(opium poppy) (Papaveraceac)
[opium flower exudate]

lex paraguayensis (Aquifoliaceae),
Paullinia cupana (guarana)
(Sapindaceae), Cola acuminata (cola),
T heobroma cacao (cocoa)
(Sterculiaceae) [seed], Camellia
sinensts (tea) (Theaceae) [leaf];
200 tons of cocoa part of
unsuccessful offer for
1 million Hungarian Jews
(Joel Brand, 1944)

lex paraguayensis (Aquifoliaceae),
Faullinia cupana (guarana)
(Sapindaceae), Theobroma cacao (cocoa)
(Sterculiaceac) [seed ], Camellia sinensis
(tea) (Theaceae) [leaf |; 800 tons
of tea part of unsuccessful
offer for 1 million Hungarian

Jews (Joel Brand, 1944)

Chrysanthemum indicum (Asteraceae)
[flower], Buddlgja officinalis
(Loganiaceae) [flower]

(activates PKA, opens
cAMP-gated Na* channels
& binds to Dictyostelium
cAMP receptor)

Substrate for cGMP PDE
(activates PKG, opens
cGMP-gated Na* channels)

cAMP PDE [38]

[antitussive, hypotensive]

cAMP PDE
(22; 30;180), cGMP PDE
[30] (A-R, L-Ca®" CH,
Na*K* ATPase)
[spasmolytic (6), smooth
muscle relaxant, vasodilator,
coronary vasodilator,
antitussive]

cAMP PDE (150) (AD-R)
[cardiac stimulant, diuretic,
smooth muscle relaxant,
vasodilator]

cAMP PDE (150; 720) (AD-
R, Ca’"-K* CH) [cardiac
stimulant, coronary
vasodilator, diuretic, smooth
muscle relaxant, anti-
asthmatic]

7.4p
cAMP PDE (>100) (AR,
ITD) [allergenic]

(continued)
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Table 7.4 (Continued)

Compound Plant (family) | part/

Target inhibited (other targets)
/ in vivo effect/

(+)-1-Acetoxypinoresinol Olea europea (Oleaceae) [bark]
(lignan)
(+)-1-Acetoxypinoresinol 4'-
O-glucoside (lignan)
[(+)-1-Acetoxypinoresinol
4’ 4"-di-0-Glc]
(lignan diglucoside)

Olea europea (Oleaceae) [ bark]

[Semi-synthetic from (+)-1-
Hydroxypinoresinol 4',4"-di-O-
glucoside from Eucommia ulmoides
(Eucommiaceae) [bark]

Agathis dammara, Araucaria bidwnlln
(Araucariaceae)

Agathisflavone (= 6",8"-
Biapigenin)

Amentoflavone (= 3',8"-
Biapigenin) ( biflavone) Cycas revoluta (cycad) (Cycadaceae),
Ginkgo biloba (Ginkgoaceae),
Podocarpus montanus
(Podocarpaceae), Rhus succedanea
(Anacardiaceae)

Aprum, Daucus (Apiaceae), Achillea,
Artemusia (Asteraceae), Mentha,
Thymus (Lamiaceae), ferns [leaf
surface], Buddlea officinalis
(Loganiaceae) [flower]

Aprum graveolens (celery),

Petroselinum crispum (parsley)

Apigenin (= 5,7,4'-
Trihydroxyflavone)
{flavone)

Apiin (= Apigenin 7-Api-Glg;
Apioside; 4',5,7-
Trihydroxyflavone-7-Api-

Viburnum prunifolium (Caprifoliaceae),

(Apiaceae) [leaf, seed], Capsicum spp.

Glc) (flavone O-glycoside)
Bilobetin

(biflavone)
(+)-Catechin (= Catechinic

acid; Catechol; Catechuic acid;
(+)-Cyanidanol; (+)-Cyanidan-

3-ol) (flavan-3-ol)

(Solanaceae)

Araucaria bidwillii (Araucariaceae),

Ginkgo biloba (Ginkgoaceac)

Widespread; Gossypium spp.

(Malvaceae), Agrimonia eupatoria
(Rosaceae), Salix caprea (willow)
(Salicaceae) [flower]

Chrysin (= 5,7-
Dihydroxyflavone)
{flavone)

Daucus carota (Apiaceae), Pinus spp.
(Pinaceae) [wood], Populus spp.
(poplar) (Salicaceae) [leaf bud],
Escallonia spp. (Saxifragaceae)
[leaf ]

4-Cinnamoylmussatioside Mussatia sp. ( Bignoniaceae)
{(phenylpropanoid)

Columbianadin
(dihydrofuranocoumarin)

Angelica laxiflora, Peucedanum
oreoselinum (Apiaceae) [root]

Cyanidin chloride Widespread especially as cyanidin
(=3,5,7,3"4'- glycosides; Hibiscus rosasinensis
Pentahydroxyflavilium (Malvaceae), Musa sp. (banana)

(Musaceace)
Seseli libanotis (Apiaceae) [root]

chloride) (anthocyanidin)
Diacetyl cis-khellactone

{(dihydropyranocoumarin)
Diacetyl vaginiol Ligusticum pyrenaicum (Apiaceae)
(dihydrofuranocoumarin)

cAMP PDE (32)
cAMP PDF. (44)

cAMP PDE (11)

<cAMP PDE (HIV-1 RT)

cAMP PDE (0.7), cGMP
PDE (0.5) (BZ-R, HIV-1
RT) [antifungal]

cAMP PDE (9; 53), cGMP
PDE (35) (AD-R, AR, PK,
RTK [antibacterial, Al
diuretic, hypotensive]

cAMP PDE (100) (AR)

cAMP PDE

cAMP PDE (500; 640;
1200), ¢cGMP PDE 170)

cAMP PDE (10-100; >100)
(AR, iodothyronine
deiodinase, PGP TR)
[AL antibacterial, inhibits
histamine release]

cAMP PDE [inhibits ADP-
induced PA]

cAMP PDE (260)
[spasmolytic (55), coronary
vasodilatory]

cAMP PDE [10]
[red pigment]

cAMP PDE (320)
[spasmolytic (200),
coronary vasodilatory]|

cAMP PDE (290)
[spasmolytic (160),
coronary vasodilatory]|

(continued)
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Compound

Plant (family) | part/

Target inhibited (other targets)
/ in vivo effect/

3, 3"-Dimethoxy-4',4"-
hydroxy-2,3-di-benzyl-
butyrolactone (lignan)

3, 3"-Dimethoxy-4',4"-
hydroxy-2,3-di-benzyl-
butyrolactone 4'-0-Glc
(lignan glucoside)

3’, 3"-Dimethoxy-4',4"-
hydroxy-2,3-di-benzyl-
butyrolactone 4',4"-di-0-Glc
(lignan diglucoside)

Dihydrofisetin (= Fustin)
{(dihydroflavonol)

(+)-Dihydroquercetin (=
Taxifolin; Distylin; 3,5,7,3",4'-
Pentahydroxyflavanone)
(dihydroflavonol)

4-Dimethylcaffeoyl-
cinnamoylmussatioside
{(phenylpropanoid)

Disenecioyl cis-khellactone
(dihydropyranocoumarin)

(—)-Epicatechin
{flavan-3-ol)

Fisetin
{flavonol)

Flavone
{flavone)

Forsythiaside (= Forsythoside A)

{phenylpropanoid glycoside)

Galangin (= 3,5,7-
Trihydroxyflavone)
(flavonol)

Trachelospermum asiaticum
(Apocynaceae) [stem]

Trachelospermum asiaticum
(Apocynaceae) [stem]

Trachelospermum asiaticum
(Apocynaceae) [stem]

Rhwus sp., Schinopsis sp.
(Anacardiaceace), Gleditsia triacanthos,
Robinia pseudoacacia (Fabaceae),
Platanus sp. (Platanaceae), Tilia spp.
(Tiliaceae)

Engelhardtia chrysolepis
( Juglandaceae), Acacia catechu

(Fabaceace), Pinus sylvestris (Pinaceac)

Polygonum nodosum (Polygonaceae),
Salix capraea (Salicaceac),
Mussatia sp. ( Bignoniaceae)

Seseli incanum, S. libanotis (Apiaceae)
[root]

Widespread; Aesculus calfornica
(Hippocastanaceae), Perocarpus
spp. (Fabaceae), Podocarpus nagi
(Podocarpaceae), Crataegus
monogyna (hawthorn) (Rosaceae),
Camellia sinensis (Theaceae)

Acacia catechu, Glycine max, Robimia
pseudoacacia, Trigonella spp.
(Fabaceae), Rhus glabra, Rhus

toxicodendron (Anacardiaceae)

Amma visnaga, Anethum graveolens
(Apiaceae), Dionysia spp., Primula
pulverulenta (Primulaceae) [leaf],
Pimelea decora, P simplex
(Thymelaeaceae)

Forsythua suspensa, F. koreana
(Oleraceae) [fruit]

Betulaceae, Salicaceae [bud
excretion], ferns [frond], Lamiaceae
[leaf], Datisca cannabina (Datiscaceae),
Escallomia spp. (Saxifragaceae),
Alpima officinarum (Zingiberaceae)

cAMP PDE (98)

cAMP PDE (>5000)

cAMP PDE (111)

cAMP PDF. (320)

cAMP PDE (94; 320),
¢GMP PDE (170), (AR,
NADH DH, succinate DH,
5-LOX)

¢AMP PDE [inhibits ADP-
induced PA]

cAMP PDE (21)
[coronary vasodilatory,
spasmolytic (14]

¢AMP PDE (500)
[antibacterial, Al]

cAMP PDE (36; 10-100),
(ITD, PKC, succinate DH,
NADH DH, 5-LOX)

[ blocks basophil histamine
release, antibacterial,
inhibits SM contraction]

cAMP PDE (>100) [23]
(COX, 5-LOX)
[proapoptotic, Al,
antifungal, inhibits basophil
histamine release]

cAMP PDE (5-LOX,
AQO/FRS)

cAMP PDE (9) (Al-, A2A- &
A3-AD-R, COX, PGP
TR) [antibacterial]

(continued)
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Compound Plant (family) | part/ Target inhibited (other targets)
/ in vivo effect/
Ginkgetin (= Amentoflavone Dacrydium spp. (Podocarpaceae), cAMP PDE
7,4'-dimethyl ether) Lamia augustifolia (Cycadaceae),
(biflavone) Ginkgo biloba (Ginkgoaceac),
Taxus spp. (Taxaceae)
Glabridin Glycyrrhiza glabra, G. uralensis cAMP PDE (82)
(isoflavan) (liquorice) [root, rhizome] [antibacterial,
(Fabaceae) anti-mycobacterial]
Glycycoumarin Glyeyrrhiza wralensis (liquorice) cAMP PDE (7)
(prenylated coumarin) [root, rhizome] (Fabaceae)
Glycycoumarin 7-O-methyl Glyeyrrhiza wralensis (liquorice) cAMP PDE (>5000)
ether (= Glycyrin) [root, rhizome] (Fabaceae)
(prenylated coumarin)
Glycyrol Glyeyrrhiza glabra, G. uralensis cAMP PDE (44)
{coumestan) (liquorice) [root, rhizome]
(Fabaceae)
Hellicoside Plantago asiatica (Plantaginaceae) cAMP PDE (5-LOX) [Al,
{phenylpropanoid glycoside) anti-asthmatic]
Hesperetin (= Eriodictyol 4'- Citrus paradisi (grapefruit), Citrus <AMP PDE (26) (AR)
methyl ether; 3',5,7- spp- (Rutaceae), Mentha aquatica, [antibacterial, antiviral,
Trihydroxy-4'- Mentha piperita (Lamiaceae) insect feeding deterrent]
methoxyflavanone)
(flavanone)
Hinokiflavone Rhus succedanea (Anacardiaceae), cAMP PDE (HIV-1 RT)
(biflavone) Araucaria bidwilli (Araucariaceae),

Gycas revoluta (Cycadaceae),
Cupressus funebris, Juniperus
macropoda (Cupressaceae),
Podocarpus macrophyllus
(Podocarpaceae), Selaginella
tamariscina (water fern)

(Selaginellaceae)
cis-Hinokiresinol (= Nyasol) Araucaria angustifolia cAMP PDE (EST-R)
(lignan, phenylpropanoid) (Araucariaceae), Chamaecyparis

obtusa (Cupressaceae), Anemarrhena
asphodeloides (Liliaceae)

(+)-1-Hydroxypinoresinol Eucommia ulmovdes (Eucommiaceae) c¢cAMP PDE (213)
(lignan) [bark]

(+)-1-Hydroxypinoresinol Eucommia ulmoides (Eucommiaceae)  cAMP PDE (286)
4'-0-Glc [bark]
(lignan glucoside)

(+)-1-Hydroxypinoresinol Eucommia ulmoides (Eucommiaceae)  ¢cAMP PDE (332)
4"-0-Glc (lignan glucoside) [bark]

(+)-1-Hydroxypinoresinol Eucommia ulmoides (Eucommiaceae)  ¢cAMP PDE (100)
4',4"-di-0-Gle [bark]
(lignan diglucoside)

Isoamidin Seseli libanotis (Apiaceae) [root] cAMP PDE (33)
(dihydropyranocoumarin) [spasmolytic (16),

coronary vasodilatory]

Isoglycyrol Glycyrrhiza glabra, G. uralensis cAMP PDE (>5000)

{coumestan) (liquorice) [root, rhizome]
(Fabaceace)

(continued)
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Compound Plant (family) | part/ Target inhibited (other targets)
/ in vivo effect/

Isoginkgetin Ginkgo biloba (Ginkgoaceac) cAMP PDE
{biflavone)

Isoliquiritigenin (= 2',4',4- Astragalus membranaceus, Glycine cAMP PDE (180}, [cAMP
Trihydroxychalcone) max, Glycyrriuza glabra, Glycyrrhiza PDEIII] (ARI, COX,
{chalcone) uralensis (Fabaceae) 5-LOX, AR,

[root, rhizome] mitochondrial MAQO,

Isoliquiritigenin-4'-0-Api-Glc

(= 2’4’ 4-Trihydroxychalcone-

4’-0-Api-Glc) (chalcone)
Isomangostin

{prenylated xanthone)
Isonarthogenin 3-0-a-1.-Rha-

(1-2)-0-[a-Rha-(1—4)]-

B-D-Glc (tetrasaccharide

steroidal saponin)
Isopeucenidin

(dihydrofuranocoumarin)

Kaempferol (= 3,5,7,4'-
Tetrahydroxyflavone)
(flavonol)

cis-Khellactone
(dihydropyranocoumarin)

Lomatin acetate
(dihydropyranocoumarin)

Licoarylcoumarin
(coumarin)

Licoricidin
{(prenylated isoflavan)

Licoricone
(prenylated isoflavone)

Liquiritigenin (= 7,4'-
Dihydroxyflavone)
(flavanone)

Liquiritin (= 7,4'-
Dihydroxyflavone 4'-0-Glc)
(flavanone)

Glycyrrhiza uralensis (licorice)
(Fabaceae) [root, rhizome]

Garcinia mangostana (Guttiferae)
[fruit peel, resin]

Smulax china (Liliaceace)
[rhizome, root]

Peucedanum oreoselinum (Apiaceac)

Widespread; Hippocastanaceae
[aerial], Brassica oleracea
(Brassicaceae), Pisum satioum
(Fabaceae), Thespesia populnea
(Malvaceae), Azadirachta
mdica (neem tree) (Meliaceae)

Amma visnaga, Seselt libanotis
(Apiaceae) [root]
Sesel libanotis (Apiaceae) [root]

Glyeyrrhiza glabra, G. uralensis
(liquorice) [root, rhizome]
(Fabaceac)

Glyeyrrhiza glabra, G. uralensis
(liquorice) [root, rhizome]
(Fabaceac)

Glyeyrrhiza glabra, G. uralensis
(liquorice) [root, rhizome]
(Fabaceac)

Glyeyrrhiza glabra, G. uralensis

(liquorice) [root, rhizome], Cicer

artetinum, Medicago sativa

[phytoalexin], M. lupulina

[phytoalexin] (Fabaceae)
Glycyrrhiza glabra, G. uralensis,

G. spp. (liquorice) [root, rhizome]

(Fabaceae)

uncouples plant
mitochondria) [yellow
pigment]

c¢AMP PDE (1710)

cAMP PDE. (47)

<cAMP PDE

cAMP PDE (90)
[spasmolytic (63),
coronary vasodilatory]

cAMP PDE (3; 45)
(CAMPK, Iodothyronine
deiodinase, 5-LOX, MLCK,
myosin ATPase, Pases, PGP
TR, PKC) [blocks COX-2 &
iNOS induction; Al,
antibacterial, mutagenic,
radical scavenger|

cAMP PDE (>400)
[spasmolytic (>>200)]

cAMP PDE (350)
[spasmolytic (140),
vasodilatory]

cAMP PDE (10)

cAMP PDE (49)

cAMP PDE (23)

cAMP PDE (1080)

cAMP PDE (>5000)

(continued)
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Compound

Plant (family) | part/

Target inhibited (other targets)
/ in vivo effect/

Luteolin (= 5,7,3",4'-
Tetrahydroxyflavone)
(flavone)

a-Mangostin
(prenylated xanthone)

y-Mangostin
(prenylated xanthone)

Medioresinol
(lignan)

Medioresinol 4'-0-Gle
(lignan glucoside)

Medioresinol 4',4"-di-0-Glc
(lignan diglucoside)

4-p-Methoxycinnamoyl-
mussatioside
{phenylpropanoid)

Morin (= 3,5,7,2" 4'-
Pentahydroxyflavone)
{flavonol)

Myricetin (= 3,5,7,3',4",5"-
Hexahydroxyflavone)
(flavonol)

Naringenin (= 5,7,4'-
Trihydroxyflavanone)
(flavanone)

Pelargonidin chloride (3,5,7,4"-
Tetrahydroxyflavilium
chloride)

{anthocyanidin)

[Pentaacetylquercetin]
(flavonol)

Peucenidin
(dihydrofuranocoumarin)

(+)-Pinoresinol
(lignan)

(+)-Pinoresinol 4'-0-Glc
(lignan glucoside)

Widespread; dmmi, Cuminum, Daucus
(Apiaceae), Lavandula, Mentha,
Ocumum, Origanum, Rosmarinus,
Thymus (Lamiaceae); widespread
as glycosides in Brassicaceae,
Lamiaceae, Fabaceae,
Scrophulariaceae [aerial];
Chrysanthemum indicum (Asteraceae)
[flower], Digitaria exilis (Poaceac)

Garcinia mangostana (Guttiferae)
[fruit peel, resin]

Garcinia mangostana (Guttiferae)
[fruit peel, resin]

Eucommaa ulmovdes (Eucommiaceac)
[bark]

Eucommia ulmoides (Eucommiaceae)
[bark]

Eucommaa ulmovdes (Eucommiaceac)
[bark]

Mussatia sp. ( Bignoniaceae)

Morus alba, M. spp. (mulberry),
Chlorophora tinctoria, Artocarpus
heterophyllus, A. integrifolia
(Moraceae)

Haplopappus canescens (Asteraceae),
Acacia leucophloea (Fabaceae),
Aesculus fuppocastanum
(Hippocastanaceae), Azadirachta
indica, Soymida febrifuga (Meliaceae)

Widespread; Artemusia, Bacchars,
Centaurea, Dahlia spp., (Asteraceac),
Citrus sinensis (orange) (Rutaceae)

3-glucoside in Fagus sylvatica
(Fagaceae) [leaf’]; 3-galactoside
in Fragara vesca (strawberry)
(Rosaceae) [fruit]

Semi-synthetic; polvacetylated
quercetin

Libanotis pyrenaicum, Peucedanum
bourgaet, P oreoselinum (Apiaceae)

Eucommua ulmoides (Eucommiaceac)
[bark], Pinus strobus (Pinaceae)

Eucommia ulmoides (Eucommiaceae)
[bark], Pinus strobus (Pinaceae)

cAMP PDE (9) (A;AD-R,
ITD, PKC, NADH DH,
succinate DH, ARI, PEP

cAMP PDE (24) (Ca®*
ATPase, EST-R, HIV-1 PR,
H-R, PK) [antibacterial, Al
antiulcer]

cAMP PDE (50) (cAMP
PDE, HIV-1 PR, PK)

cAMP PDE (121)

cAMP PDE (297)
cAMP PDE. (63)

cAMP PDE [inhibits ADP-
induced PA]

cAMP PDE [48]
{(Iodothyronine deiodinase,
ARI, 5-LOX) [antiviral,
antibacterial, allergenic,
silkworm feeding attractant]

cAMP PDE (10-100)
(NADH DH, succinate DH,
anti-gonadotropin, cAMP,
PDE, 5-LOX) [antibacterial,
AT]

cAMP PDE (45; 48),
(Histidine decarboxylase,
serotonin secretion, AR)
(IC54 1-10 uM)
[antibacterial, antifungal]

cAMP PDE (8; 70), cGMP
PDE (23)

cAMP PDE (>100)

cAMP PDE (110)
[spasmolytic (29),
coronary vasodilatory]

cAMP PDE (75)

cAMP PDE (142)

(continued)
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Compound

Plant (family) [ part/

Target inhibited (other targets)
/ in vivo effect/

{(+)-Pinoresinol 4',4"-di-0-Glc
(lignan diglucoside)

Pteryxin
(dihydropyranocoumarin)

Quercetin (= 3,5,7,3' 4"~
Pentahydroxyflavone)
(flavonol)

Quercetrin (= Quercetin-3-0-
1-Rha; 3,5,7,3" 4'-

Pentahydroxyflavone 3-0-Rha)

{flavonol O-glycoside)

Rhamnetin (=3,5,7,3",4'-
Pentahydroxy-flavone 7-
methyl ether; Quercetin 7-
methyl ether) (flavonol)

Robinetin (= 3,7,3',4",5'-
Pentahydroxyflavone)
{flavonol)

Robustaflavone (= 3',6'-
Biapigenin
{biflavone)

Samidin
(dihydropyranocoumarin)

Senecioyl dihydrooroselol
(dihydrofuranocoumarin)

Sequoiaflavone
{biflavone)

Suspensaside
{(phenylpropanoid glycoside)

Vaginidin
(dihydrofuranocoumarin)

Terpene

Agapanthussaponin A (= (25R)-

Sa-Spirostane-2c,33,5a-triol
3-0-Rha-[Gal]-Glc)
{triterpene glycoside)

Agapanthussaponin B (= (25R)-

Sa-Spirost-7-ene-20, 33,50
triol 3-0-Rha-[Gal]-Glc)
{triterpene glycoside)

Eucommia ulmoides (Eucommiaceae)

[bark], Pimus strobus (Pinaceae)
Sesel libanotis (Apiaceae) [root]

Widespread; Asteraceae, Passiflorae,

Rhamnaceae, Solanaceae;
Podophyllum peltatum
(Berberidaceae), Allium cepa
(Liliaceae), Oenothera biennis
(Onagraceac), Roelreuteria henryt
(Sapindaceae); widespread as
glycosides

Widespread; Chamaemelum nobile
(Asteraceae), Quercus tinctoria
(Fagaceae) [bark], Eucalyptus

globulus, Myrcia multiflora (Myrtaceae)
[leaf], Polygonum spp. (Polygonaceae),

Cistus spp. (Cistaceae), Artemisia
dracunculus (Asteraceae), Ammi

visnaga (Lamiaceae); glycosides in
Thalictrum foetidum (Ranunculaceae),
Rhamnus cathartica (Rhamnaceae),

Tamarix aphylla (Tamaricaceae)
Acacia decurrens, A. mearnsi,
Gleditsia monosperma, Gliricidia

sepuum, Millettia stuhimannii, Robinia

pseudacacia (Fabaceae)
Araucarta spp. (Araucariaceac),

Juniperus spp. (Cupressaceae), Rhus

succedanea (Anacardiaceae)
Amma visnaga, Seselt ibanotis
(Apiaceae) [root]

Peucedanum oreoselinum (Apiaceac)

Gintkgo biloba (Ginkgoaceae), Taxus

baccata (Taxaceae)

Forsythia suspensa (Oleaceae) [fruit]

Peucedanum oreoselinum (Apiaceae)

Agapanthus mapertus (Liliaceac)
[bulb, root]

Agapanthus iapertus (Liliaceae)
[bulb, root]

cAMP PDE (89)

cAMP PDE (110)
[spasmolytic (13), coronary
vasodilatory]

cAMP PDE (4; 13; 23),
c¢GMP PDE (15), (AD-R,
AR, cAMP PDE, PK) [SM
contraction, radical
scavenger allergenic,
antiviral LOX [Al, feeding
stimulant]

¢AMP PDE (10-100) (AHR,
AR, PKA) [antibacterial,
anti-mutagenic, antiviral,
feeding attractant]

cAMP PDE (8; 10-100)
(AD-R, AR) [allergenic,
antibacterial]

cAMP PDE (HIV-1 INT)
(10-100) [antibacterial]

cAMP PDE (RT)

c¢AMP PDE (80)
[spasmolytic (6), coronary
vasodilatory]

cAMP PDE (250)
[spasmolytic (29), coronary
vasodilatory]

<cAMP PDE

cAMP PDE (AO/FRS,
5-LOX) [AI, anti-asthmatic]

cAMP PDE (300)
[spasmolytic (100),
coronary vasodilatory]

7.4t

c¢AMP PDE (7)

cAMP PDE (12)

(continued)



288 7. Cyclic nucleotides, calcium and nitric oxide

Table 7.4 (Continued)

Compound

Plant (family) | part/

Target inhibited (other
targets) [ in vivo effect/

Agapanthussaponin C (=
(25R)-5a-Spirosta-7,9-diene-
20,3B,5a-triol 3-0-Rha-
[Gal]-Glc) (triterpene
glycoside)

Agapanthussaponin D (= (25R)-
Sa-Spirostane-2a,33,5a,9a-
tetrol 3-0-Rha-[Gal]-Glc)
{triterpene glycoside)

Ardisicrenoside C
(=3pB,16c,28-Trihydroxy-
olean-12-en-30-oic acid 3-0-
Rha-Gle-[Glc]-Ara-30-0-Glc
{triterpene glycoside)

Ardisicrenoside D (=
38,16,28-Trihydroxy-olean-
12-en-30-oic acid 3-0-Xyl-Gle-
[Glc]-Ara-30-0-Gle
{triterpene glycoside)

Brisbagenin 1-0-Rha-acetylAra
(= (25R)-5a-Spirostane-13,33-
diol 1-0-Rha-acetylAra)
(disaccharide steroidal saponin)

Brisbagenin-1-0-Rha-Ara (=
(25R)-5a-Spirostan-13,3B-diol
1-O-Rha-Ara)

{trisaccharide steroidal saponin)

Brisbagenin-1-0O-Rha-[Rha]-
acetylAra (= (25R)-5a-
Spirostan-13,33-diol 1-O-Rha-
[Rha]-acetylAra)

(trisaccharide steroidal saponin)

Brisbagenin-1-0-Rha-[Rha]-
Ara (= (25R)-5a-Spirostan-
1B,3B-diol 1-O-Rha-[Rha]-
Ara)

(trisaccharide steroidal saponin)

Brownioside (= (25R)-27-0-[3-
Hydroxy-3-methylglutaroyl]-
spirost-5-ene-3(3,27-diol 3-O-
Rha-Glc)

{disaccharide steroidal saponin)

Brudioside A (= Ruscogenin
tetrasaccharide)

(sterol tetrasaccharide)

Brudioside B (= Spirostanol
tetrasaccharide)
(sterol tetrasaccharide)

15-Deoxoeucosterol 3-0-Rha-
[Gle-Gle]-Gle-Ara-Gle
{(phytosterol hexasaccharide
saponin)

Agapanthus inapertus (Liliaceae)
[bulb, root]

Agapanthus iapertus (Liliaceae) [bulb,
root]

Ardisia crenata (Myrsinaceae) [root]

Ardisia crenata (Myrsinaceae) [root]

Dichelostemma multiflorum (Liliaceae)

[tuber]

Dichelostemma multiflorum (Liliaceae)

[tuber]

Dichelostemma multiflorum (Liliaceae)

[tuber]

Dichelostemma multiflorum (Liliaceae)

[tuber]

Lilium brownu, L. henryi, L. regale
(Liliaceae) [bulb]

Brodiaea californica (Liliaceae) [tuber]

Brodiaea californica (Liliaceae) [tuber]

Chionodoxa gigantea (Liliaceae) [bulb]

cAMP PDE (11)

cAMP PDE (20)

cAMP PDE (46)

cAMP PDE (950)

cAMP PDE (206)

cAMP PDE (762)

cAMP PDE (118)

cAMP PDE (100)

cAMP PDE (29)

cAMP PDE (89)

cAMP PDE (100)

cAMP PDE (132)
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Compound

Plant (family) | part/

Target inhibited (other targets)
/ in vivo effect/

23-¢pr-15-Deoxocucosterol
3-0-Rha-[Glc-Glc]-Gle-Ara-Gle
{phytosterol hexasaccharide
saponin)

Desglucolanatigonin II
(tetrasaccharide steroidal
saponin)

Dioscin (= 25R)-Spirost-5-en-
3p-ol 3-0-Rha-[Rha]-Glc)
{trisaccharide steroidal saponin)

Diosgenin 3-0-Rha-Gal-Glc
(steroidal trisaccharide saponin)

Diosgenin 3-0-Rha-Glc
(steroidal disaccharide saponin)

Diosgenin 3-0-Gle-[Xyl]-Glc-
Gal (= (25R)-Spirost-3-en-3-3-
ol 3-0-Gle-[Xyl]-Gle-Gal)
(tetrasaccharide steroidal
saponin)

Diosgenin 3-0-Rha-Glc-Gle
(steroidal trisaccharide saponin)

Diosgenin 3-0-Rha-Rha-Glc
(steroidal trisaccharide saponin)

Ecdysterone (= Ecdysone;
a-Ecdysone)

(sterol); insect & crustacean
moulting hormone

(25R)-5a-Furostane-2a, 33,63,
22€, 26-pentol 22-O-methyl-26-
0-Glc-3-0-Gle-[Xyl]-Gle-Gal
(steroidal glycoside saponin)

Furastanol hexasaccharides
2,3&4)

(sterol saponins)

(245,258)-5a-Furostane-
20,3B,50,683, 22€,26-hexol
3-0-acetyl-22-O-methyl-26-0-
Glc-2-O-Gle
(steroidal glycoside saponin)

(25R)-5a-Furostane-
2a,3B,5,63, 22£,26-hexol
3-0-benzoyl-22-0-methyl-26-0-
Gle-2-0-Gle
(steroidal glycoside saponin)

Gitogenin 3-0-Gle-Gle-Xyl-
Glc-Gal
(steroidal pentasaccharide
saponin)

Gitogenin 3-0-Rha-Glc-Xyl-
Gle-Gal (steroidal

pentasaccharide saponin)

Chionodoxa gigantea (Liliaceae) [bulb]

Dichelostemma multiflorum (Liliaceae)

[tuber]

Smilax china (Liliaceae) [rhizome,
root]

Triteleia lactea (Liliaceae) [bulb]
Triteleia lactea (Liliaceae) [bulb]

Remeckia carnea (Liliaceae)

[bulb, root]

Triteleia lactea (Liliaceae) [bulb]
Triteleia lactea (Liliaceae) [bulb]

Lychnis fulgens (Caryophyllaceac),
Ipheion uniflorum (Liliaceae),
Blechnum minus, Polypodium vulgare,
Preridium aguilinum (Pteridophyta)

Allum gigantewm (Liliaceae)

Ipheion uniflorum (Liliaceae) [ bulb]

Allium giganteum (Liliaceae)

Allum gigantewm (Liliaceae)

Triteleia lactea (Liliaceae) [bulb]

Triteleia lactea (Liliaceae) [bulb]

cAMP PDE (163)

cAMP PDE (123)

cAMP PDE (333)

cAMP PDE (162)
cAMP PDE. (131)

cAMP PDE. (117)

cAMP PDE (61)

cAMP PDE (113)

cAMP PDE (183) [insect
moulting hormone]

cAMP PDF. (44)

¢AMP PDE
(145; 412; 983)

cAMP PDE (5)

cAMP PDE. (2)

cAMP PDF. (84)

cAMP PDF. (142)

(continued)
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Table 7.4 (Continued)

Compound

Plant (family) | part|

Target inhibited (other targets)
/ in vivo effect/

Gitonin (tetrasaccharide
steroidal saponin)
26-0-Glc-furostan-38, 22&diol
3-0-Rha-[Glc]-Glc
(trisaccharide steroidal saponin)
26-0-Gle-turost-5-en-3f3,
22&diol 3-0-Rha-[Glc]-Gle
(trisaccharide steroidal saponin)
Gracillin (= (25R)-Spirost-5-en-
3B-ol 3-0-Rha-[Glc]-Glc
(disaccharide steroidal saponin)
(25R)-27-0-[3-Hydroxy-3-
methylglutaroyl]-spirost-5-ene-
38,27-diol 3-0O-Rha-
[Gle(1—=3)]-Glc
(disaccharide steroidal saponin)
(25R)-27-0-[3-Hydroxy-3-
methylglutaroyl]-spirost-5-ene-
38,27-diol 3-0-Rha-[Glc (1—4)]-

Glc) (disaccharide steroidal saponin)

Isonarthogenin 3-0-Rha-[Rha]-
Glc (= (255)-Spirost-5-ene-
38,27-diol 3-0-Rha-[Rha]-Glc)
{trisaccharide steroidal saponin)

Kitigenin (= (25R)-5-
Spirostane-13,38,48,5B-tetrol
(steroidal saponin)

Laxogenin 3-0-Glc-[Ara]-Glc
(= (25R)-5a-Spirostan-33-ol-6-
one 3-0-Glc-[Ara]-Glc)
(trisaccharide steroidal saponin)

Laxogenin 3-0-Ara-Glc (=
(25R)-5a-Spirostan-33-ol-6-
one 3-O-acetylAra-Glc)
(disaccharide steroidal saponin)

Laxogenin-3-0-acetylAra-Glc)
(= (25R)-5a-Spirostan-33-ol-6-
one 3-0O-acetylAra-Glc)
{disaccharide steroidal saponin)

Laxogenin-3-0-Ara-Glc)
(=(25R)-5a-Spirostan-353-ol-
6-one 3-0-Ara-Glc)
(disaccharide steroidal saponin)

Laxogenin-3-0-Xyl-[Ara]-Glc)
(= (25R)-5a-spirostan-33-ol-6-
one 3-0-Xyl-[Ara]-Glc)
(trisaccharide steroidal saponin)

Methylprotodioscin (= 26-0-
Glucosyl-22-0-methyl-(25R)-
furosa-5-ene-33,22,26-triol
3-0-Rha-[Rha]-Glc)

(tetrasaccharide steroidal saponin)

Dichelostemma multiflorum (Liliaceae)
[tuber]
Lilium hansont (Liliaceae) [bulb]

Lilium hansont (Liliaceae) [bulb]

Lilium regale (Liliaceace) [bulb]

Lilium regale (Liliaceac) [bulb],
Costus speciosus (Zingiberaceae)

Lilium brownu, L. henry,
L. mackliniae, L. regale
(Liliaceae) [bulb]

Smilax china (Liliaceae) [rhizome,
root]

Reineckia carnea (Liliaceae) [ bulb,

root]

Smilax sieboldii (Liliaceae) [rhizome]

Smilax sieboldii (Liliaceae) [rhizome]

Allium chinense, Smilax sieboldi

(Liliaceae) [bulb]

Allium chinense, Smilax sieboldii

(Liliaceae) [bulb]

Allium chinense (Liliaceae) [bulb]

Smilax china (Liliaceae) [rhizome,
root]

cAMP PDE (114)

cAMP PDE (1030)

cAMP PDE (485)

cAMP PDE (61)

cAMP PDE (22)

cAMP PDE (31)

cAMP PDE (93)

cAMP PDE (179)

cAMP PDE (83)

cAMP PDE (34)

cAMP PDE (33)

cAMP PDE (34; 112)

cAMP PDE (123)

cAMP PDE (294)

(continued)
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Compound

Plant (family) | part|

Target inhibited (other targets)
/ in vivo effect/

Neotigogenin-3-0-Glc-[Rha]-
Glc (= (255)-5a-Spirostan-3-
-ol 3-0-Glc-[Rha]-Glc)
{disaccharide steroidal saponin)

Neotigogenin-3-O-Rha-

Glc (= (255)-5a-Spirostan-3-
-0l 3-0-Rha-Glc)
(disaccharide steroidal saponin)

Neoruscogenin 1-O-Rha-Ara
(=Spirosta-5,25(27)-diene-
18,3B-diol 1-O-Rha-Ara)
{disaccharide steroidal saponin)

Neoruscogenin 1-O-Rha-[Xyl]-
Ara (= Spirosta-5,25(27)-diene-
13,3pB-diol 1-0-Rha-[Xyl]-Ara)
{trisaccharide steroidal saponin)

Neoruscogenin 1-O-Rha-[Xvl]-
Fuc (= Spirosta-5,25(27)-diene-
18,3B-diol 1-0-Rha-[Xyl]-Fuc)
(trisaccharide steroidal saponin)

Neotigogenin-3-0-Glc-[Rha]-
Glc (= (258)-5a-Spirostan-3-3-
ol-3-0-Glec-[Rha]-Glc)
{trisaccharide steroidal saponin)

Nuatigenin 3-0-Rha-Rha-Glc
(steroidal trisaccharide saponin)

Pennogenin 3-0-Rha-Gal-Glc
(steroidal trisaccharide saponin)

Pennogenin 3-0-Rha- Gle
(steroidal disaccharide saponin)

Pennogenin 3-0-Rha-Gle-Gle
(steroidal trisaccharide saponin)

Pennogenin 3-0-Rha-Rha-Glc
(steroidal trisaccharide saponin)

Pseudoprotodioscin (= 26-0-B-
D-Gle-(25R)-turosa-5,20-diene-
383,26-diol 3-0-Rha-[Rha]-Glc)
(tetrasaccharide steroidal
saponin)

(258)-Ruscogenin 1-0O-Rha-
[Xyl]-Ara (= (25.5)-Spirost-3-
ene-1B,3B-diol 1-0-
Rha[Xyl]-Ara)

(trisaccharide steroidal saponin)

Scillasaponin C (= Lanosterol-
3-0-Rha-[Glc-Glc]-Gle-Ara-
Gle)

{phytosterol hexasaccharide
saponin)

Scillasaponin D (= Lanosterol-

3-0-Rha-Glc-Ara-Glc) (phytosterol

tetrasaccharide saponin)

Smilax riparia (Liliaceae)
[rhizome, root]

Smilax riparia (Liliaceae)
[rhizome, root]

Nolina recurvata (Agavaceae) [stem]

Nolina recurvata (Agavaceae) [stem]

Nolina recurvata (Agavaceae) [stem]

Smilax riparia (Liliaceae)
[rhizome, root]

Triteleia lactea (Liliaceae) [bulb]

Triteleia lactea (Liliaceae) [bulb]

Triteleia lactea (Liliaceae) [bulb]

Triteleia lactea (Liliaceae) [bulb]

Triteleia lactea (Liliaceae) [bulb]

Smilax china (Liliaceae)
[rhizome, root]

Nolina recurvata (Agavaceac)
[stem]

Chionodoxa gigantea (Liliaceac)
[bulb]

Chionodoxa gigantea (Liliaceae)

[bulb]

cAMP PDE (55)

cAMP PDE (102)

cAMP PDF. (84)

cAMP PDE. (92)

cAMP PDE (161)

cAMP PDE (55)

cAMP PDE. (104)

cAMP PDE (389)

cAMP PDE (127)

cAMP PDE. (172)

cAMP PDE (180)

cAMP PDE (47)

cAMP PDE (87)

cAMP PDE. (112)

cAMP PDE (215)

(continued)
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Table 7.4 (Continued)

Compound

Plant (family) | part|

Target inhibited (other targets)
/ in vivo effect/

(25R)-5B-Spirostane-
18,2B,3B,4B,5B-pentol 1-0-Xyl
(steroidal glycoside saponin)

(25R)-5B-Spirostane-
18,2B,3B.,4B,5B,6B-hexol
(steroidal saponin)

(22R,2585)-5a-Spirostan-3p-ol-3-
O0-Gal-[Xyl]-Gle-Gal
(tetrasaccharide steroidal
saponin)

(25R,S)-5a-Spirostan-33-ol
3-0-Gle-[Glc]-Gle-Gal
(tetrasaccharide steroidal
saponin)

(25R,8)-5a-Spirostan-2a,33-
diol 3-0-Glc-Gle-Galactoside
(trisaccharide steroidal saponin)

(25R,8)-5a-Spirostan-2a,33-
diol 3-0-Glc-[Glc]-Gle-Gal
(tetrasaccharide steroidal
saponin)

(25R)-5a-Spirostan-35,12a-
diol 3-0-Rha-[Glc]-Gle
{trisaccharide steroidal saponin)

(255)-5a-Spirostan-33,27-diol-
6-one 3-0-Glc[Ara]-Glc)
{trisaccharide steroidal saponin)

(25R)-5a-Spirostane-2a,313,63-
triol 3-0-Glc-[3-hydroxy-3-
methylglutaroyl-Xyl|-Glc-Gal
(= Agigenin-3-0-Glc-[3-
hydroxy-3-methylglutaroyl-
Xyl]-Gle-Galy
(steroidal glycoside saponin)

(25R)-5a-Spirostane-2a,313,63-
triol 3-O-Glucosyl-[ Xyl]-Glec-
Gal (= Aginoside)

(steroidal glycoside saponin)

(25R)-50-Spirostane-
20,3B,5¢,63-tetrol 3-0-
acetyl 2-0-Glc (= Alliogenin)
(steroidal glycoside saponin)

(245,25.8)-5«-Spirostane-
20,33,5,6,24-pentol 3-0-
acetyl 2-0-Glc
(steroidal glycoside saponin)

(245,25.8)-5«-Spirostane-
20,3B,50,6,24-pentol 2-0-Glc
(steroidal glycoside saponin)

(245,25.8)-5«-Spirostane-
20,38,5a,63,24-pentol
(steroidal saponin)

Reineckia carnea (Liliaceae) [bulb,
root]

Reineckia carnea (Liliaceae) [bulb,
root]

Dichelostemma multiflorum (Liliaceae)
[tuber]

Allium chinense (Liliaceae) [bulb]

Allum chunense (Liliaceae) [bulb]

Allum chunense (Liliaceae) [bulb]

Lilium hansonii (Liliaceae) [bulb]

Smilax sieboldii (Liliaceae) [rhizome]

Allium giganteum (Liliaceae)

Allium giganteum (Liliaceae)

Allum giganteum (Liliaceae)

Allium giganteum (Liliaceae)

Allium giganteum (Liliaceae)

Allium giganteum (Liliaceae)

cAMP PDE (27)

cAMP PDE (104)

cAMP PDE (154)
cAMP PDE (70)
(Na*K*ATPase)

cAMP PDE (421)

cAMP PDE (369)

cAMP PDE (1770)

cAMP PDE (>500)

cAMP PDE (24)

cAMP PDE (75)

cAMP PDE. (74)

cAMP PDE (41)

cAMP PDE (69)

cAMP PDE (264)

(continued)
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Compound

Plant (family) | part|

Target inhibited (other targets)
/ in vivo effect/

(245,258)-5a-Spirostane-
2a,3B,5a,6B-tetrol 2-0-Glc
(steroidal glycoside saponin)

Spirost-25(27)-en-2c,33-diol 3-
O0-Glc-Gle-Xyl-Gle-Gal
(steroidal pentasaccharide
saponin)

(245,258)-5x-Spirostane-
2a,33,5a,6B-tetrol 3-0-
benzoyl 2-0-Glc
(steroidal glycoside saponin)

(25R)-5a-Spirost-5-en-33,120c-
diol 3-0-Rha-[Glc]-Gle
(trisaccharide steroidal saponin)

Spirostanol pentasaccharides
(2a & 3a) (pentasaccharide
steroidal saponins)

Tigogenin 3-0-Glec-[Ara]-Glc
(= (25R)-5a-Spirostan-33-ol 3-
O-Glc-[Ara]-Glc)

{trisaccharide steroidal saponin)

Tigogenin 3-0-Gle-Glc (=
(25R)-5a-Spirostan-33-ol 3-0-
Gle-Gle
(disaccharide steroidal saponin)

Tigogenin 3-0-Rha-[Glc]-Glc
(= (25R)-5a-Spirostan-33-ol 3-
0-Rha-[Glc]-Gle
(trisaccharide steroidal
saponin)

Tigogenin 3-0-Rha-Glc-Xyl-
Gle-Gal (steroidal
pentasaccharide saponin)

3B,16c,28-Trihydroxy-olean-
12-en-30-oic acid 3-0-Rha-
Glc-[Glc]-Ara-30-O-methyl
ester (triterpenoid
tetrasaccharide saponin)

3B,16c,28-Trihydroxy-olean-
12-en-30-oic acid 3-0-Xyl-Gle-
[Glc]-Ara-30-0-methyl ester
{triterpenoid tetrasaccharide
saponin)

38,16,28-Trihydroxy-olean-
12-en-13,17-epoxy-30-al 3-0-
Rha-Gle-[Glc]-Ara (triterpenoid
tetrasaccharide saponin)

3B,16c,28-Trihydroxy-olean-
12-en-13,17-epoxy-30-al 3-0-
Xyl-Gle-[Glc]-Arabinoside
{triterpenoid tetrasaccharide
saponin)

Allum gigantewm (Liliaceae)

Triteleia lactea (Liliaceae) [bulb]

Allium giganteum (Liliaceae)

Lilium hansonit (Liliaceae) [bulb]

Ipheion uniflorum (Liliaceae) [bulb]

Smilax sweboldi (Liliaceae) [rhizome]

Lilium hansonii (Liliaceae) [bulb]

Lilium hansomii (Liliaceae) [bulb]

Triteleia lactea (Liliaceae) [bulb]

Ardisia crenata (Myrsinaceae) [root]

Ardisia crenata (Myrsinaceae) [root]

Ardisia crenata (Myrsinaceae) [root]

Ardisia crenata (Myrsinaceae) [root]

cAMP PDE (67)

cAMP PDE (91)

cAMP PDE (97)

cAMP PDE (345)

cAMP PDE (299 & 200)

cAMP PDE (32)

cAMP PDE (>500)

cAMP PDE (7)

¢AMP PDE (109)

cAMP PDF. (49)

<AMP PDE (>5000)

cAMP PDE (126)

cAMP PDE. (52)

(continued)
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Table 7.4 (Continued)

Compound

Plant (family) | part|

Target inhibited (other targets)
/ in vivo effect/

3B,16¢,28-Trihydroxy-olean-12-
en-30-oic acid -30-0O-methyl
ester (triterpenoid sapogenin)
[38,16c,28,30-Tetrahydroxy-
olean-12-ene
{triterpenoid artefactual
sapogenin)|
3P,160,28,30-Tetrahydroxy-
olean-12-en-13,17-epoxy 3-0-
Rha-Gle-[Glc]-Ara (triterpenoid
tetrasaccharide saponin)
3B,160:,28,30-Tetrahydroxy-
olean-12-en-13,17-epoxy 3-O-
Xyl-Gle-[Glc]-Ara (triterpenoid
tetrasaccharide saponin)
Visnadin
(dihydropyranocoumarin)

Non-plant reference
[Flavanone (= 2,3-
Dihydroflavone)]
(flavanone)
[3-Hydroxyflavone
{(=Flavonol}]
{flavonol)
[3-Isobutyl-1-methylxanthine]
{methylxanthine)
[Purealin]
{brominated polycyclic aryl
imidazole)
[Rolipram]
{arvl pyrrolidinone)
[Sildenafil (= Viagra)]

{methyl xanthine analogue)

Ardisia crenata (Myrsinaceae) [root]

[Ardisia crenata (Myrsinaceae)
saponin hydrolysis product]

Ardisia crenata (Myrsinaceae) [root]

Ardisia crenata (Myrsinaceae) [root]

Seseli libanotis (Apiaceae) [root]

Synthetic

Synthetic

Synthetic

Psammaplysilla purea (sea sponge)

Synthetic

Synthetic; “Viagra makes
plants stand up straight” —
increases shelf-life of cut
flowers by inhibiting
degradation of cGMP
(generated per NO elevation)

cAMP PDE (46)

cAMP PDE (30)

cAMP PDE (54)

cAMP PDE (72)

cAMP PDE (170)
[spasmolytic (17),
coronary vasodilatory]

7.4n
cAMP PDE [100]
[antifungal]

cAMP PDE (10-100)
(PGP TR)

cAMP PDE [10; 55],
<GMP PDE (PDES5) (8)
cAMP PDE (7) (CaM,
MLCK) [modulates
smooth muscle myosin]
cAMP PDE 4
[antidepressant]
c¢GMP PDE (PDES5)
(0.004) [increases
c¢GMP, vasodilator,
promotes
penile erection]|




8 Signal-regulated protein kinases

8.1 Introduction

A major signalling mechanism in eukaryotes involves “primary messengers” (such as
hormones, neurotransmitters and other extracellular signals) interacting with specific
plasma membrane (PM) receptors with a resultant transient increase in the cytosolic
concentration of so-called “second messenger” substances such as 3',5"-cyclic AMP
(cAMP), guanosine 3',5'-cyclic monophosphate (¢cGMP), inositol-1,4,5- triphosphate (IP3),
diacylgylcerol (DAG) and Ca®* (Chapters 5 and 7). The “second messengers” ultimately act
by activating protein kinases (PKs) that catalyse the phosphorylation of specific target
proteins:

Protein-OH + ATP — protein-O-PO; + ADP + H,O

Protein phosphorylation alters protein ligand binding and/or catalytic functions and hence
specific cellular processes, this representing the cellular “response” to the “stimulus” of the
original “primary messenger”. The signalling system must be reversible and the protein
phosphorylation step of the “stimulus—response” pathway is reversed through the action of
phosphoprotein phosphatases (PPs), which are phosphohydrolases that catalyse the
hydrolytic dephosphorylation of proteins:

Protein-O-PO; + HyO — protein-OH + P; (inorganic phosphate)

Of the approximately 35,000 genes in the human genome, it has been estimated that
about 1000 encode PKs and that several hundred encode PPs. These enzymes have a regu-
latory function (a useful analogy would be that of law officers in society) and often have over-
lapping functions or are otherwise backed up. (Thus, the absence of particular law officers
might make society more disorderly but does not cause total anarchy.) For example, a “gene
knockout” mouse lacking a regulatory subunit for the cAMP-activated PK (PKA) survives to
breed but does not become obese on a diet of plenty. Lack of obesity arises because PKA is
activated in the absence of the inhibitory regulatory subunit, the enzyme triglyceride lipase
(T'GL) 1s consequently mostly in the phosphorylated and activated form and triglycerides
are rapidly broken down and catabolized. A mouse lacking phosphorylase b kinase (PhosbK)
(a key PK involved in regulating glycogen breakdown and catabolism) survives to breed but
as a “wee timorous beastie” that shivers uncontrollably.

The “second messenger”-regulated PKs catalyse the phosphorylation of specific serine
(R=—-CH,OH) and threonine (R =—-CH(OH)-CH3) R groups in proteins and are referred
to as Ser/Thr-specific PKs. PM-located receptor Ser/Thr-specific PKs are also involved in
signalling. However, another major group of PKs involved in signalling are the PM-located
receptor tyrosine kinases (RTKs) such as the insulin-binding RTK. RTKSs are activated by
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the binding of specific hormones and catalyse the phosphorylation of tyrosine
(R=—CHy—Phe-OH) residues on substrate proteins. Soluble tyrosine kinases (TKs) also
exist. It should be noted that phosphorylation of other amino acid residues in proteins can
also occur (e.g. aspartate, glutamate and histidine phosphorylation) but will not be dealt with
in this chapter.

The three-dimensional structures of a number of Ser/Thr-PKs and RTKs have been
determined. As a generality, these PKs have homologous catalytic domains but differ in the
protein architecture concerned with regulation. This is reflected in the interaction of many
plant compounds with both Ser/Thr-PKs and RTKs and with a number of PKs within each
group. Accordingly, for the sake of efficiency, Ser/Thr-PK, RTK and TK targets are
considered together in Table 8.1. Before summarizing PK-plant compound interactions
(Table 8.1), it is useful to outline the structure and function of some of the major PKas.

8.2 Cyclic AMP-dependent protein kinase

Cyclic AMP (cAMP) can act by opening cAMP-gated Na™ channels (and hence depolarizing
the PM) (see Chapter 6) or by activating cAMP-dependent protein kinase (PKA). (A further spe-
cialized signalling function for cAMP is to act via PM G protein-coupled receptors (GPCRs)
as an extracellular aggregation-promoting agent for the slime mould Dictyostelium discoideum.)
PKA is heterotetrameric (inactive holoenzyme subunit composition RyCy, where R is the
inhibitory cAMP-binding regulatory subunit and C is the catalytic subunit). The catalytic
subunit activity is inhibited by the regulatory subunits in the inactive holoenzyme but
elevated cytosolic cAMP causes dissociation of the regulatory subunits and release of the
now-active catalytic subunits:

RyCy + 4cAMP = (R-cAMPy), + 2C (active)

Several kinds of regulatory subunits (Rs) can interact with C, namely RI and RII, and
RII can indeed be phosphorylated by C to yield a phosphoprotein (P-RII). The three-
dimensional structure of the catalytic subunit involves two major domains, namely a smaller
antiparallel B-sheet-rich domain and a larger a-helix-rich domain. Near the conjunction of
these two domains there is a hydrophobic pocket (that binds the adenine of ATP) and
a glycine-rich phosphate-binding loop (that binds the phosphoryl groups of ATP). Within
the larger a-helix-rich domain are located substrate protein-binding determinants, residues
interacting with the regulatory subunit and a catalytic loop that is involved in the transfer
of the y-phosphoryl (—POs3) of ATP to a serine or threonine residue hydroxyl of the
protein substrate:

Protein-Ser/ Thr-OH + ATP — Protein-Ser/ Thr-O-PO,; + ADP

The phosphorylation of a protein substrate X results in a subtle change in the conformation of
the phosphoprotein (denoted P-X) that is typically associated with a change in ligand bind-
ing and/or catalytic activity. The specificity of PKA for phosphorylatable proteins is deter-
mined by residues immediately adjacent to the phosphorylated Ser or Thr as well as by
longer range interactions of the substrate protein with the catalytic subunit. The consensus
substrate phosphorylation site amino acid sequence for PKA is basic—basic-X-Ser-
hydrophobic as typified by the synthetic PKA peptide substrate LRRASLG (Kemptide) that
is widely used experimentally by biochemists in this area. A Walsh—Krebs PKA inhibitor
protein ensures that free active G subunits are “mopped up” in the resting state of the cell,
allowing for an “all-or-nothing” cellular response to signals causing a transient elevation of
cAMP. A further regulatory complexity is introduced through the “targeting” of PKA to
particular locations within cells.
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As outlined in Chapter 7, cAMP is a “hunger” signal in prokaryotes and non-plant
eukaryotes. In man, fasting and the consequent decrease in blood glucose causes secretion of
glucagon which acts via GPCRs to increase cytosolic cAMP. Stress ultimately causes secretion
of epinephrine from the adrenal medulla with a consequent increase in cAMP concentration
in target cells (Chapters 5 and 7). PKA phosphorylates various proteins with generally catabolic
consequences as outlined below.

Cyclic AMP activated protein kinase phosphorylates PP inhibitor protein-1 (I-1), the
phosphorylated protein (P-I-1) being an inhibitor of protein phosphatase 1 (PP1). Similarly,
phosphorylation of the glycogen targeting subunit of PP1 on site 2 results in PP1 release and
inhibition. Such PP inhibition increases the levels of phosphoenzymes phosphorylated by
PKA and avoids a futile cycle involving simultanecous protein phosphorylation and dephos-
phorylation. Increased phospho-acetylCoA carboxylase (P-ACC) through this mechanism
results in decreased fatty acid synthesis (P-ACC being less active than ACC) and increases
fatty acid oxidation (because carnitine acyltransferase is no longer inhibited by malonylCoA,
the product of ACC action, and accordingly fatty acids can enter mitochondria as fatty
acylcarnitine).

Phosphorylation of PhosbK by PKA yields a more active phospho-form of the enzyme
(P-PhosbK) (with consequent generation of the more active phosphoenzyme phosphorylase
a and increased breakdown of glycogen). Glycogen synthase (GS) phosphorylation yields the
inactive P-GS form and hence inhibition of glycogen synthesis. Phosphorylation of
adipocyte TGL yields the active P-TGL form with consequent increased breakdown in
triglycerides to yield glycerol and fatty acids for export and catabolism.

Fructose-2,6-bisphosphate (F26BP) is a “plenty” signal, the levels of F26BP rising during
“plenty” and decreasing during fasting. F26BP is produced in the liver from fructose-6-
phosphate (F6P) in a reaction catalysed by a dual kinase-phosphatase enzyme (PFK2-FBPase2)
that catalyses both the synthesis and hydrolysis of F26BP. Liver phospho-PFK2-FBPase2
(generated via PKA) has decreased kinase activity and increased phosphatase activity (with
consequent decreased liver F26BP). Decreased F26BP decreases glycolysis and increases glu-
coneogenesis from lactate and amino acids (see Chapter 2). Similarly, phosphorylation of
liver pyruvate kinase (PYK) by PKA yields the less active P-PYK and hence inhibits carbon
flow in the glycolytic direction.

Elevated cAMP switches on the expression of particular enzymes controlled by the Cyclic
AMP Response Element (CRE) promoter, notably the key gluconeogenic enzyme phospho-
enolpyruvate carboxykinase (PEPCK). PKA phosphorylates and activates a transcription factor
(TF) (CRE binding protein, CREB protein) that binds to CRE and switches on specific gene
transcription. Thus, the hunger signal cAMP acts via PKA to elevate glucose by gluconeogene-
sis through gluconeogenic enzyme synthesis and through phosphorylation of key enzymes.

8.3 Cyclic GMP-dependent protein kinase

Cyclic GMP (¢cGMP) can act to open cGMP-gated Na* channels (and hence depolarize the
PM) (sece Chapter 3) and can also activate a dimeric cGMP-dependent protein kinase (PKG).
PKG is homologous to PKA but differs from PKA in having cyclic nucleotide-binding
autoinhibitory domains and the catalytic domains on the same polypeptide chains, activation
occurring through ¢cGMP binding to the autoinhibitory domains:

(PKG), [inactive] + 4cGMP = (PKG-cGMP,), (active)
Activated PKG phosphorylates specific protein substrates on Ser or Thr residues:
ATP + protein-Ser/ Thr-OH — protein-Ser/ Thr-O—-PO4 + ADP
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Phosphorylation of specific protein substrates results in a conformational change of the
phosphoproteins associated with a change in ligand binding and/or catalytic properties.
Thus PKG has an important role in regulation of vascular smooth muscle, PKG-catalysed
phosphorylation of specific proteins resulting in smooth muscle relaxation, vascular dilation
and increased blood flow (see Chapter 7).

8.4 Protein kinase C

A family of homologous protein kinase C isoenzymes (e.g. PKC-a, 8, v, 8, { and m) are var-
iously activated by Ca’", phospholipids (notably phosphatidylserine) and diacylglycerol
(DAG). The inactive PKC is autoinhibited by an inhibitory domain and binding of the acti-
vating ligands changes the conformation of the autoinhibitory domain in a subtle way that
overcomes the inhibition.

Protein kinase C isozymes when activated shift in location to the PM and are cleared from
the cytosol. A major target of PKC is the RTK signalling pathway component Raf. Raf
(a mitogen activated kinase kinase kinase or MAPKKK) is switched on by Ras-GTP and
phosphorylation by PKC with the successive consequences of MAP kinase kinase (MAPKK)
phosphorylation and activation, MAP kinase (MAPK) activation through Tyr- and Thr-phos-
phorylation, TT phosphorylation by activated MAPK and specific gene expression (for fur-
ther amplification, see Section 8.7 on RTK). Thus, PKC is involved in mitogen-activated
signalling pathways ending in specific gene expression and cell division. Further major targets
for PKC are proteins of the myristoylated alanine-rich C kinase substrate (MARCKS) family.
The effector domains of MARCKS proteins are phosphorylated by PKC, bind calmodulin
(CaM) and are involved in membrane binding and a variety of membrane processes such as
endocytosis, exocytosis, phagocytosis, cellular migration and neurosecretion.

Protein kinase G isozymes are activated by Euphorbiaceae plant-derived phorbol esters
such as tetradecanoylphorbolacetate (TPA) that bind to the DAG-activation site. PKC can
phosphorylate specific TTs that bind to DNA regulatory “promoters” called TPA response
elements (TREs). This interaction enables transcription of specific genes. This process can
be summarized as follows: signalling giving elevated Ca?* — PKC activation — TF phos-
phorylation — P-TT binding to TRE — specific gene transcription switched on — spe-
cific gene expression.

8.5 Ca’'-calmodulin-dependent protein kinases

Cytosolic free Ca’" concentration is elevated by a variety of signals and can either directly
activate particular proteins or activate proteins via the Ca’*-binding regulator protein
calmodulin (CaM). Ca?*-CaM activates a number of Ca’*-CaM-dependent protein kinases
(CaMPKs), namely CaMPKs I-IV. These PKs phosphorylate a variety of protein substrates.
CaMKII is autoinhibited and Ca?*-CaM binding to a specific site on the enzyme causes a
subtle conformational change resulting in displacement of the autoinhibitory domain. The
activated CaMKII can also autophosphorylate yielding an activated P-CaMKII that is not
activated by GaM. This property and the formation of oligomers by CaMKII have suggested
a further type of molecular “signalling memory” device (in addition to receptor desensitizing
by phosphorylation and receptor internalization and destruction). CaMKII catalyses the
phosphorylation of specific TTs with resultant switching on of specific gene expression.

A Ca?*-CaM-dependent PK with a very specific protein substrate is myosin light chain
kinase (MLCK) that phosphorylates myosin light chains (MLGCs) associated with the “head”
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of the muscle contractile protein myosin. Myosin has an elongated tail and a globular
“head” that interacts with the filamentous protein actin in the process of muscle contraction.
MLCK is autoinhibited and Ca?*-CaM binding results in activation through a change in
positioning of the autoinhibitory domain. Signals increasing cytosolic Ca?*-CaM in smooth
muscle successively result in increased Ca®*-CaM, MLCK activation, MLC phosphorylation
and tropomyosin repositioning (this allowing actin-myosin head interactions and smooth
muscle contraction).

Increased cAMP in smooth musle cells causes muscle relaxation through activation
of ¢cAMP-dependent PK (PKA). PKA phosphorylates MLCK and phospho-MLCK
(P-MLCK) is poorly activated by Ca?*-CaM. PKA also phosphorylates an ER protein called
phospholamban, the P-phospholamban entity increasing the activity of the ER membrane
Ca?t-ATPase which lowers cytosolic Ca?t concentration and thus prevents smooth muscle
contraction.

8.6 AMP-dependent protein kinase

Nutrient stress, exercise and (pathologically) ischaemia (blockage of blood supply) cause
a decrease in ATP and an increase in 5'-AMP (AMP). AMP activates AMPK kinase
(AMPKK) which phosphorylates and activates AMP-dependent protein kinase (AMPK).
Phospho-AMPK (P-AMPK) is activated further by AMP and AMP also inhibits PP-catalysed
dephosphorylation of P-AMPK. AMPK is a heterotrimer (subunit composition a37y). The
catalytic o subunit domain structure involves a successive [catalytic domain (phosphory-
lated)]-[autoregulatory (autoinhibitory) domain]-[subunit targeting domain| arrangement.
Maximum « activity requires phosphorylation of a key Thr residue and  and vy subunit
interactions. The AMP binding site is between the B and <y subunits and N-terminal myris-
toylation of the B subunit enables membrane binding. The AMPK system is related to
a primitive catabolism-regulating system. Thus, the yeast « homologue snfPK is activated
at low glucose concentration.

AMP-dependent protein kinase recognizes a decrease in so-called “adenylate charge” (i.e.
decreased ATP and increased AMP) that typically arises from exercise (or pathologically
from ischaemia). AMPK phosphorylates various proteins with consequent increased fatty
acid catabolism by cardiac and skeletal muscle, increased vascular dilation (better Oy and
nutrient supply to tissue) and better glucose transport through increased mobilization of the
glucose transporter. The properties of AMPK provide a molecular explanation for the ben-
eficial effects of exercise for people with type 2 diabetes mellitus, AMPK activation causing
better glucose utilization and hence lowering blood glucose.

A key target of AMPK is acetylCoA carboxylase (ACC). Phospho-ACC (P-ACC) is less
active through being less activated by citrate and more sensitive to inhibition by palmitoylCoA.
The lowered activity of P-ACC results successively in decreased malonylCoA, decreased
fatty acid synthesis, increased fatty acyl carnitine transferase (which is inhibited by
malonylCoA), increased fatty acyl translocation into mitochondria (as fatty acylcarnitine)
and increased fatty acid oxidation and ketone body production by liver mitochondria. Note
that this regulatory process of switching off cytosolic fatty acid synthesis and stimulating
mitochondrial fatty acid oxidation avoids a “futile cycle” involving simultaneous anabolic
synthesis and catabolic degradation of fatty acids.

Further processes involving AMPK include: phosphorylation of creatine kinase (CK)
(P-CK being less active and thus maximizing ATP levels for immediate use); phosphoryla-
tion of hydroxymethylglutarylCoA reductase (HMGCoAR) (P-HMGCoAR being inhibited
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and hence anabolic cholesterol synthesis being reduced); and phosphorylation of endothelial
nitric oxide synthase (eNOS) (P-eNOS being activated with the successive consequences of
elevated NO, soluble guanyl cyclase activation by NO, increased cGMP, PKG activation by
c¢GMP, phosphorylation of particular muscle proteins, smooth muscle relaxation, vascular
dilation and increased O, and nutrient supply to tissues). Activation of AMPK also results in
decreased apoptosis, decreased glucose-dependent fatty acid synthase expression and
increased mobilization of the glucose transporter to the PM.

8.7 Receptor tyrosine kinases

A variety of growth-regulating hormones such as insulin, insulin-like growth factor-1 IGF-1),
platelet-derived growth factor (PDGF') and epidermal growth factor (EGF) act via PM recep-
tors that are RT'Ks. The RTKs span the PM and have an extracellular hormone-binding
domain, a transmembrane domain and a cytosolic domain with tyrosine kinase activity that
phosphorylates protein substrates on the phenolic OH of tyrosine residues (R = -CHy—
Phe—OH). The initial hormone binding to the extracellular domain results in aggregation of
the RTKSs, activation of the TK of the RTK and autophosphorylation (on Tyr residues)
of the cytosolic RTK domain. The activated TK activity can now also phosphorylate other
proteins and the phospho-tyrosine (P-Tyr) groups can interact with other proteins as
outlined below.

A number of cytosolic proteins have SH domains (“Src homology” domains being also
found on the soluble TK Src). SH2 domains bind P-Tyr and SH3 domains bind to proline-
rich regions on proteins. Proteins having SH2 and SH3 domains can variously bind to
activated RTKs and to each other in a type of very specific molecular “Lego”. Many of the
proteins involved in RTK-mediated signalling are encoded by normal “proto-oncogenes”
that can be mutated by various mechanisms to give “oncogenes” or genes contributing to
transformation of normal cells to cancerous cells in which the growth hormone
signalling pathways are altered. Thus, the soluble TK Src is normally switched off by RTK-
catalysed tyrosine phosphorylation but mutant Src forms encoded by oncogenic sr¢ genes are
altered so that this control is prevented.

“Downstream” proteins involved in RTK-mediated signalling include the following: RTK
substrates (e.g. the insulin receptor substrates, IRS1 and IRS2, are phosphorylated by the
insulin RTK); Syp (a phosphotyrosine phosphatase with SH2 domains that binds to RTK, is
Tyr phosphorylated and binds other effectors); Grb2 (an adaptor protein that binds to RTK
via SH2 domains and binds other effectors via its SH3 domains); PLCry (a phospholipase C
enzyme with SH2 and SH3 domains, that is activated by RTK by phosphorylation on Tyr
and catalyses the hydrolysis of PI45P, to DAG and IPy with resultant release of Ca?* from
the ER via IPs-gated Ca?* pores and PKC activation by phospholipid, DAG and Ca®*);
GTPase activating protein (GAP) (a protein with SH2 and SH3 domains that activates the
GTPase activity of the small GTP-binding protein Ras); Sos (a guanyl nucleotide exchange
factor (GEF) that promotes inactive Ras-GDP conversion to the active Ras-GTP form);
phosphatidylinositol-3-kinase (PI3K) (that is activated by interaction with P-IRS-1 and catal-
yses conversion of PM-located PI14,5P; to the second messenger P13,4,5P;, a 5'-hydrolase
thence yielding the further second messenger PI13,4P,); Src (a soluble protein tyrosine kinase
with SH2 and SH3 domains that can be myristoylated to allow PM association) and Raf
(a MAPKKK).

The various ways in which these downstream “Lego” components interact can be conven-
iently illustrated through the action of insulin, a hormone secreted in response to elevated
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blood glucose. Insulin is mitogenic (i.e. it promotes cell division). However, insulin also
switches on anabolic processes of glycogen synthesis, protein synthesis and fat synthesis.
These two types of insulin signalling pathways are outlined below.

Insulin binds to its specific RTK — RTK aggregation, RTK activation and Tyr phospho-
rylation —IRS-1 Tyr phosphorylation — Grb2 binds to P-IRS-1 via a SH2 domain — Sos,
GEF binds to a proline-rich region of Grb2 via a SH3 domain — active Ras-GTP is formed
from inactive Ras-GDP (this being reversed by the GTPase activating protein GAP which
has SH2 and SH3 domains). Ras-GTP and PKC (activated by DAG and Ca** through
PLCry activation as described above) combine to activate a Ser/Thr-specific PK Raf (an
MAPKKK) that initiates a PK cascade. Thus, Raf (MAPKKK) (activated by Ras-GTP and
phosphorylation by PKC) phosphorylates and activates MAPKK which then activates
MAPK (otherwise known as ERK or “external signal-regulated protein kinase”) by phos-
phorylating Thr and Tyr within a critical Thr—Glu—Tyr sequence. Activated MAPK
phosphorylates specific TFs which interact with specific promoters in the nucleus and
“switch on” transcription of specific genes and hence specific gene expression. This pathway
is reversed through the operation of P-Tyr phosphatases (PTPases) and P-Ser/P-Thr
phosphatases (PPs).

Insulin also acts to ultimately activate a Ser/Thr-specific PK Akt (PKB) through a pathway
successively involving: insulin-RTK binding and RTK activation; IRS-1 Tyr phosphory-
lation; PI3K binds to P-IRS-1 via a SH2 domain; activated PI3K catalyses the phosphorylation
of the membrane phospholipid phosphatidylinositol-4,5-bisphosphate (P14,5P,) to yield
the second messenger P13,4,5P5 which is thence converted to P13,4P, (via PI13,4,5P; 5'-
phosphohydrolase). The second messengers PI3,4,5P; and PI3,4P, activate the phosphatidyl-
inositol lipid-dependent PKs (PDPKs) PDK1 and PDK2, the second messengers PI13,4,5P;
and PI3,4P, binding to “pleckstrin homology” (PH) domains on the PKs. PI3,4,5P; and
PI3,4P; also bind to a PH domain on a further Ser/Thr PK called protein kinase B (PKB)
(Akt) which is then phosphorylated by PDPKs on a Ser and a Thr residue to yield fully
activated PKB. PKB is involved in anabolic control by phosphorylating various proteins as
outlined in Section 8.8.

8.8 Protein kinase B

Activated PKB (Akt) phosphorylates the following proteins with the indicated anabolic con-
sequences: Bad phosphorylation yields P-Bad which then dissociates from a Bcl-2-Bcl-x;,
complex in the mitochondrial outer membrane and is sequestered by 14.3.3 proteins.
Mitochondrial pore blockage by the Bad-free Bcl-2-Bcel-x1, complex successively prevents
cytochrome c¢ release from mitochondria, blocks procaspase activation by cytochrome ¢ and
thus inhibits apoptosis and increases cell survival. Phosphorylation of p70S6 kinase by PKB
results in activation of this PK, phosphorylation of ribosomal small subunit protein S6 and
enhancement of translation (protein synthesis). Phosphorylation of glycogen synthase (GS)
kinase 3 (GSK3) by PKB results in an inactive P-GSK3, a consequent increase in the
amount of the active non-phosphorylated form of GS and increased glycogen synthesis.
Protein kinase B also contributes to mobilization of the glucose transporter GLUT4 to the
PM of glucose importing cells (e.g. muscle cells) with consequent increase in glucose trans-
port and glucose utilization. The signal for insulin production is elevated blood glucose and
hence PKB-dependent GLUT4 mobilization enables a homeostatic reduction of blood glu-
cose. PKB is involved in the activation by phosphorylation of the glycogen targeting protein
subunit of glycogen-bound protein phosphatase 1 (PP1) at site 1. This results in an increased
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activity of PPl with important metabolic consequences. Thus, increased PPl activity
dephosphorylates phospho-glycogen synthase (P-GS) yielding the active dephospho-GS (GS)
and hence an increased rate of glycogen synthesis. Similarly, PP1 dephosphorylates P-ACC
resulting in a more active dephospho-ACC, increased fatty acid synthesis and decreased
fatty acid oxidation (through malonylCoA inhibition of carnitine acyl transferase and
hence of fatty acid translocation into mitochondria). PP1 activation also results in decreased
glycogen breakdown (glycogenolysis) and decreased gluconeogenesis from lactate and amino
acids.

The above outline summarizes the molecular mechanisms involved in the insulin
response. Insulin is released in response to elevated blood glucose (or “plenty”) and increases
anabolic processes (glycogen, protein and fat synthesis), increases glucose uptake and glucose
utilization (glycolysis) and decreases glycogen, protein and fat breakdown and gluconeogenesis.
Overall, insulin restores “balance” by increasing anabolic reactions and decreasing blood
glucose in a period of “plenty”.

8.9 Cytokine activation of the JAK/STAT pathway

Cytokines are immunomodulatory and growth regulatory proteins produced by leucocytes,
this cytokine production being associated with infection and wounding, Cytokines including
interleukins (ILs) and interferons (IFNs) activate the Janus or 2-faced kinase (JAK)/Signal
Transducers and Activators of Transcription (STAT) pathway with resultant induction of
specific gene transcription. Cytokines and related bioactive proteins acting via the JAK/STAT
pathway can be grouped into several classes based on the nature of the PM receptors.

The cytokine subfamily 1 includes erythropoicetin (EPO) (that increases red blood cell
production and has accordingly been involved in sports drug abuse), granulocyte colony
stimulating factor (G-CSF') (that stimulates leucocyte differentiation), GH (used clinically for
growth impairment due to GH deficiency), prolactin (PRL) (that promotes milk production),
IL-4 and IL-7. The members of this family act via homodimeric receptors. The leucocyte-
derived cytokines of this group variously modulate haematopoiesis and immune responses.

Cytokine subfamily 2 includes proteins with heterodimeric a—f or a-gp130 receptors.
Thus, granulocyte macrophage colony stimulating factor (GM-CSF), IL-3 and IL-5 act via
a—P receptors and share B receptors. Cardiotrophin-1 (C'T-1), ciliary neurotrophic factor
(CTNF), IL-6, IL-1, leukaemia inhibitory factor (LIF) and oncostatin M (OSM) act via
heterodimeric a-gpl30 receptors with a shared gp130 receptor subunit. Leucocyte-derived
cytokines of this family have immunomodulatory and haematopoietic effects.

Cytokines of subfamily 3 include the leucocyte-derived interleukins IL-2, IL-4, IL-7, IL-9
and IL-15 that act via heterotrimeric a—B—y receptors and variously modulate
haematopoiesis and immune responses.

Interferons a, B and v (IFNa, IFNB and IFNw) act via heterodimeric IFN receptors. The
interferons are leucocyte-derived antiviral factors that ultimately inhibit viral replication
through RNase cleavage of ssRNA and inhibition of transcription and translation. The
interferons induce expression of dsRNA-dependent PK (dsRINAPK) (that inhibits transla-
tion through phosphorylation of the translation initiation factor eIF2a), 2,5-A synthetase
{(which generates 2',5"-oligoadenylates (2,5-As), these compounds activating a 2,5-A-dependent
RNase resulting in RNA cleavage) and Mx G'TPase (which inhibits transcription).

Leptin reports adipose fat status to the CNS. Leptin is anorectic and regulates anorectic
and orexigenic hormone expression by acting via dimeric Ob-Ra, Ob-Rb, Ob-Rc¢, Ob-Rd
and Ob-Re JAK/STAT-associated receptors.
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The JAK/STAT pathway can be conveniently illustrated by the action of a cytokine acting
via a dimeric receptor. The hormone binds to its specific receptor that is an a8 heterodimer
in which the extracellular « subunit binds the hormone and the intracellular 3 subunit trans-
duces the signal. Hormone-binding causes the formation of a dimerized receptor (Ba-H-o3)
The TKs JAKI and JAK? associate with the activated receptor dimer resulting in reciprocal
transphosphorylation on Tyr residues by the JAKs. The activated JAKs phosphorylate Tyr
residues on the receptor that are recognized by SH2 domains of STATa and STAT«. The
bound STATS are then phosphorylated by JAKs and form a STATa~STATa homodimer
which is translocated to the nucleus. The phosphorylated STAT dimer binds to a specific
DNA regulatory element (GAF) resulting in specific gene transcription and thence the ultimate
response to the initial cytokine signal of specific protein expression.

8.10 Cell cycle control

Cell division (mitosis) is a process requiring rigorous control and indeed the neoplastic,
cancerous state involves uncontrolled cell division. Cells can exist in a quiescent state called
Gy. After entry into Gy, an irreversible committed “start” step occurs resulting in successive
entry into an S stage (in which DNA synthesis occurs), Gy, M (in which mitosis occurs) and
thence back to G| and further progression through the so-called “cell cycle”. Progression
through the various stages of the “cell cycle” requires activation of cell division PKs (CDKs)
and the synthesis of cyclins (substrate-specifying proteins that are newly synthesized and
then destroyed via ubiquitination and proteasome-mediated proteolysis).

Each cell cycle stage is associated with specific CDKs. Thus, the CDK specific for Gy is
p34cdc2. Activation requires dephosphorylation of Thr-14 and Tyr-15, phosphorylation of
Thr-167 and the presence of a G2 stage-specific cyclin for activity. CDK substrates include
lamins and histone H1 that are phosphorylated on Ser residues within a Ser—Pro—X-X
sequence. The control of the CDKs involves regulation of cyclin synthesis and degradation
and regulation of a complex set of Ser/Thr-specific PKs, signal-regulated tyrosine kinases
(RTKs and other TKs), P-Ser-, P-Thr- and P-Tyr-hydrolysing protein phosphatases and
inhibitor proteins. The anti-mitotic, synthetic, 5,7-dihydroxyflavone (chrysin)-derivative
flavopiridol inhibits the CDKs CDKI1, CDK2, CDK4 and CDK?7 (Table 8.1).

8.11 Receptor serine/threonine kinases

Transforming growth factor 3 (TGFP) (that suppresses cell proliferation), the related develop-
mentally important activins (involved in mesoderm induction) and bone morphogenetic
proteins (involved in bone formation) act via PM-located transmembrane receptors that are
Ser/Thr-specific PKs. Thus, TGFB binds to the extracellular domain of a specific TGF@
receptor with the successive consequences of activation of the receptor Ser/ Thr-specific PK
activity, phosphorylation of a protein Mad to yield P-Mad and downstream consequences
resulting in developmentally important specific gene expression. Thus, dorso-ventral differ-
entiation in Xenopus embryos involves Mad-like proteins and a Mad-like gene is a tumour
SUppressor gene.

8.12 Other protein kinases

As indicated above, there may be as many as a thousand PKs encoded by the human genome.
In addition to the Ser/Thr PKs described above, there are other PKs that have been
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extensively studied, notably casein kinases I and II and the interferon-induced dsRNA-dependent
PK (dsRNAPK]) (that inhibits translation through phosphorylation of the translation initiation
factor eIF2a).

Translation can be inhibited through the phosphorylation of eukaryote initiation factor 2
(eIF2) by dsRNA-dependent PK (activated by viral dsRNA as a consequence of viral infec-
tion), by hemin-inhibited PK (activated in the absence of hemin in reticulocytes) and by
GCN2 kinase (general control non-derepressible kinase) (activated by amino acid starvation
and excess free tRNA). Phosphorylation of RNA polymerase II is a key process in the
regulation of transcription (Chapter 9).

A major signalling pathway involving a key PK is that involving the cytokines tumour
necrosis factor (I'NFo) and IL-1. The mammalian innate defence system Toll-like receptors
(TLRs 1-6) (related to the Drosophila Toll transmembrane protein) recognize bacterial cell
wall components such as peptidoglycans (via TLR2) and lipopolysaccharide (LPS) (via
TLR4). These various ligands bind to the corresponding specific PM receptors with conse-
quent activation of a PK that catalyses the phosphorylation of IkB (the protein inhibitor
of the TF NFkB). P-IkB dissociates from NFkB and is destroyed by proteolysis. The now-
activated NFkB moves to the nucleus, interacts with specific promoter sequences and
switches on the synthesis of a variety of pro-inflammatory proteins including inducible
cyclooxygenase (GOX-2) (Chapter 14), inducible nitric oxide synthase (iINOS) (Chapters 7
and 14) and a variety of cytokines. A similarly initiated pathway results in c-Jun N-terminal
kinase (JNK) activation and transcriptional activation. (It should be noted that TNFa also
acts via PM receptors to activate the caspase proteolytic cascade leading to apoptosis.) The
anti-inflammatory phenolic curcumin from Curcuma species (turmeric) (Zingiberaceae)
inhibits the IkB kinase (IKK) and thus inhibits NFkB activation and the pathway leading to
expression of pro-inflammatory proteins such as INOS.

8.13 Phosphoprotein phosphatases

Reversibility in signalling requires that ultimately phosphoproteins must be dephosphory-
lated. This is achieved by PPs that catalyse the following hydrolysis reaction:

Protein-O-PO4 + HyO — protein-OH + P; (inorganic phosphate)

There are many different kinds of PPs of which the best known are PP1, PP2A, PP2B and
PP2C that catalyse the dephosphorylation of P-Ser and P-Thr residues on substrate
proteins. PP1 is inhibited by dinoflagellate-derived okadaic acid, by blue—green alga
Mucrogystis-derived microcystins and by phosphorylated endogenous Inhibitor protein 1
(I1-P). PP2A is also inhibited by dinoflagellate-derived okadaic acid and by blue—green alga
Mucrocystis-derived microcystins but is less sensitive to these inhibitors than PP1. PP2B is
a Ca**-dependent PP having a catalytic A subunit and a calmodulin (CaM)-like regulatory
subunit B. PP2C is a Mg?*-dependent PP. A variety of PPs catalyse the dephosphorylation
of phosphotyrosine-phosphorylated proteins.

In addition to the P-Ser- and P-Thr-specific PPs described above, there are a number of
P-Tyr-specific PPases that reverse the consequences of protein Tyr phosphorylation deriving
from RTK and TK activation. Substrates include RT'Ks themselves and downstream Tyr-
phosphorylated signalling proteins such as PKCy, MAPK (ERK), JAK/STAT receptors,
kinases, STATs and the CDKs described above.

Table 8.1 lists a variety of plant-derived compounds that inhibit PKs. As previously discussed,
the homologies between the catalytic domains of Ser/Thr-specific PKs and Tyr-specific PKs
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mean that many such compounds inhibit both classes of PKs. Of particular note are the pro-
inflammatory, co-carcinogenic Euphorbiaceae plant-derived phorbol esters and related com-
pounds that activate particular PKC isoenzymes (Table 8.2). Some other plant compounds
that interfere with RTKs, P13K and PP are described in Tables 8.3, 8.4 and 8.5, respectively.

Table 8.1 Eukaryote protein kinases

Compound (class)

Plant source (family) | plant part/

Target inhibited (other targets)
/in vivo effects/

cAMP-dependent PK
(PKA), Ca’"-dependent
PK (CDPK), cell
division/ cyclin-
dependent PK (CDK),
Ca’* & PL-dependent
PK (PKC), cGMP-
dependent PK
(PKG), myosin-light
chain kinase (MLCK),
receptor tyrosine
kinase (RTK)

Alkaloid
[Apomorphine]
(aporphine isoquinoline)

(+)-Boldine

(aporphine isoquinoline)

Bulbocapnine
(= A-Methyl-launobine)
(aporphine isoquinoline)

a-Chaconine
(steroidal alkaloid
glycoside)

Chelerythrine
{benzophenanthridine)

Sanguinarine
(= Pseudochelerythrine)
{(benzophenanthridine)

Earl Sutherland (USA, Nobel

Prize, Medicine, 1971; cAMP as

second messenger); Paul
Nurse (UK, Nobel Prize,
Physiology/Susan Medicine
2001 (CDK)) with Tim Hunt
(UK, cyclins) & Leland
Hartwell (USA, CDC genes);

8.1
Yuichiro Nishizuka (Japan,
PKC), Phillip Cohen (UK,
PKA, PKB, PKs),
Taylor (USA, PKA)

Edwin Krebs & Edmond Fischer

(USA, Nobel Prize, Medicine,

1992; PKA); Bruce Kemp
(Australia, PKs, MLCK),

Semi-synthetic from Morphine
{morphinan isoquinoline alkaloid
from Papaver somniferum, opium
poppy) (Papaveraceae) [aerial]

Desmos (Annonaceae), Laurelia
(Atherospermataceae), Litsea,
Sassafras (Lauraceae), Liriodendron
(Magnoliaceae), Boldea, Peumus,
Monimia (Monimiaceae), Retanilla
(Rhamnaceae) spp.

Fumaria officinalis (Fumariaceae),
Corydalis bulbosa, C. cava,
C.decumbrens, C. solida,

Glauctum flavum, G. pulchrum
(Papaveraceae)

Notholirion hyacinthuum, Veratrum
stenophyllum (Liliaceae), Solanum
chacoense, S. nigrum, S. tuberosum
{potato) (Solanaceac) [tuber]

Argemone mexicana, Bocconia arborea,
B. frutescens, Chelidonium majus,
Eschscholzia califormca, Glaucium

Sflavum, Sanguinaria canadensis
(Papaveraceae), Janthoxylum
americanum (Rutaceae)

Chelidonium, Dicentra,

Eschscholtzia, Papaver, Sanguinaria
(Papaveraceac), Fumaria
(Fumariaceae), Lanthoxylum
(Rutaceae), Preridophyllum
(Sapindaceae) spp.

8.1a
CDPK (270), MLCK (11),
PKA (1), PKC (8)

MLCK (12), PKA (82)

MLCK (30) [sedative]

CDPK (290}, PKA (130),
PKC (217)

PKA (170), PKC (0.7) [0.8],
TK (100), CaM-PK (>100)
(DNAL, GABAA-R, V-R)

CDPK (41), MLCK (158),
PKA (6), PKC (217)
(ATPase, Ca?*-ATPase,
Diamine oxidase, V-R)
[antibacterial, AI]

(continued )
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Table 8.1 (Continued)

Compound (class) Plant source (family) | plant partf Target inhibited (other targets)
/in vivo effects/
Phenolics 8.1p

Acacetin (= Apigenin 4'-
methyl ether; 5,7,4'-
Trihydroxyflavone 4'-
methyl ether)

(flavone)

Acteoside (= Kusaginin;
Verbascoside)
{(phenylethanoid
glycoside)

Alizarin (= 1,2-Dihydroxy-

9,10-anthraquinone)
{anthraquinone)

Anthocyanidin trimer
{condensed tannin)

Apigenin (= 5,7,4'-
Trihydroxyflavone)
{flavone)

[Apigenin 7-O-methyl
ether (=5,7,4'-
Trihydroxyflavone 7-O-
methyl ether)]

{flavone)
Arecatannin A-1
(tannin)
Baicalein (= 5,6,7-
Trihydroxyflavone)
{flavone)

Biochanin A (= 5,7-
Dihydroxy-4'-
methoxyisoflavone;
Pratensol)

(isoflavone)

Butein (= 2',4',3,4-
Tetrahydroxy-chalcone)
(chalcone)

Fern [leaf exudate], Ammi visnaga
(Apiaceae), Asteraceae [leaf],
Betulaceae [leaf bud exudate],
Ginkgo biloba (Ginkgoaceae)
Agastache foeniculum, Mentha
aquatica {Lamiaceae); glycosides
in Cirsium (Asteraceae),

Linaria (Scrophulariaceae) spp.,
Tiliaceae

Stachys sieboldii (Lamiaceae),
Buddlga, Forsythia (Oleaceae),
Penstemon, Verbascum
(Scrophulariaceae) spp.,
Acanthaceae, Bignoniaceae,
Gesneriaceae, Plantaginaceae,
Orobanchaceae, Verbenaceae

Rheum palmatum (Polygonaceae) [root],
Rubia cordifolia, R. tinctorum (madder,
Galium spp., Asperula odorata [root],
Mormda citrifolia (Rubiaceae) [wood]

Fuaeollia sp. (Paconaceae) [root]

Lamiaceae [leaf surface]; [seed];
Apium, Daucus (Apiaceae), Achillea,

Artemisia (Asteraceae), Mentha, Thymus

(Lamiaceac), ferns [leaf surface],
Buddlga officinalis (Loganiaceae)

[flower], Digitaria exilis (Poaceae); as
glycoside in Apum (celery), Petroselinum
(parsley) (Apiaceae), Cosmos, Erigeron,

Dahlia (Asteraceae), Amorpha
(Fabaceae) spp.

Semi-synthetic cf. trihydroxyflavones

Paeollia sp. (Paconaceac) [root]

EGF-RTK (141) (AR, I'TD)
[allergenic, inhibits histamine
release]

PKCa (9) [5-LOX] [AI

hypertensive, antihepatoxic|

CDPK (100), MLCK (14),
PKA (19), PKC (13) (HIV-1
INT) [antineoplastic, red
pigment & dye]

CKII (2)

CDK2, EGF-RTK (93), IKK,
MLCK, PKA, PKC (> 50),
RTK (FGF-RTK, insulin-
RTK, IGF-1-RTK, TPO)
(BZ-R-like R, EST-R, F}-
ATPase, Na"/K*/Cl TR)
[antibacterial, Al, diuretic,
hypotensive, Rhizobium
nodulation stimulant]

CDPK (>160), PKA (17)

PKA (0.2)

Scutellaria spp. (Lamiaceae) [root, leaf |, PKC signalling (AROM,
Oroxylum indicum (Bignoniaceae) [leaf' ], HIV-1 INT, HIV-1RT,

Plantago major (Plantaginaceae)
Cicer arietum, Medicago sativa,

Trifolium pratense, Baptisia spp.,

Dalbergia spp. (Fabaceae), Virola

cadudifolia (Myristicaceae) [wood],
Cotoneaster pannosa (Rosaceae) [fruit]

Vicia faba, Dalbergia odonifera,
Robinia pseudoacacia (Fabaceae)

[wood]; glycosides in Coreopsts, Bidens
(Asteraceae), Butea (Fabaceae) spp.

TOPII) [apoptotic]

EGF-RTK (92), MLCK
(303), PKA (100) (EST-R,
F|-ATPase, TPO)
[oestrogenic,
hypolipidaemic]

EGF-RTK (65), p60* TK
(65) (F|-ATPase, GST, 5aR)

[antioxidant]

(continued )
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Compound (class)

Plant source (famuly) [ plant part]

Target inhibited (other targets)
/in vivo effects/

Calceolarioside A
{phenylethanoid glycoside)

Calceolarioside B
{(phenylethanoid glycoside)

(+)-Catechin (= Catechinic
acid; Catechuic acid)
(flavan-3-ol)

Catechin-(7,8-b,c)-43-(3,4-
dihydroxyphenyl}-dihydro-
2(3H)-pyranone
{catechin phenylpropanoid
lactone)

Catechin-(7,8-b,c)-4p+(3,4-
dihydroxyphenyl}-dihydro-
2(3H)-pyranone 3-0-3-
hydroxy-0-(3,4-
dihydroxyphenyl)-
pentanoate
{catechin phenylpropanoid
lactone ester)

Chrysazin (= Danthron;
Dantron; 1,8-dihydroxy-
9,10-anthraquinone)
{anthraquinone)

Chrysophanic acid
(= Chrysophanol; 1,8-
Dihydroxy-3-methyl-9,
10-anthraquinone;
3-Methylchrysazin)
{anthraquinone)

Condensed tannins
{condensed catechins)

Condensed tannins
{procyanidin &
prodelphinidin polymers)

Coumarin (= 2H-1-
Benzopyran-2-one;
Coumarone)

(coumarin)

Curcumin
(= Diferuloylmethane;
turmeric yellow)
{(phenylpropanoid)

Digitalis purpurea (Scrophulariaceae)

[leaf]

Digitalis purpurea (Scrophulariaceae)

[leaf]

Widespread; Gossypium sp.
(Malvaceae), Agrimonia eupatoria
(Rosaceae), Salix caprea (willow)
(Salicaceae) [flower]

Phyllocladus trichomanoides
(Podocarpaceae) [twig, cladode]

Phyllocladus trichomanoides
{Podocarpaceac)
[twig, cladode]

Rheum palmatum (Polygonaceac)
[root], Ginchona ledgeriana
(Rubiaceae), Xyris semifuscata
(Xyridaceae) [leaf, stem]

Rumex spp., Rhewn spp. (rhubarb)
(Polygonaceae), Cassia senna
[leaf], C. siamea, Senna obtusifolia
(Fabaceac), Rhamnus purshiana
(Rhamnaceae), Tectona grandis
(Verbenaceae) [wood] lichen,
Dipterocarpaceae, Guttiferae,
Liliaceae, Simaroubaceae

Phyllocladus trichomanoides
(Podocarpaceae), Pseudotsuga
menziesit (Pinaceae), Acacia
melanoxylon (Fabaceae) [wood]

Widespread; e.g. Ribes nigrim
(Rubiaceae), Vitis vinifera
(Vitaceae) [fruit, seed, leaf]

Widespread, Dipteryx odorata
(Fabaceae), Myroxplon balsamum
(Flacourtiaceae), Pinaceac,
Poaceae, Polypodiaceae (fern),
Galium odoratum (Rubiaceae)

Curcuma longa (turmeric),

C. aromatica, C. xanthorrhiza,
C. zedoana, Zingiber officinale
(Zingiberaceae) [root]

PKCa (0.6)
PKCa (5)

MLCK (440), PKA (13) (AR,
COX-1, COX-2, PSTasc)

[antioxidant, bitter]

CDPK (200), MLCK (83),
PKA (> 200), PKC (rat) (17)

CDPK (7), MLCK (148),
PKA (12), PKC (3)

CDPK (20), MLCK (160),
PKA (14), PKC (25)
(AROM, DNA, TOPII)
[cathartic,
immunosuppressive,
purgative]

CDPXK (56), PKA (5), PKC
(32) [dye, anti-termite]

CDPK, PKA, PKC

CDPK, MLCK, PKA, PKC

MLCK (317) [antifungal,
haemorrhagic]|

CDPK (41), IKK, PhosbK [75],
PKA (5), PKC (15), p60*
TK (150) (F)-ATPase, HIV-1-
INT) [AL antioxidant,
hypoglycaemic, cytotoxic]

(continued )
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Table 8.1 (Continued)

Compound (class) Plant source (family) | plant partf Target inhibited (other targets)
/in vivo effects/
Cyanidin (= 3,5,7,3',4'- Widespread as glycoside EGF-RTK (0.8) [inhibits EGF-
Pentahydroxy-flavilium) [flower, fruit,leaf, tuber]; induced tumour cell growth
{anthocyanidin) Asimina triloba (paw paw) (42; 73); 3-galactoside

Cycloheterophyllin
(prenylflavone)

Daidzein (= 4',7-
Dihydroxyisoflavone)
(isoflavone)

Damnacanthal
{anthraquinone)

Delphinidin (=3,5,7,3",4",5"-
Hexahydroxy-flavilium)
{anthocyanidin)

Desmal (= 8-Formyl-2,5,7-
trihydroxy-6-
methylflavanone)
(flavanone)

[1,4-Diamino-9,10-
anthraquinone]
{anthraquinone)

1,6-Digalloyl-glucoside
(galloyl glycoside,
hydrolysable tannin)

[2,3-Dihydroapigenin
(= 2,3-Dihydro-5,7,4'-
Trihydroxyflavone)]
(flavanone)

2,3-Dihydrofisetin (=
Dihydro-3,7,3",4'-
tetrahydroxyflavone;
Fustin)
{(dihydroflavonol)

2,3-Dihydroluteolin (=
Dihydro-5,7,3"4'-
tetrahydroxyflavone;
Eriodictyol)
(flavanone)

2,3-

2,3-

2,3-Dihydroquercetin
(= 2,3-Dihydro-3,5,7,
3’ 4'-pentahydroxyflavone;
Taxifolin)
{(dihydroflavonol)

(Annonaceae)
Artocarpus heteroplyllus (Moraceae)

Genista tinctooria, Glycine max (soy),
Phaseolus, Psoralea, Pueraria, Sophora,

Trifolium, Ulex, Vigna (Fabaceae) spp.

[seed]; 7-O-glucoside (Daidzin) in

Baptisia spp., Glycine max, Pueraria

spp., Irifolium pratense (Fabaceae)
Morinda citrifolia (Rubiaceae)

Widespread as glycoside [flower,
fruit, tuber]; Abrus precatorius,
Trifolium pratense (Fabaceae)

Desmos chinensis
(Annonaceae) [leaf] stem]

Synthetic anthraquinone
{cf. Emodin)

Phyllanthus amarus
(Euphorbiaceae) [aerial]

Cf. Trihydroxyflavanones

Rhus glabra, R. spp., Schinopstis
(Anacardiaceae), Platanus
(Platanaceae), Tilia spp.
(Tiliaceae); as glycoside in
Baptisia spp. (Fabaceae)

Widespread; Petroselinum crispum
(Apiaceae), Silybum marianum
(Asteraceae), Eriodictyon calyfornicum
(Hydrophyllaceae), Ocimum basilicum,
Origanum vulgare, Thymus vulgaris
(Lamiaceae), Citrus paradisi
(grapefruit) (Rutaceae)

Widespread; Acacia catechu, Robinia
pseudoacacia (Fabaceace), Polygonum
nodosum (Polygonaceae), Salix capraca
(Salicaceae), Coniferae; glycosides in
Astilbe (Saxifragaceac), Rhododendron
(Ericaceae) spp.

inactive; red pigment]

PKC [inhibits PA (AA
induced), COX]

Inactive as TK inhibitor cf.
Genistein (CFTR, DNAPOL,
EST-R, F|-ATPase,
GABAA-R, lipase, TOPII,
TPO) [antifungal,

P/toestrogen]

p56c TK (0.05-0.2), PDGF-
RTK (5), erbBQ RTK (2),
insulin-RTK (10), p59"® TK
(5), p60™ TK (3), PKA (75),
PKC (140) (TOPII)

EGF-RTK (1) [inhibits EGF-
induced tumour cell growth
(18; 33); mauve pigment]

[A431 cell PM EGF-RTK
@)

CDPK (>160), MLCK (18),
PKA (8), PKC (23)

CDPK (42), MLCK (>167),
PKA (2), PKC (>167)

CDPK (>160), MLCK (170),
PKA (24)

MLCK (180), PKA (18)

CDPK (>160), PKA (18)

MLCK (80), PKA (17), PKC
(AD-R, LOX, NADH DH,
succinate DH) [antibacterial,
antifungal, Al, antioxidant]

(continued )
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Table 8.1 (Continued)

Target inhibited (other targets)
/in vivo effects/

Compound (class) Plant source (family) | plant part/
2,2"-Dihydroxychalcone Plant
{chalcone)
3',4’-Dihydroxyflavone Camellia sinensis (tea leaf’)
{flavone) (Theaceae)

5,4’-Dihydroxyflavone From a Chinese medicinal herb

(= Ro 09-0179)

(flavone)
5,7-Dihydroxyflavone Widespread; Passiflora coerulea
(= Chrysin) (Passifloraceae), Pinus spp. (Pinaceac)
(flavone) [wood], Populus spp. (Salicaceae),
Escallonia spp. (Saxifragaceae) [leaf ]
7,8-Dihydroxyflavone Plant
(flavone)
(3R)-1,7-b15(3,4- Prnus flexilis (Pinaceae)
Dihydroxyphenyl)
heptan-3-ol
(diarylheptanoid)
(3R)-1,7-b1s(3,4- Pius flexilis (Pinaceace)
Dihydroxyphenyl)

heptan-3-ol 3-O-glycoside
(diarylheptanoid glycoside)
8-y,y-Dimethylallyl-
wighteone
(prenylated isoflavone)
3'-v,y-Dimethylallyl-
wighteone
(prenylated isoflavone)
4,4"-Di-O-methyl-
scandenin
(coumarin)
Ellagic acid (= Benzoaric
acid; Lagistase)
{phenolic acid lactone)

Derrs scandens (Fabaceae) [stem]
Derrs scandens (Fabaceae) [stem]
Derrs scandens (Fabaceae) [stem]

Widespread [leaf], ellagitannin
product; Psidium guajava (guava)
(Myrtaceae), Fragaria spp.
(strawberry) (Rosaceae)

Emodin (= Archin;
Frangula emodin;
Frangulic acid; Rheum
emodin; 1,3,8-Trihydroxy-
6-methyl-9,10-
anthraquinone
{anthraquinone)

Senna obtusifolia (Fabaceae),
Psorospermunm glaberrimum (Guttiferae),
Mpyrsine africana (Myrsinaceae),
Polygonum cuspidatum, Rumex spp.,
Rheum palmatum, R. spp.
(Polygonaceae), Ventilago calyculata,
Rhamnus frangula (Rhamnaceae),
lichen; glycosides in Rheum,
Polygonum (Polygonaceae),
Rhamnus (Rhamnaceae) spp.

Widespread; desculus californica
(Hippocastanaceae),
Gymnospermae, Plerocarpus spp.
(Fabaceae) [bark], Podocarpus nagi
(Podocarpaceae), Crataegus
monogyna (Rosaceae),

Camellia sinensis (Theaceae)

(—)-Epicatechin
(= 2R3R)-5,71,3" 4'-
Tetrahydroxyflavan-3-ol)
(flavan-3-ol)

MLCK (118)
MLCK (262), PKA (19)

MLCK (24), PKA (24)

CKII, MLCK, PKA (CBZ-R,
EST-R, PBZ-R)
[phytoestrogen)]

PKA (19)

PRCa (5)

PKCa (3)

PKA (20)

PKA (24)

PKA (50)

MLCK (>167), PKA (2) [4],
PKA (0.6), PKC (8) [9],
p60™ TK (0.3) (HIV-1 INT,
ITD, PGK) [anti-mutagen,
haemostatic]

CDC2, CKI, CKII, CDPK
(>160), MLCK (8), PKA
(40), PKC (25), TK (p60src),
RTK p56"* TK (cow) (DNA,
PI3K, TOPII) [cathartic,
cytotoxic]|

PKA (18) (AR)
[antibacterial, Al, antioxidant,
bitter]|

(continued )
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Compound (class)

Plant source (family) | plant partf

Target inhibited (other targets)
/in vivo effects/

Epicatechin~(5,6-b,c)-4f3-
(3,4-dihydroxyphenyl)-
dihydro-2(3H)-pyranone
{epicatechin
phenylpropanoid lactone)

Epicatechin-(7,8-b,c)-4(3-
(3,4-dihydroxyphenyl)-
dihydro-2(3H)-pyranone
{epicatechin
phenylpropanoid lactone)

2,3-c15-3,4-trans-
Epicatechin-(43 — 8)-
epicatechin
{procyanidin condensed
tannin)

Epicatechin-(4f3 — 8)-
[epicatechin-(4 — 8)-]»-
epicatechin
{procyanidin condensed
tannin)

Epicatechin-(43 — 8)-
epicatechin-(43 — 8)-
catechin
{procyanidin condensed
tannin)

(—)-Epicatechin 3-O-gallate
(flavan-3-ol)

Epicatechin-(4p — 2)-
phloroglucinol
(= Epicatechin-(4 — 2)-
1,3,5-trihydroxybenzene)
{epicatechin
phloroglucinol)

(—)-Epigallocatechin 3-
gallate (= EGCG)
{flavan-3-ol)

4-0-Ethyl-isomalacacidin
(= 4-0-Ethyl-(2R,3R,4.5)-
2,3-cis-3,4-trans-
3,3',4,4",7,8-
hexahydroxyflavan)
(leucoanthocyanidin
flavan-3,4-diol)

Eturunagarone
{prenylated isoflavone)

Phyllocladus trichomanoides
(Podocarpaceae)
[twig, cladode]

Phyllocladus trichomanoides
(Podocarpaceae)
[twig, cladode]

Prseudotsuga menziesii (Douglas fir)
(Pinaceae) [bark]

Prseudotsuga menziesii (Douglas fir)
(Pinaceae) [bark]

Pseudotsuga menziesui (Douglas fir)
(Pinaceae) [bark]

Chimaphila umbellata (Ericaceae),
Sorbus aucubaria (Rosaceace),
Camellia sinensis (tea)
(Theaceae)

Prseudotsuga menziesu (Pinaceac)

[bark]

Davidsonia pruriens (Davidsoniaceae)

(leaf |, Hamamelis virginiana
(Hamamelidaceae) [bark],

Camellia sinensis (tea) (Theaceae)

Acacia melanoxylon (Fabaceae)
(heartwood)

Derris scandens (Fabaceae)

CDPK (17), MLCK (>167),
PKA (147), PKC (13)

CDPK (24), MLCK (>167),
PKA (53), PKC (13)

CDPK (1), PKA (5), PKC (1)

CDPK (0.6), PKA (1),
PKC (0.6)

CDPK (1), PKA (8),
PKC (1)

[Cell-EGF-RTK (< 5)]
(collagenase, EST-R,
F|-ATPase, 5aR)

CDPK (76), PKC (51)

CKII (8), EGF-RTK (1),
PDGF-RTK (2), FGF-RTK
(2), pp60*™ (>22), PKA
(> 20), PKC (20) (EST-R, F-
ATPase, proteasome, 5aR,
TOPOIB) [cell-EGF-RTK
(< 5); oxidation products give
tea taste|

CDPK (8), PKA (100),

PKC (9)

PKA (248)

(continued )
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Compound (class) Plant source (family) | plant part/ Target inhibited (other targets)
/in vivo effects/
Eugeniin Coraria (Coriariaceae), Quercus PKA (80 nM) (SEP)
(= Tellimagrandine II) (Fagaceae), Syzygium (Myrtaceae),
(ellagitannin) Fuchisia (Onagraceae), Rosa (Rosaceae),

Tellima (Saxifragaceace) spp.
Rhus cotinus, R. rhodantherma
(Anacardiaceae), Acacia spp., Glycine

Fisetin (= 5-Deoxy-
quercetin; 3,7,3",4'-

CDPK (20), MLCK (5), PKA
(1), PKC (< 50) (ITDI, HIV-1

Tetrahydroxyflavone) max, Robinia pseudoacacia (Fabaceace) INT, LOX, NADH DH, Na*,
{flavonol) [heartwood]; as glycosides in Rhus K*-ATPase, NEP, succinate
succedanea (Anacardiaceae) [wood], DH, TPO) [allergenic,
Dalbergia odorifera [wood], Trifolium antibacterial, apoptotic,
subterraneum (Fabaceae) inhibits SM contraction &
histamine release]
Flavone Ammz visnaga, Anethum graveolens EGF-RTK (225) (AROM,
{flavone) (Apiaceae), Dionysia spp., Primula COX, EST-R, 17BHSOR,
pulverulenta (Primulaceac) [leaf], 5-LOX)) [allergenic,
Pimnelea decora, P sumplex antibacterial, Al, inhibits
(Thymelaeaceae) histamine release, PAI,
phytoestrogen]
Forsythiaside Digitalis purpurea (Scrophulariaceac) PKCa (2)

{(phenylethanoid glycoside)

Galangin (= 3,5,7-
Trihydroxyflavone)
{flavonol)

1-Galloyl-2,4-dehydro-
hexahydroxy-diphenoyl-
glucoside (ellagitannin,
hydrolysable tannin)

1-Galloyl-2,4-dehydro-
hexahydroxydiphenoyl-
3,6-hexahydroxy-
diphenoyl-glucoside
{ellagitannin, hydrolysable
tannin)

1-Galloyl-2,4;3,6-bis-
dehydro-hexahydroxy-
diphenoyl-glucoside
(= Amariin) (ellagitannin,
hydrolysable tannin)

1-Galloyl-4,6-
hexahydroxydiphenoyl-
glucoside (= Corilagin)
(ellagitannin, hydrolysable
tannin)

1-Galloyl-4,6-
hexahydroxydiphenoyl-6-

(1"-[5,6,7-trihydroxy-
benzpyran-1-one-3
carboxy-4-fumaroyl])-
glucoside (ellagitannin,
hydrolysable tannin)

[leaf]

Escalloma spp. (Saxifrageaceac) [leaf],

Betulaceae, Salicaceae [bud],
Lamiaceae, ferns [leaf],
Alpimia officinarum
(Zingiberaceae)

Phyllanthus amarus (Euphorbiaceae)
[aerial]

Phyllanthus amarus (Euphorbiaceae)

[aerial]

Phyllanthus amarus (Euphorbiaceae)
[aerial]

Phyllanthus amarus (Euphorbiaceae)
[aerial]

Phyllanthus amarus (Euphorbiaceae)
[aerial]

CDPK (>160), MLCK (20),
PKA (2) (AROM, COX, Na*,
K"-ATPase) [antibacterial]

CDPK (46), MLCK (>167),
PKA (0.6), PKC (>167)

CDPK (2), MLCK (56), PKA

(0.2), PKC (26)

CDPK (4), MLCK (118),
PKA (0.4), PKC (26)

CDPK (26), MLCK (>167),
PKA (0.6), PKC (167)

CDPK (42), MLCK (>167),
PKA (1), PKC (>167)

(continued )
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Compound (class) Plant source (family) | plant partf Target inhibited (other targets)
/in vivo effects/
Galloylpedunculin Platycara strobilacea (Juglandaceae) CKII (0.6), PKA (50-300 nM)
{gallotannin)

Genistein (= Genisteol;
Prunetol; Sophoricol;
4'.5,7-Trihydroxy-
isoflavone)
(isoflavone)

Genistin (= Genistein 7-0-
glucoside; Genistoside;
4',5,7-
Trihydroxyisoflavone 7-O-
glucoside)

(isoflavone O-glycoside)

Hesperidin
{flavanon O-glycoside)

Hirsutanonol
(diarylheptanoid)
Hirsutenone
(diarylheptanoid)
Homoplantaginin
(flavonoid glycoside)
Hydrolysable tannins
{polyphenols)
2"-Hydroxychalcone
{chalcone)
7-Hydroxycoumarin
(coumarin)
3-Hydroxyflavone
{flavone)
[5-Hydroxyflavone]
{flavone)
2-(3-Hydroxy-4-methoxy-
phenyl)-ethyl-O-Rha-Rha-
4-0-E-feruloylglucoside
(phenylethanoid glycoside)
[7-Hydroxy-4-
methylcoumarin]
{coumarin)
Hypericin
(bianthraquinone)

Hypericin-like compound
{phenolic)

Prunus spp. (Rosaceae) [wood],
Genista spp. (broom), Phaseolus
lunatus, Trifolium subterraneum,

1. brachycalycinum (Fabaceae); 7-0-
glucoside (= Genistin; Genistoside)
in Genista tinctoria, Glycine max,
Lupinus luteus, Ulex nanus
(Fabaceae); 4'-O-glucoside

(= Sophocoroside) in Sophora
Japonica (Fabaceae) [ pod]

Gemista tinctoria, Glycine max, Lupinus
luteus, Ulex europaeus, U nanus
(Fabaceae), Prunus cerasus
(Rosaceae)

Citrus limon, C. sinensts, Poncirus
trifoliata (Rutaceae), Mentha spp.,
Hyssopus officinalis (Lamiaceae)

Alnus hirsuta (Betulaceae), Pinus

Slexilis (Pinaceae)

Alnus hirsuta (Betulaceae), Pinus flexilis
(Pinaceae)

Plantago asiatica [leaf], P media
(Plantaginaceae)

Phyllanthus amarus (Euphorbiaceae)

Plant; cf. hydroxychalcones

Citrus spp. (Rutaceae); Coumarin
metabolite in mammals

Plant; cf. hydroxyflavones

Semi-synthetic

Dugitalis purpurea
(Scrophulariaceae)

Semi-synthetic

Hypericum perforatum, H. spp.
(Hypericaceae)

Fagopyrum esculentum (buckwheat)
{(Polygonaceac) [herb]

EGF-RTK (3; 22), HISK,
MLCK (14), PKA (126),
pp60 TK (RSV) (26; 30),
ppl10 2 TK (24), [A431
cell EGF-RTK (4) i vivo]
(ADH, AD-R, F,-ATPase,
GABAA-R, lipase,
peroxidase, Na*/K*/Cl™ TR,
TOPII, TPO) [antifungal,
apoptotic, oestrogenic|

EGF-RTK (> 231) (cf.
Genistein) (TOPII) [plant
growth inhibitor]

PKA

PKCa (18)

PKCa (4)

EGF-RTK

CDPK, MLCK, PKA, PKC
MLCK (>160) (GST)
MLCK (197)

PKA (4) (178HSOR)

CDPK (>160), MLCK (320)

(AD-R)
PRCa (125)

MLCK (167)

CDPK, EGF-RTK, MLCK,
PKA, PKC (HIV-1 INT,
HIV-1 RT, PI3K)
[photosensitizing, red
pigment]|

EGF-RTK (PKC)
[photosensitizing, red
pigment]|

(continued )
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Compound (class)

Plant source (family) | plant part/

Target inhibited (other targets)
/in vivo effects/

Isoliquiritigenin (= 2',4",4-
Trihydroxychalcone)
(chalcone)

Isomalacacidin
(= (2R3RAS)-2,3-cis-
3,4-trans-3,3' ,4,4',7,8-
Hexahydroxyflavan)
(leucoanthocyanidin
flavan-3,4-diol)
Isorhamnetin (= 3,5,7,3",4'-
Pentahydroxyflavone 3'-
methyl ether;
(flavonol)

Juglone (= 5-Hydroxy-1,4-
naphthalenedione; Mucin;
Natural Brown 7;
Regianin)
{naphthoquinone)

Kaempferol (= 3,5,7,4'-
Tetrahydroxyflavone)
(flavonol)

Kaempferol 4'-0-methyl
ether (= Kaempferide;
3,5,7,4'-
Tetrahydroxyflavone
4’-O-methyl ether)
{flavonol)

Kievitone (= 2"4',5,7-
Tetrahydroxy-8-
isoprenylisoflavanone)
(isoflavanone)

[Laurylgallate
(= Dodecylgallate ester)]
(long chain alcohol gallic
acid ester)

Leucosceptoside A
{(phenylethanoid glycoside)

Glycyrihiza glabra (Fabaceae) [root];
glycoside in Dahlia variabilis
(Asteraceae), Glyeyrriuza glabra
(liquorice) (Fabaceae)

[root, rhizome]

Acacia melanoxylon (Fabaceace)

(heartwood)

Widespread; aglycone &
glycoside in Arnica, Artemisia
dracunculus, Haplopappus
{Asteraceae) spp.; glycosides
in Cotula (Asteraceae),

Cactus (Cactaceae), Argemone
(Papaveraceae), Taxodium
(Taxodiaceae) spp.

Juglans cinerea, . mgra
[stem bark], ¥ regia, Carya
ovata, C. tllmoensis [leaf, nut]
(Juglandaceae), Lomatia spp.
(Proteaceac)

Widespread as aglycone & glycosides;
Cuscuta reflexa (Convolvulaceae) [seed,
stem)|, Pisum sativum (Fabaceae),
Thespesia populnea (Malvaceae),
Azadirachta indica (Meliaceae),
Delphanuum consolida
(Ranunculaceae),

Citrus paradisi (grapefruit)
(Rutaceace), Koelreuteria henryt
(Sapindaceae)

Piyrogramma triangularis (fern)
(Adiantaceae), Baccharis spp.
(Asteraceae), Prunus spp.
(Rosaceae), Linaria dalmatia
{(Scrophulariaceae) [aerial];

Betulaceae, Salicaceae
(leaf], Alpinia galanga (Zingiberaceac)

Dolichos biflorus, Lablab niger,

Phaseolus coccineus (Fabaceae)

Semi-synthetic cf. Gallic acid,
Gallotannins

Penstemon linarioides
{(Scrophulariaceae)

MLCK (111) (AR, COX,
EST-R, 5-LOX, MAO, ox.
phos. uncoupler) [PAI,
yellow pigment]

CDPK (4), MLCK (>167),
PKA (6), PKC (3)

PKC (>50)

MLCK, PKA, PKC (a & B)
(2), pp60°™ (24) (ECMOX)
[antifungal, antiviral,
molluscicidal, feeding
deterrent, walnut
allelopathic]

CDPK (>160), EGF-RTK
(11), MLCK (4), PKA (2; 9),
p56"t TK (ADH, AROM,
CFTR, EST-R, TPO)

CDPK (> 160), MLCK (8),
PKA (9) (BZ-R) [AI (TPA-
induced)]

[EGF-RTK (A431 cells)
(28)] [antibacterial,
antifungal, oestrogenic]

PKA (2), PKC (300)

PKC-a (19)

(continued )
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Compound (class)

Plant source (family) | plant partf

Target inhibited (other targets)
/in vivo effects/

Luteolin (=5,7,3",4'-
Tetrahydroxyflavone)
(flavone)

Magnolol
(lignan)

Malacacidin
(= 2R,3RAR)-2,3-
ci5-3,4-trans-3,3',
44,78
Hexahydroxyflavan)
(leucoanthocyanidin
flavan-3,4-diol)

a-Mangostin
{prenylated xanthone)

y-Mangostin
(prenylated xanthone)

[3-Methoxy-2,3-
dihydroluteolin (= 3-
Methoxy-2,3-dihydro-
5,7,3"4'-
tetrahydroxyflavone)|
(flavanone)

5-Methoxypsoralen
{coumarin)

[Methyl-2,5-
dihydroxycinnamate]|
{phenolic acid ester)

8-Methyl-juglone
(= 5-Hydroxy-8-
methyl-1,4-
naphthalenedione)
{(naphthoquinone)

Morin (= 3,5,7,2' 4"~
Pentahydroxyflavone)
{flavonol)

Widespread in leaves; Ammi,
Cuminum, Daucus (Apiaceae),
Lavandula, Mentha, Ocimum,
Origanum, Rosmarinus, Thymus
(Lamiaceae); widespread as
glycosides in Brassicaceae,
Lamiaceae, Fabaceae,
Scrophulariaceae [aerial];
Dugitaria exilis (fonio, semi-arid
zone millet variety)
(Poaceae) [seed]

Sassafras randazense (Lauraceac)
[root], Magnolia officinalis,

M. obovata (Magnoliaceae)
[bark]

Acacia melanoxylon (Fabaceae)

(heartwood)

Garcinia mangostana (Guttiferae)
[fruit peel, resin]

Garcinia mangostana (Guttiferae)
[fruit peel, resin]

Semi-synthetic

Petroselinum crispum (parsley)

(Apiaceae) [leaf]

Synthetic cinnamic acid derivative

Rumex crispus (yellow dock)
(Polygonaceae)

Artocarpus heterophyllus, A. integrifolia,

Chlorophora tinctoria, Morus alba
(mulberry), M. spp. (Moraceae)

CDPK (>160), MLCK (26),
PKA (1; 2), PKC (<50)
(ACE, AR, AROM, HIV-1
INT, HIV-1 PR, ITDI,
NADH DH, Na*, K*-ATPase,
Nase, NEP, succinate DH,
TOPII, TPO) [antibacterial,
Al apoptotic, nodulation
signal]

PKC [blocks PE binding site]

CDPK (8), MLCK (>167),
PKA (20), PKC (5)

CDPK (21; 33), MLCK
(120, PKA (13) (Ca®*
ATPase, cAAMP PDE, EST-R,
HIV-1 PR, HIS-R)
[antibacterial, Al, antiulcer]

CDPK (5; 6), MLCK (110),
PKA (2) ((AMP PDE, HIV-1
PR, SHT-R)

PKA (22)

PKA (240)

RTK

PKC (@ & B) (3),
pp60("Sr(' (68)

CDPK (> 160), MLCK (28),
PKA (10; 8) (AR, DNAL,
GST, 5-LOX, I'TDI, Nase)
[antibacterial, antiviral,
allergenic, silkworm feeding
attractant]|
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Compound (class)

Plant source (family) | plant part/

Target inhibited (other targets)
/in vivo effects/

Myricetin (= 3,5,7,3',4",5'-

Hexahydroxyflavone)
(flavonol)

Nallanin
{prenylated isoflavone)
Naphthazarin
{(naphthoquinone)

Naringin (= 2,3-
Dihydroapigenin 7-0-
rhamnosyl-glucoside)
{flavanone O-glycoside)

Norathyriol
{(xanthone)

Okanin (= 3,4,2',3" 4'-
Pentahydroxychalcone
{chalcone)

Oregonin
(diarylheptanoid)

Phloretin (= 2',4,4",6'-
Tetrahydroxy-
dihydrochalcone)
{(dihydrochalcone)

Phylloflavan (= 2R-2,3-
trans-Catechin 3-0-3-
hydroxy-0-(3,4-
dihydroxyphenyl)-
pentanoate)

{catechin ester)
Piceatannol (= 3,3",4,5'-
Tetrahydroxystilbene)

(stilbene)

Soymuda_febrifuga (Meliaceae) [wood],
Haplopappus canescens (Asteraceae)

[aerial]; glycosides in Vaccinium

macrocarpon (Ericaceae), Azadirachta

indica (Meliaceae), Myrica rubra

(Myricaceac) [ bark], Primula sinensis
(Primulaceae) [petal|, Camellia sinensis

(Theaceae) [leaf]

Derris scandens (Fabaceae)

Juglans mandshurica ( Juglandacaeac)
(husk], Lomatia obtigua (Proteaceae)

[wood, bark]

Adiantum spp., Ceterach officinarum
(fern) (Adiantaceae), Origanum
vulgare (oregano) (Lamiaceae),
Citrus aurantium, C. limon,

C. paradisi, C. sinensts
(grapefruit) (Rutaceae)

Allanblackia, Cratoxylum, Garcimia,
Hypericum, Mammea, Ochrocarpus,
Symphonia (Guttiferae), Clarisa,
Chlorophora, Maclura (Moraceae)
spp-; ferns

Glycoside in Bidens spp., Coreopsis spp.

(Asteraceace) [flower]

Alnus hirsuta (Betulaceae), Pinus flexilis

(Pinaceae)
Malus domestica (Rosaceae)

[leaf]; as 2'- glucoside (Phloridzin)

in Kalmia latyfolia, Pieris japonica,
Rhododendron spp. (Ericaceae),
Malus spp. (Rosaceae),
Symplocos spp.
(Symplocaceae)

Phyllocladus trichomanoides
(Podocarpaceac)

[twig, cladode]

Laburnum anagyrovdes (Fabaceae)
[wood)], Morus alba Moraceae),
Picea spp., Pinus spp., Tsuga
canadensis (Pinaceae)

Plantainoside Digitalis purpurea (Scrophulariaceac)
{phenylethanoid glycoside)  [leaf]

CDPK (30}, IKK, MLCK (6),
PKA (1) (AROM, DNAL,
DNAP, Fi-ATPase, HIV-1
INT, HIV-1 RT, iNOS,
5-LOX, NADH DH, Na*, K*-
ATPase, Nase, NEP, PGK,
5aR, succinate DH, TOPII,
TPO) [antibacterial,
antigonadotropic,
apoptotic]

PKA (33), PKC (120)

MLCK, PKA

PKA (27) (TPO) [bitter,

oviposition stimulant]

PKC

CDPK (45), MLCK (55) (ox.
phos. uncoupler) [yellow
pigment]|

PKCa (15)

PKC (> 50) (ECMOX,
EGF-RTK, EST-R,
Fi-ATPase, ITD, ox. phos.
(uncoupler)) [antibacterial,
Al feeding deterrent]

CDPK (8), MLCK (56), PKA
(120), PKC (7)

CDPK (19), MLCK (12),
PKA (3), PKC (8),
p56i* TK (PM) (~50),
p40 TK (15), soluble &
membrane TK (F;- ATPase)
[antifungal]

PKCa (15)

(continued )
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Compound (class)

Plant source (family) | plant partf

Target inhibited (other targets)
/in vivo effects/

Plumbagin
{(naphthoquinone)

Poliumoside
{phenylethanoid glycoside)
Procyanidin B-2 3,3'-di-O-
gallate
{condensed tannin)
Prunetin (= 5-Hydroxy-
7,4'-dimethoxyisoflavone)
(isoflavone)

Psoralen (= Ficusin)
(coumarin)

Purpurin
{anthraquinone)

Purpurogallin
{bicyclic phenolic)

Quercetagetin (= 6-
Hydroxyquercetin;
3,5,6,7,3",4'-
Hexahydroxyflavone)
{flavonol)

Quercetin (= 3,5,7,3" ,4'-
Pentahydroxyflavone)
{flavonol)

Dionaeae muscipula (Venus fly
trap; 2 action potential-
initiating stimulus events
required before trap
closure), Drosera (Droseraceae),
Aristea, Sisyrfynchium, Sparaxis
(Iridaceae), Diospyros (Ebenaceae),
Pera (Euphorbiaceae) spp.;
Plumbago europaea
(Plumbaginaceae) [root]

Penstemon linarioides
{Scrophulariaceae)

Rheum palmatum (rhubarb)
(Polygonaceae) [rhizome]

Glyeyrrhiza glabra, Dalbergia
miscolobrum, Plerocarpus angolensts,
(Fabaceae), Prunus cerasus (sour
cherry), P spp. (Rosaceae)

Psoralea spp., Goromilla glauca
(Fabaceae) [seed], Foentculum
vulgare, Levisticum officinale,
Pastinaca sativa, Petroselinum
crispum (Apiaceae), Ficus carica
(Moraceae), Phebalium agenteum
[oil], Xanthoxylum flavum
(Rutaceae) [wood]

Asperula odorata, Relbunium hypocarpum,
Galium spp., Rubia cordifolia,

R. tinctorum, R. cordifolia (Rubiaceae)
[root]; glycoside in Rubia tinctorum
{madder) (Rubiaceae) [root]

Dryophanta divisa gall on Quercus

pedunculata (Fagaceae)

Eupatorium gracile (Asteraceae), other
Asteraceae [flower]; glycosides in
Tagetes erecta (marigold) (Asteraceae)
[flower]

Widespread; Asteraceae, Passiflorae,
Rhamnaceae, Solanaceae;
Podoplyllum peltatum (Berberidaceae),
Allium cepa (Liliaceae), Oenothera
biennis (Onagraceace), Koelreuteria
henryi (Sapindaceae); widespread
as glycosides

MLCK, PKA (ECMOX,
TOPID)

PRCa (24)

CKII (3) (SEP)

EGF-RTK (15) (ADH)

MLCK (267)
[ photosensitizer, anti-
mycobacterial]

CDPK (14), MLCK (25),
PKA (4), PKC (19) (HIV-1
INT) [genotoxic, pigment]

EGF-RTK (28; 45) [55; 84]
(HIV-1 INT, PEP, PGK, XO)
[antioxidant, red pigment]

CDPK (>160), MLCK (26),
PKA (2) (AR, DNAP, I-
ATPase, HIV-1 INT, HIV-1
RT, Na*, K*-ATPase, TOPII)
[antibacterial, yellow pigment]

CDPK (14), CKII (0.8),
EGF-RTK (17; 27), MLCK
(6), PhK (17), PKA (1; 4),
PKC (<50), pp60** (RSV)
(27), p56* TK (AR, cAMP
PDE, CFTR, DNAP F;-
ATPase, HIV-1 RT,
11BHSDH, LOX, MDR-TR,
Na*t, K*-ATPase, Nase, NEP,
NQOR, PS-EF-la, TOPII)
[allergenic, antibacterial, Al,
antiviral]

(continued )
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Plant source (family) | plant part/

Target inhibited (other targets)
/in vivo effects/

Quercitrin (= Quercetin
3-Rha; 3,5,7,3',4'-Penta-
hydroxyflavone-Rha)
{flavonol O-glycoside)

[Quinalizarin (= 1,2,5,8-
Tetrahydroxy-9,10-
anthraquinone)]
{anthraquinone)

[Quinizarin (= 1,4-
Dihydroxy-9,10-
anthraquinone)]
{anthraquinone)

Resveratrol
(stilbene)

Robustic acid
(coumarin)

Rutin (= Quercetin 3-0-
rutinoside; Quercetin 3-
O-rhamnosyl-glucoside)
{flavonol O-glycoside)

[Secalonic acid D]
(dimeric hydroxanthone)

[7,8,3",4"- Tetrahydroxy-
flavone] (flavone)
Theaflavin
{condensed tannin)
Tricetin (= 5,7,3",4",5'-
Pentahydroxyflavone
(flavone)

[Tricetin 3',4",5'- tri-O-
methyl ether (= 5,7-
Dihydroxy-3',4",5"-
trimethoxyflavone)]
{flavone)

[3,3',4'-Trihydroxyflavone]
(flavonol)

[3',4,7-
Trihydroxyisoflavone]
(isoflavone)

Widespread; Acacia catechu, A. spp.
(Fabaceae), Quercus tinctoria
(Fagaceae) [bark], Polygonum spp.
(Polygonaceac)

Semi-synthetic from Alizarin

Synthetic (cf. Emodin)

Cassia, Intsia, Trifolium (Fabaceae),
Nothofagus (Fagaceac), Veratrum
grandiflorum (Liliaceae), Artocarpus,
Morus (Moraceae), Eucalyptus
(Myrtaceae), Pinus (Pinaceae),
Polygonum (Polygonaceae) spp.,
Vitis vinfera (Vitaceae) [leaf]

Derrs scandens (Fabaceae)

Widespread; Sophora japonica
(Fabaceae), Morus alba (Moraceae),
Fagopyrum esculentum, Polygonum spp.
(Polygonaceae), Ruta graveolens
(Rutaceae), Viola tricolor (Violaceac)

Toxic ergochrome mycotoxin of
Penicillium oxalicum (fungus) &
Claviceps purpurea (ergot infection
fungus on Secale cereale (rye)
(Poaceae))

Cf. tetrahydroxyflavones

Camellia sinensis (tea) (Theaceae)

Oenanthe aquatica (Apiaceae),
Ginkgo biloba (Ginkgoaceae),
Camellia sinensis (tea) (Theaceae);
glucosides in Thuja occidentalis
(Cupressaceae), Metasequoia
glyptostrobordes (Taxodiaceae)

Semi-synthetic;
cf. pentahydroxyflavones

Cf. trihydroxyflavones

Cf. trihydroxyisoflavones

MLCK (137), PKA (6)
(ACE, AR) [antibacterial,
antimutagenic, antiviral,
feeding deterrent &
stimulant]

CDPK (65), MLCK (53),
PKA (2), PKC (4) (HIV-1
INT)

MLCK (26), PKA (20),
PKC (24)

po6 Ik TR, soluble &
membrane TK (END-R,
EST-R, F;-ATPase, TYRase,
X0O)

PKA (10)

MLCK (320), PKA (32)
(AR, 5-LOX) [antioxidant,
feeding attractant, feeding
deterrent, oviposition
stimulant]

CDPK (67), MLCK (60),
PKA (12) [6], PKC (15)

CDPK (80), MLCK (20},
PKA (1)
CHII (6)

CDPK (4), MLCK (12),
PKA (1)

PKA (31)

CDPK (25), MLCK (10),
PKA (2) (Na®, K-ATPase)
CKII (0.4)
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Target inhibited (other targets)
/in vivo effects/

Verbascoside (= Acteoside;  Echinacea spp. (Asteraceae), Buddleja

Kusaginin) globosa, B. officinalis, Forsythia
{phenyl propanoid suspense, Olea europaca (Oleraceac),
glycoside) Plantago media (Plantaginaceae),

Verbascum sinuatum, V. thapsum
{(Scrophulariaceae); Acanthaceae,
Bignoniaceae, Gesnerisaceae,
Orobanchaceae, Verbenaceae

Vanicosides A & B (= Polygonum pennsylvanicum
Sucrose 1,3,6-p-coumaryl  (Polygonaceae)
triester 6'-feruloyl ester)
{phenylpropanoid
coumaryl sugar esters)

Warangalone Derris scandens (Fabaceae)
{(prenylated isoflavone)

Terpenes

Abietic acid Widespread in Pinaceae [resin];
(abietane diterpenoid) Prnus tnsularis, Pinus kesiya, Pinus

strobes, Pinus sylvestris (pinaceae)
oa-Amyrin (= a-Amyrenol;  Alstonia booner {Apocycaceae) [root],
Viminalol) Balanophora elongata (Balanophoraceae)
{ursane triterpene) [latex], Erythroxylum coca
(Erythroxylaceac), Hevea brasiliensis
(rubber) (Euphorbiaceae), Ficus
variegata (Moraceae)

[oe-Amyrin linoleate] Semi-synthetic from a-Amyrin
{ursane triterpene
FA ester)

[o-Amyrin palmitate] Semi-synthetic from a-Amyrin
{ursane triterpene
FA ester)

Asiatic acid Shorea spp. (Dipterocarpaceae), Centella
{ursane triterpene) astatica (Apiaceae), Glechoma hederacea

(Lamiaceae), Punica granatum
(Punicaceae); triglycoside Asiaticoside
in Centella asiatica (Apiaceae)
Asiaticoside (= Asiatic Centella asiatica (Apiaceac)
acid triglycoside)
{ursane triterpene

glycoside)

Betulin (= Betulinol; Widespread; Betula platyphylla, B. spp.
Betulol; Trochol) (birch) (Betulaceae) [outer bark],
(lupane triterpene) Diospyros spp. (Ebenaceace)

Betulinic acid Widespread; Diospyros perigrina
(lupene triterpene) (Ebenaceae), Rhododendron arboreum

(Ericaceae) [bark], Psophocarpus
tetragonolobus (Fabaceae), Syzygium
claviforum (Myrtaceae) [leaf],
Solanum aviculare (Solanaceae)

[5-Cholenic acid-33-0l] Human & animal origin
{triterpene) cf. oleanolic acid

EGF-RTK (AR, 5-LOX) [AI]

PKC

PRA (4)

8.1¢
CDPK, PKA

CDPK (52) [26], PKA (8)
[2], PKC (32) [28]
(CABPase, CHY,
collagenase, HIV-1 PR,
TRY) [anti-arthritic, Al
anti-insect]

MLCK (>83), PKA (8) [2],
PKC (>83) (CABPase,
CHY, collagenase, 5-LOX,
TRY) [AI]

PKA (8) [4], PKC (>83)
(CABPase, CHY,
collagenase) [Al]

CDPK (40), PKA (22),
PKC (400)

PKA (190) [promotes wound
healing]

CDPK (75), PKA (20), PKC
(> 300) [antineoplastic]
CDPK (84), PKA (45), PKC

(145) (AP, ATP-K" CH,
HIV-1 PR} [antineoplastic]

PKA (8)
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Corosolic acid Crataegus pinnatifida [fruit], Rubus PKC [cytotoxic]
{ursane triterpene) alceagfolius (Rosaceae)
Crocetin Bixa orellana (Bixaceae), Crocus PKA (3), PKC (80) [yellow
(carotenoid) satius (style = saffron), Crocus spp. food colour]

(Iridaceae) [flower]; digentiobiose
ester (= Crocin) in Crocus sativus
(style), €. spp. (Iridaceae) [flower],
Gardenia spp. (Rubiaceae),

Verbascum phlomoides
{(Scrophulariaceae)

Dipterocarpol Dipterocarpus acutangulus, D. draco PKA

(dammarane triterpene) {dragon’s blood) (Dipterocarpaceae),
Prstacia terebinthus (Anacardiaceae)
[gall]

Friedelin Ceratopetalum petalum (Cunoniaceae), PKA

(friedelane triterpene) Quercus suber (Fagaceae) [cork],
Viola odorata (Violaceae), lichens

18-a-Glycyrrhetinic acid Glyeyrriuza glabra (liquorice) PKA (6), PKC (159) [Al,
(Glycyrrhetic acid; (Fabaceae) [root, rhizome] anti-ulcerogenic, anti-
Glycyrrhetin) diuretic]

{triterpene sapogenin)

18-B-Glycyrrhetinic acid Glyeyrriuza glabra (liquorice) PKA (6), PKC (121)
(Glycyrrhetic acid; (Fabaceae) [root, rhizome] (ALDO-R, CBG, CORT-R,
Glycyrrhetin) ELA, EST-R, BHSDH, SBG)
{triterpene sapogenin) [Al, anti-ulcerogenic, anti-

diuretic]

Glycyrrhizic acid (= Glyeyrriuza glabra (liquorice) (Fabaceae) PKA (360); HMG
Glycyrrhetinic acid 3-0- [root, rhizome] phosphorylation by CKI &
glucuronosyl-glucuronide; PKC per interaction with
Glycyrrhizin; Glycyrrhinic HMG (ALDO-R, CBG,
acid; Glycyrrhizinic acid) CORT-R, EST-R, SBG) [Al
(triterpene glycoside anti-ulcerogenic, sweet taste]
saponin)

Gossypol Gossypium spp. (cotton), Montezuma CDPK (17), MLCK (144),
{(dimeric phenolic spectosissima, Thespesia popuinea PKA (10), PKC (50-100)
sesquiterpenoid) (Malvaceae) [seed]; African slave  (Ca’*-ATPase, CAMA,

labour especially for cotton, DNAP, 11HSDH)
sugar & coffee plantations in [antifungal, antitumour,
the Americas — about inhibits spermatogenesis]
10-15 million kidnapped &

sent to America

Helenalin Anaphalis, Armica, Baldwina, IKK-NFkB complex
{(pseudoguaianolide Eupatorium, Gaillardia, Helenium, (prevents NF«B release)
sesquiterpene lactone) Inula spp. (Asteraceae) (ox. phos.) [antineoplastic,

cytotoxic, toxic|

a-Hederin Hedera helix (Araliaceac) [leaf] CDPK
{triterpene saponin)

Hypoestoxide Hypoestes rosea (Acanthaceae) IKK [blocks LPS-induced
(diterpene) monocyte iINOS, TNF-a, IL-

1B & IL-6 expression]

[Lithocholic acid methyl Human & animal origin PKA (rat) (9)
ester] (triterpene) cf. oleanolic acid

(continued )
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Table 8.1 (Continued)

Compound (class)

Plant source (family) | plant partf

Target inhibited (other targets)
/in vivo effects/

Lupeol (= Fagasterol;
Monogynol B; 3-Viscol)
(lupane triterpene)

Lupeol linoleate
(=Lupeol-9, cis-
12-octadecadienoic
acid acid ester) (lupane
triterpene FA ester)

Lupeol palmitate
(= Lupeol hexadecanoic
acid ester) (lupane
triterpene FA ester)

Oleanolic acid
{oleanane triterpene)

Parthenolide
{germacranolide
sesquiterpene lactone)

Platanic acid
{triterpene)

[Retinal]

(carotene)

a-Tocopherol
(= Vitamin E entity)
{chromanol)

Ursolic acid (= Malol;
Malolic acid; Micromerol;
Prunol; Urson)

{ursane triterpene)

Other
Aristolochic acid
(phenanthrene)

Alstonia boonei (Apocynaceae)
[bark, seed], Phyllanthus
emblica (Euphorbiaceae),
Lupinus luteus (Fabaceae)
[seed]; various Asteraceae
[flower]

Semi-synthetic from Lupeol

Semi-synthetic from Lupeol

Luyffa ¢ylindrica (sponge gourd);
(Cucurbitaceae), Lavandula
latifolia, Rosmarmus officinalis,
Salvia triloba, Thymus vulgaris
(Lamiaceae), Syzygum aromaticum
(Myrtaceae); 3-O-glucuronide
in Lonicera migra (Caprifoliaceae),
Beta vulgaris
{Chenopodicacac)

Ambrosia spp., Aretotis spp.,
Chrysanthemum parthenium, Tanacetum
parthenium (feverfew), 1. vulgare
(Asteraceae), Michelia spp.
(Magnoliaceae)

Melaleuca leucadendron, Syzygium
claviflorum (Myrtaceae)

Oxidation of Vitamin A (Retinol),
in turn derived from pro-vitamin A
carotenes

Widespread esp. in green leaf,
green vegetables, grain &
plant oils; most active of
Vitamin E entities

Widespread; Nerium oleander
(Apocynaceae), Vaccinium
macrocarpon (cranberry),
Arctostaphylos uva-ursi (bearberry)
(Ericaceae), Salvia triloba, Prunella
vulgaris, Rosmarinus officinalis
(Lamiaceae), Malus sp. (apple),
Pyrus sp. (pear) (Rosaceae)

[fruit surface]

Aristolochia clematis, A. debilis,
A.indica, A. longa, Asarum canadense
{Aristolochiaceae)

PKA (5) [6; 4], PKC (82)
[35], (CABPase, CHY,
TOPII, TRY) [anti-arthritic,
Al antitumour]

PKA (4) [2], PKC (35) [40]
(CABPase, CHY, TRY) [AI]

PKA (9) [4] (CABPase,
CHY, TRY) [AT]

CDPK (112), PKA (12),
PKC (250) (C3-convertase,
DNAL, DNAP, ELA,
HYAL, TOPI, TOPII) [anti-
angiogenic, Al

IKKB (5HT-R) [antibacterial,
antifungal, antitumour, anti-
migraine, cytotoxic|

PKC [anti-HIV]

PKC

PKCB [AO/FRS]

CDPK (71), PKA (9), PKC
(106), RTK (AChE, DNAL,
DNAP, ELA, HIV-1 PR,
RT, TOPI, TOPII] [anti-
angiogenic, Al, cytotoxic,
antineoplastic|

8.10
MLCK, PKA, PKC

(continued )
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Compound (class)

Plant source (family) | plant part/

Target inhibited (other targets)
/in vivo effects/

Arsenite (= AsO5%7)
{oxidized arsenic);
arsenite/arsenate-
contamination of
W. Bengal &
Bangladesh under-
ground drinking water

14.3.3 proteins
{protein)

CaM-binding basic
proteins
{protein)

CDK inhibitor protein
(= Ubiquitin)

{protein)
10-Hydroxydecanoic acid
(fatty acid)
12-Hydroxystearic acid
(fatty acid)
Lithium ion

(Li)

15-Pentadecanolide (= 15-
Hydroxypentadecanoic
acid lactone)

(hydroxy fatty acid
lactone)

PKI (= Protein kinase
inhibitor protein)
{protein)

PRLI WD protein
{protein)

Selenic acid (HySeO,)

(selenium oxide)

Selenious acid (H,SeOg)
(selenium oxide)

Selenium dioxide (SeOy)

(selenium oxide)

[a-Terthiophene]
(polythiophene)

Non-plant reference
[Alkyl-lysophospholipid]
{phospholipid)

Environmental; arsenic accumulator
and hyper-accumulator plants, e.g.
Preris vittata (ladder brake, fern),
Puiyrogramma calomelanos (silverback
fern) (Pteridaceae)

All plants (& animals, fungi)

All plants

Medicago sp. (Fabaceae); universal
in eukaryotes

Cf. fatty acids
Cf. fatty acids

Environmental; used for bipolar
mood disorder & manic depression
treatment

Cf. fatty acids

Triticum aestivum (wheat), Hordeum
vulgare (barley) (Poaceae) [seed]

Arabidopsts thaliana (Brassicaceae);
likely to be widespread

Derives from oxidation of
selenocysteine & other selenium
metabolites

Derives from oxidation of
selenocysteine & other selenium
metabolites

Derives from oxidation of
selenocysteine & other selenium
metabolites

Tagetes erecta (marigold) (Asteraceae)
[leaf, root]

Animal

IKK (Arsenite (AsO4*7) toxic
due to reaction with thiols)
[carcinogenic, cardiovascular
disease, hyperkeratosis,
peripheral neuropathy, toxic;
reacts with vicinal thiols]

PKC [& other regulatory
functions]

CDPK

CDK

PKA (138)
PKA (127)

GSK3p [normal GSK Ser
phosphorylation & inhibition
by insulin-activated PKB]

PKA (20)

clF2aK

SNF1IK

CDK2, PKC

CDK2, PKC

CDK2, MLCK, PKC (Ca®*
site [68], phosphatidylserine
site [60])

[chemopreventative,
pro-apoptotic|

Potential metabolites PKC
inhibitors Hydroxymethyl-a-
terthiophene & a-
Terthiophene carboxaldehyde
[ phototoxic, photodermatitic]

8.1n
PKC

(continued)
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Table 8.1 (Continued)

Compound (class) Plant source (family) | plant partf Target inhibited (other targets)
/in vivo effects/
[Anthraflavic acid (= 2,6-  Synthetic anthraquinone cf. Emodin  MLCK (37), PKA (60),
Dihydroxy-9,10- PKC (26)

anthraquinone)]
{anthraquinone)
[Anthrarufin
(= 1,5-Dihydroxy-9,10-
anthraquinone)]
{anthraquinone)
[6-Benzylamino-2-
thiomorpholinyl-9-
isopropylpurine]
(purine)
[Calphostin C]
(perylene quinone)
[Doxorubicin
(=Adriamycin)]
{anthracycline)
[Erbstatin]
{phenolic)
[Flavopiridol]
(N-methylpiperidinyl,
chlorophenyl flavone)
[H7)
{isoquinoline
sulphonamide)
[H89]
{isoquinoline)
[Halenaquinone]
(polyketide)
[Hydroxymethyl
a-terthiophene]
{polythiophene)
(10E)-Hymenialdesine
(alkaloid)
(10Q)-Hymenialdesine
(alkaloid)
[K252a]
{indole)
[Mitoxantrone
(= Mitoxanthrone]
[anthraquinone]

[Olomoucine (= 6-
(Benzylamino)-2-(2-
hydroxyethylamino)-9-
methylpurine]

(purine)

[Purealin]

{(brominated polycyclic
aryl imidazole)

[Roscovitine]

{purine)

Synthetic {cf. Emodin)

Synthetic

Cladosporium cladosporioides (fungus)

Streptomyces peucetius (fungus)
(Actinomycete) cf. Daunomycin;

major clinical anticancer drug

Synthetic

Synthetic 5,7-Dihydroxyflavone
(Chrysin) derivative

Synthetic

Synthetic
Sea sponge

Synthetic

Stylissa massa (Philippine sponge)
Stylissa massa (Philippine sponge)
Streptomyees sp. (fungus)
Synthetic anthraquinone

{cf. Emodin); clinically used

anticancer drug

Synthetic

Psammaplysilla purea (sea sponge)

Synthetic

CDPK (>160), MLCK
(>160), PKA (2), PKC (4)

CDK2

PKC [anticancer, antiviral]

PKC (as Fe(Ill}-adriamycin
complex) [1] (DNA, TOPII)

[antineoplastic, cytotoxic]

RTK

CDKI, CDK2, CDK4 &
CDK7

PKA (2), PKC (5) [0.8],
TK (4), CaM-PK (80)

PKA

EGF-RTK (19), pp60*
(2) (PI3K)
PKC (0.1)

MAPKK-1 (= MEK-1) (3nM)
MAPKK-1 (= MEK-1) (6 nM)
PKC

MLCK (2), PKA (60),
PKC (4) [1] (DNA,
DINAS, RNAS)
[antineoplastic]

CDK2 [antimitotic]

MLCK (CaM, cAMP PDE)
[modulates smooth muscle
myosin|

CDK2

(continued )



Table 8.1 (Continued)

8. Signal-regulated protein kinases 323

Compound (class) Plant source (family) | plant part/ Target inhibited (other targets)
/in vivo effects/
[Staurosporine] Microbial PKA (60 nM), PKC (30 nM),
(isoquinoline) TK (19nM), CAMPK
(10 nM)
[Staurosporine] Streptomyces sp. (fungus) IGF-1-RTK, I-RTK, PKA,
{indole) PKC
[Tamoxifen] Synthetic EST-R antagonist PKC (EST-R) [clinical

{triphenylethylene amine)
[a-Terthiophene

carboxaldehyde]

(polythiophene)

used against breast cancer
Synthetic

anticancer drug]

PKC (0.1)

Table 8.2 Activation of protein kinase C by plant-derived phorbol esters

Compound (class)

Plant (fanuly) | part/

Effect on PEC [ in vivo effects/

Phenolic

Daphnoretin (= 3,6-
Dihydroxy-7-
methoxycoumarin 3-(6'-
coumarvl) ether)
(dimeric coumarin)

Decursin
{coumarin)

Decursinol angelate
(=structural isomer of
decursin) (coumarin)

Sanggenon C
{flavanone)

Sanggenon D
(flavanone)

Terpene
¢is-Abienol

(labdane diterpene)

Daphnetoxin
{(daphnane diterpene)
28-Deacetylbelamcandal
(spiroiridal triterpene)

12-Deoxy-5-B-
hydroxyphorbol-6a, 7a-
oxide-13-hexadeca-2,4,6-
13-hexadeca,-2,4,6-trienoic
acid ester (= irritant factor
M3) (tigliane diterpene PE)

12-Deoxyphorbol
13-benzoate (phorbol
ester; tigliane
diterpene)

Medicago sativa (Fabaceae),
Ruta graveolens (Rutaceae),
Daphne mezereum
(Thymelaeaceae), Wikstroemia
wndica (Thymelaceae)

Angelica decursiva, A. gigas
(Apiaceae) [root]

Angelica gigas, Seset
grandivittatum (Apiaceae) [root]

Morus mongolica (Moraceae)
[root bark]

Morus mongolica (Moraceae)
[root bark]

Abies balsamea (Pinaceae),
Nucotiana tabacum (tobacco)
(Solanaceae)

Daphne gnidium, D. mezereum
{Thymeleaceae) [stem bark]

Iris tectorum (Iridaceae)
[rhizome]

Hippomane mancinella
{manchineel apple)
(Euphorbiaceae) [fruit, leaf
latex]; W. Indies arrow
poison; fruit poisoned
sailors of Christopher
Columbus (1493)

Sapium sebiferum (Chinese
tallow) (Euphorbiaceae)
[seed]

8.2p

Activates cytosolic PKC (rabbit)
(EC5 12), inhibits PM PKC
(rabbit) (IC;, 45) [induces PA
(EC50 17); 1 platelet ATP
release]

PKC activation
[cytotoxic]

PKC activation
[cytotoxic]

Inhibits PE binding & PKC
activation
Inhibits PE binding & PKC

activation

8.2t
Inhibits ODC induction by TPA

Activates PKC — PKC-a (0.5),
v (0.9), 8 (3) [toxic]

PKC activator [induces TNFa
release, secondary tumour
promoter]

Presumed PKC activator
[dermatitic, irritant, secondary
tumour promoter, toxic];
Horatio Nelson drank
Hippomane mancinella
leaf-poisoned water
in W. Indies (1777)

Activates PKC (ECj5; 0.18)

[inflammatory]

(continued )
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Table 8.2 (Continued)

Compound (class)

Plant (famuly) | part/

Effect on PRC [ in vivo effects/

12-Deoxyphorbol 13-
phenylacetate

{phorbol ester; tigliane
diterpene)
12-Deoxyphorbol 13-
phenylacetate-20-acetate
{phorbol ester; tigliane
diterpene)

ent-16a,17-Dihydroxyatisan-

3-one (diterpene)
Faradiol
(taraxastane triterpene)

Frullanolide
{eudesmanolide
sesquiterpene lactone)

18B-Glycyrrhetinic acid
(= Glycyrrhetic acid)
{triterpene)

Gnidamacrin
{(daphnane diterpene)

Huratoxin
{(daphnane diterpene PE)

17-Hydroxyingenol 20-
hexadecanoate
(ingenane diterpene)

Ingenol
(ingenane diterpene)

Ingenol 3-benzoate
{ingenane diterpene)

Ingenol 3,20-dibenzoate
(ingenane diterpene)

Ingenol 20-hexadecanoate
(ingenane diterpene)

Mezerein
{(daphnane diterpene)

Phorbol
(tighane diterpene)
Resiniferonol
(daphnane diterpene)

Euphorbia poissonit,
E. unispina (Euphorbiaceae)
[latex]

Luphorbia poissonit,
E. unispina (Euphorbiaceae)
[latex]

LEuphorbia quinquecostata
(Euphorbiaceae) [stem wood]

Arnica montana, Calendula
officinalis, Heliantfus annuus,
Taraxacum japonicum,
T.officinale, Tussilago farfara,
Taraxacum (Asteraceae)

Frullamia tamarisct, F dilatata
(liverworts) (Hepaticae)

Glyeyrrhiza glabra (liquorice)
(Fabaceae) [rhizome, root]

Stellera chamagiasme
(Thymelaeaceae) [root]

Hippomane mancinella
{manchineel apple), Hura
crepitans (Euphorbiaceae)
[fruit, leaf latex], Punelea
stmplex, Wikstroemia retusa
(Thymelaeaceae)

Euphorbia quinquecostata
(Euphorbiaceae) [stem wood]

Euphorbia spp. (Euphorbiaceac)
Euphorbia spp. (Euphorbiaceae)

Luphorbia esula
(Euphorbiaceae)

Euphorbia quinquecostata
(Euphorbiaceae) [stem wood]

Daphne mezereum
(Thymelaeaceae)

Croton tiglium (Euphorbiaceae)
[seed oil]

LEuphorbia porsonit,
E. restnifera (Euphorbiaceae)

Activates PKC [inflammatory]

Activates PKC [inflammatory]

Inhibits PDB-R (PKC) binding

Inhibits TPA co-carcinogenesis
(CHY, TRY) [chemopreventive]

Inhibits ODC induction by TPA

[dermatitic]

Inhibits ODC induction by TPA
(ALDO-R, CBG, CORT-R,
EST-R, I1BHSDH, Na*, K™~
ATPase, SBG) [elevated cortisol,
hypermineralo-corticoidism]

PKC activation [antitumour, PKC
activation & downregulation,
CDK2 activity suppression, cell
cycle arrest]|

Presumed PKC activator
[dermatitic, irritant, secondary
tumour promoter, toxic]

Inhibits PDB-R (PKC) binding

Inactive but esters activate PKC
Activates PKC

Activates PKC — nPKC, PKC-
9, &, 0 & p [anticancer]
Inhibits PDB-R (PKC) binding

Activates PKC — PKC-a (at
1-100nM), PKC-y, 8, L & m
(at 1) [antitumour]

Inactive but esters activate PKC

Inactive but di- & triesters
activate PKC

(continued )
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Compound (class)

Plant (fanuly) | part/

Effect on PEC [ in vivo effects/

Resiniferonol 9,13,14-
orthophenylacetate
{(daphnane diterpene
triester)

Resiniferatoxin (= Euphorbia
factor RLg; Resiniferol
vanillate & phenylacetate
diester) (daphnane
diterpene diester)

Sapintoxin A (= 4-
Deoxyphorbol 12-(2-
methylamino)benzoate-
13-acetate (phorbol ester;
tigliane diterpene)

Sapintoxin C (= 4-Deoxy-
20-deoxy-5-hydroxy
phorbol 12-
(2-methylamino) benzoate-
13-acetate; 20-deoxy-5-
hydroxy-sapintoxin A)

{ phorbol ester; tigliane
diterpene)

Steviol
(diterpene)

Taraxasterol
(taraxastane triterpene)

Taraxerol
(taraxastane triterpene)

12-Tetradecanoylphorbol
13-acetate (= TPA; Croton
factor Al) (phorbol
ester; tigliane diterpene)
Thapsigargin
(sesquiterpene lactone)
Thymeleatoxin
(diterpene)
Tinyatoxin
(daphnane diterpene)
ent-33,16¢a,17-
Trihydroxyatisane
(atisane diterpene)
Tubeimoside I
{triterpene saponin)
Tubeimoside III
{triterpene saponin)

Other
Ca’"

(calcium iom)

Euphorbia resinifera
(Euphorbiaceae)

Euphorbia poisonit,
E. resimifera, E. unispina
(Euphorbiaceae)

Sapium indicum [ripe fruit],
S. sebiferum (Chinese tallow)
(Euphorbiaceae) [seed]

Sapium sebiferum (Chinese
tallow) (Euphorbiaceae) [seed]

Stevia rebaudiana (Asteraceae)

Saussurea lappa, Taraxacum
Japonicum (Asteraceac)

Taraxacum japonicum
(Asteraceae), Skimmia japonica
(Rutaceae), Camellia sinensts
(Theaceae)

Croton tiglium (Euphorbiaceae)

[seed oil]

Thapsia garganica (Apiaceac)

Thymelea hirsuta
(Thymelacaceac) [leaf]

Euphorbia poisonii (tinya)
(Euphorbiaceae) [latex]

Euphorbia quinquecostata
(Euphorbiaceae) [stem wood]

Bolbostemma paniculatum
{Cucrbitaceae) [bulb]
Bolbostemma paniculatum

(Cucrbitaceac) [bulb]

Universal

Activates PKC — PKC-a (at
1-100nM), PKC-vy, 8, { & 1
(at 0.1-1)

Activates PKC — PKC-a (at
1-100nM), PKC-y, 8, { & m
(at 1) (VAN-R) [secondary
tumour promoter, irritant,
bladder sensory fibre
desensitization]

Activates PKC — PKC-a (at
1-100nM), PKC-y, 8, L &
(at 1) [inflammatory]

Does not activate PKC
(EC59 >100) [not

inflammatory]

Inhibits ODC induction by TPA
[GA-like activity]

Inhibits TPA co-carcinogenesis
[chemopreventive]

Inhibits TPA co-carcinogenesis
[chemopreventive]

Activates PKC — PKC-a, v, 8, {
& 7 (at 1-100nMj [irritant,
inflammatory, secondary
tumour promoter|

Activates PKC (PKC-at)
(Ca?*-ATPase)

Activates PKC — nPKC, ¢cPKC,
PKC-p

Activates PKC (PKC-a) [skin
inflammatory]|

Inhibits PDB-R (PKC) binding

Inhibits TPA co-carcinogenesis &
oedema [Al]

Inhibits TPA co-carcinogenesis &
oedema (loses antitumour

promotion if ingested) [Al]

8.20
Activates Ca’ T -dependent PKC

isozymes

(continued )
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Table 8.2 (Continued)

Compound (class)

Plant (famuly) | part/

Effect on PRC [ in vivo effects/

Diacylglycerol
{glycerol diester)

Tricolorin A (= (11S)-
Hydroxyhexadecanoic
acid 11-O-rhamnosyl-
[2-0~(25-methylbutyryl)-
4-0- (25-methylbutyryl)]
rhamnosyl-glucosyl-
furanoide-(1,3"-lactone)
(FA glycoside)

Non-plant reference

[Bryostatin-1]
{(pyrane macrolide lactone)

[Octanoyl acylglycerol
diester (= OAG)]
{glycerol diester)

[Phorbol 12,13-dibutyrate]
(phorbol ester; diterpene
ester)

Universal

Ipomoea tricolor
{Convolvulaceae) [resin]

Bryozoa (Bugula neretina)

Semi-synthetic

Semi-synthetic

Activates PKC [PA, T platelet
ATP release]

Inhibits PDB binding to
PKC (calf brain) [allelopathic,
inhibits seedling growth,
cytotoxic]

8.2n

Activates PKC — PKC-a, v, 8, {
& m (at 10-100 nM)

Activates PKC [PA, T platelet
ATP release]

Activates PKC — PKC-a, v, 8, {
& m (at 1-100nM)
[PA, T platelet ATP release]

Table 8.3 Receptor tyrosine kinase-mediated signalling

Compound (class) Plant (famuly) | part/ Process inhibited (other targets)
/in vivo effects/
Brain-derived neuro- 8.3A

trophic factor (BDNF)
receptor tyrosine
kinase (BDNF-RTK)

L-BOAA (= B-M
Oxalylamino-L-alanine)
{amino acid)

L-BMAA (= B-A
Methylamino-1.-alanine)
(amino acid)

Collagen receptor
(COLL-R) (cf. 5.7D)
[Avicine pseudocyanide]

(alkaloid)

Frangulin B
(anthraquinone
glycoside)

Lathyrus sativus (Fabaceae) [seed]

Cycas cireinalis (Cycadaceae)

Lanthoxylum wntegrifolia (Rutaceae)

Frangula alnus, Rhamnus
cathartica, R. frangula
(Rhamnaceae) [bark,
root, seed]

Induces BDNF expression
(Non-NMDA-Glu-R,
Norepinephrine transport)
[cytotoxic, excitatory,
lathyrism (neuronal damage
disease) in humans]

Induces BDNF expression
(Non-NMDA-Glu-R agonist,
Norepinephrine transport)
[excitotoxin, lathyrism
(neuronal damage disease) in
humans]

8.3B

COLL-R antagonist [inhibits
collagen-induced PA (47) &
platelet adhesion & ATP
release]

COLL-R antagonist [inhibits
collagen-induced PA &
platelet adhesion & ATP
release]

(continued )
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Table 8.3 (Continued)

Compound (class) Plant (family) | partf Process infubited (other targets)
/in vivo effects/
Epidermal growth factor 8.3C
(EGF) receptor tyrosine
kinase (EGF-RTK)
Alkaloid 8.3Ca
Pheophorbide a Pysychotria acuminata (Rubiaceae) [ Light-dependent inactivation
(pyrrole) of EGF-R & of complement
factor 5 binding; antitumour,
immunosuppressive]
Phenolic 8.3Cp

Acacetin (= Apigenin 4'- Fern [leaf exudate], Ammi visnaga

methyl ether; 5,7,4'-
Trihydroxyflavone 4'-
methylether) (flavone)

(Apiaceae), Asteraceae [leaf],
Betulaceae [leaf bud exudate],
Ginkgo biloba (Ginkgoaceae),

Agastache foeniculum, Mentha
aquatica { Lamiaceae); glycosides in
Cirsium (Asteraceae), Linaria
(Scrophulariaceae), Tilia japonica
(Tiliaceae) spp.

Apium, Daucus (Apiaceae), Achillea,
Artemisia (Asteraceac), Mentha,
Thymus (Lamiaceae), ferns [leaf
surface], Buddlea officinalis
(Loganiaceae) [flower], Digitaria
extlis (Poaceae); as glycoside in
Apium (celery), Petroselinum
(parsley) (Apiaceac), Cosmos,
Erigeron, Dahlia (Asteraceae),
Amorpha (Fabaceae) spp.

Cicer aretum, Medicago sativa,
Trifolium pratense, Baptisia spp.,
Dalbergia spp. (Fabaceae), Virola
cadudifolia (Myristicaceae)
[wood)], Cotoneaster pannosa
(Rosaceae) [fruit]

Vicia faba, Dalbergia odorifera,
Robinia pseudoacacia (Fabaceae)
[wood]; glycosides in Coreapsts,
Budens (Asteraceac), Butea
(Fabaceae) spp.

Widespread as glycoside [flower,
fruit, leaf] tuber]

Apigenin (= 5,7,4'-
Trihydroxyflavone)
{flavone)

Biochanin A (=5,7-
Dihydroxy-4'-
methoxyisoflavone;
Pratensol) (isoflavone)

Butein (=2’ ,4',3,4-
Tetrahydroxychalcone)
{chalcone)

Cyanidin (= 3,5,7,3' 4'-
Pentahydroxyflavilium})
{anthocyanidin)

Delphinidin (= 3,5,7,3’,
4'5'- Hexahydroxy-
flavilium) (anthocyanidin)

Desmal (= 8-Formyl-2,5,7-
trihydroxy-6-
methylflavanone)
{flavanone)

Widespread as glycoside [flower,
fruit, tuber]

Desmos chinensis (Annonaceae)
[leaf, stem]

EGF-RTK (141) (AR, ITDI)
[allergenic, inhibits histamine
release]

EGF-RTK (92) (CDK2, IGF-
[-RTK, I-RTK, MAOA,
MAOB, MLCK, PKA, PKC)
(BZ-R-like R) [antibacterial,
Al diuretic, hypotensive,
Rhizobium nodulation
stimulant]

EGF-RTK (92) (MLCK, PKA)

[oestrogenic, hypolipidaemic]|

EGF-RTK (8; 65) (p60°" TK)

EGF-RTK (0.8) [inhibits
EGF-induced tumour
cell growth (42; 73);
3-galactoside inactive;
red pigment]

EGF-RTK (1) [inhibits EGF-
induced tumour cell growth
(18; 33); mauve pigment]

[Human A431 cell PM EGF-
RTK (8)]

(continued )
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Compound (class)

Plant (famuly) | part/

Process inhibited (other targets)
/in vivo effects/

(—)-Epigallocatechin
3-gallate (flavan-3-ol)

Flavone
{flavone)

Genistein (= Genisteol;
Prunetol; Sophoricol;
4'5,7-
Trihydroxyisoflavone)
(isoflavone)

Genistin (= Genistein 7-0-
glucoside; Genistoside;
4'.5,7-Trihydroxy-
isoflavone 7-O-glucoside)
(isoflavone
O-glycoside)

Homoplantaginin
{flavonoid
glycoside)

Hypericin-like compound
{phenolic)

Kaempferol (= 3,5,7,4'-
Tetrahydroxyflavone)
{flavonol)

Kievitone (= 2',4',5,7-
Tetrahydroxy-8-
isoprenylisoflavanone)
(isoflavanone)

Okanin (=2',3',4',3,4-
Pentahydroxychalcone)
{chalcone glucoside)

Davidsonia pruriens
(Davidsoniaceae) [leaf |, Chimaphila
umbellata (Ericaceae), Hamamelis
virginiana (Hamamelidaceae) [bark],
Sorbus aucubaria (Rosaceae),
Camellia sinensis (tea) (Theaceae)

Ammz visnaga, Anethum graveolens
(Apiaceae), Dionysia spp., Primula
pulverulenta (Primulaceac) [leaf],
Pimelea decora, B simplex
{Thymelaeaceae)

Prunus spp. (Rosaceae) [wood],
Genista spp. (broom), Phaseolus
lunatus, Trifolium subterraneum,

1. brachycalycinum (Fabaceae);
7-O-glucoside (= Genistin;
Genistoside) in Genista tinctoria,
Glycine max, Lupinus luteus, Ulex
nanus (Fabaceae); 4'-O-glucoside
(= Sophocoroside) in Sophora

Japonica (Fabaceae) [pod]

Gemista tinctoria, Glycine max,
Lupinus luteus, Ulex nanus
(Fabaceae), Prunus cerasus
(Rosaceae)

Plantago asiatica [leaf], P media
(Plantaginaceae)

Fagopyrum esculentum (buckwheat)
(Polygonaceae) [herb]

Widespread as aglycone &
glycosides; Cuscuta reflexa
{Convolvulaceae) [seed, stem],
Prsum satiwum (Fabaceae),
Thespesia populnea (Malvaceae),
Azadirachta indica (Meliaceae),

Delphinium consolida (Ranunculaceac),

Ciitrus paradisi (grapefruit)
(Rutaceae), Koelreuteria henryt
{(Sapindaceae)

Dolichos biflorus, Lablab niger,
Phaseolus spp. (Fabaceae)

Aglycone of 4'-0-glycoside
(Marein) in Bidens sp., Coreopsis sp.
(Asteraceae) [flower]

EGF-RTK (0.2; 1-2) (FGF-
RTK, PDGF-RTK, pp60"*,
PKA, PKC) [human A431
cell-EGF-RTK (<5); inhibits
EGF-induced tumour cell
growth (21; 32) & TF AP-1
activation; anticarcinogen,
oxidation products give tea
taste]

EGF-RTK (225) (5-LOX,
COX)) [allergenic,
antibacterial, Al, PAI, inhibits
histamine release]

EGF-RTK (3; 22) (HISK,
MLCK, PKA, pp60*** TK,
pp11082 TK) [human A431
cell EGF-RTK (4) i viwo]
(AD-R, GABAA-R, lipase,
peroxidase, TOPII)

[antifungal, oestrogenic]

EGF-RTK (> 231) -
cf. Genistein (TOPII) [plant
growth inhibitor]

EGF-RTK [antiproliferative]

EGF-RTK (PKC)
[photosensitizing, red pigment]

EGF-RTK (11) (CDPK,
MAOA, MAOB, MLCK,
PKA, p56'* TK)

EGF-RTK [antibacterial,
antifungal, oestrogenic;
inhibits EST-R positive breast
cancer cell proliferation]

EGF-RTK (19) (uncoupler)

(continued )
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Compound (class)

Plant (fanuly) | part/

Process inhibited (other targets)
/in vivo effects/

Phloretin (= 2',4,4",6'-
Tetrahydroxy-
dihydrochalcone)
{(dihydrochalcone)

Phloridzin (= Phloretin
2'-0-glycoside)
(dihydrochalcone
O-glycoside)

Procyanidin B-2
{condensed tannin)

Procyanidin C-1
{condensed tannin)

Prunetin (= 5-Hydroxy-
7,4'-dimethoxyisoflavone)
(isoflavone)

Purpurogallin
{bicyclic phenolic)

Quercetin (= 3,5,7,3" 4"~
Pentahydroxyflavone)
{flavonol)

Theaflavin-3,3'-digallate
(gallotannin)

Theaflavins
{tannin)

Verbascoside
(= Acteoside; Kusaginin)
{phenyl propanoid
glycoside)

Other

Glycine Concanavalin A
(lectin; CHO-binding
protein)

Oryza EGF-binding proteins
(35, 40 & 50kDa proteins)

Phaseolus
Erythroagglutinating
phytohaemagglutinin
(= E-PHA) (lectin;
CHO-binding protein)

Aglycone of 2'-glucoside
(Phloridzin)

Kalmia, Pierts, Rhododendron spp.
(Ericaceae), Malus spp.
(Rosaceae)[apple leaf, fruit skin],
Symplocos spp. (Symplocaceae)

Malus sp. (apple) (Rosaceae),
Uncaria sinsensts (Rubiaceae)

Rheum palmatum (rhubarb)
(Polygonaceae) [rhizome]
Prerocarpus angolensis, Dalbergia

miscolobtum (Fabaceae), Prunus spp.

(Rosaceae)
Dryophanta divisa gall on Quercus
pedunculata (Fagaceae)

Widespread; Asteraceae, Passiflorae,

Rhamnaceae, Solanaceae;
Podophyltum peltatum
(Berberidaceae), Allium cepa
(Liliaceae), Oenothera biennis
(Onagraceae), Roelreuteria henryt
(Sapindaceae); widespread as
glycosides

Camellia sinensis (tea) (Theaceae)

[leaf ]

Camellia sinensis (tea) (Theaceae)
[leaf]

Ectunacea spp. (Asteraceae),
Buddleya globosa, B. officinalis,
Forsythia suspense, Olea europaea
(Oleraceac), Plantago media
(Plantaginaceae), Verbascum
stnuatum, V. thapsum
{(Scrophulariaceae);
Acanthaceae, Bignoniaceae,
Gesnerisaceae, Orobanchaceae,
Verbenaceae

Glycine max (soya bean) (Fabaceace)

[seed]
Oryza sativa (rice) (Poaceae) [leaf]

Phaseolus vulgaris (bean)
(Fabaceae)

EGF-RTK (19) (ECMOX,
ITD, ox. phos. (uncoupler),
PKC) [antibacterial, Al
feeding deterrent]

EGF-RTK (> 100) (Glc-TR,
Gle-R(GIP)) [bitter, feeding

deterrent]

EGF-RTK via PKC
(downstream); promotes
hair growth

PKC

EGF-RTK (15)

EGF-RTK) (28; 43) [55; 84]
[antioxidant, red pigment]
EGF-RTK (AR, cAMP PDE,
LOX, NEP, PK, PS-EF-1a,

RTKTOPII) [allergenic,

antibacterial, Al, antiviral]

EGF-RTK blocker [inhibits
EGF binding & EGF-RTK
activation & autophos’n]

EGF-RTK signalling [inhibit
TT AP-1 activation]

EGF-RTK (AR, 5-LOX) [AI

antiproliferative]

8.3Co

EGF-RTK activator [through
binding oligosaccharide
(CHO) residues]

[EGF-like regulation in plant?]

EGF-RTK blocker (Phaseolus
Leukoagglutinating PHA
(L-PHA) isolectin inactive)
[possible antitumour agent]

(continued )
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Compound (class) Plant (famuly) | part/

Process inhibited (other targets)
/in vivo effects/

Solanum Carboxypeptidase  Solanum tuberosum (potato)
Inhibitor (= PCI) {Solanaceae) [tuber]
(39aa, 4kDa, 6 Cys
T-knot protein)

Triticum wheat germ Triticum aestioum (wheat) (Poaceae)
agglutinin [seed]
(lectin; CHO-binding
protein)

Non-plant reference

[Calphostin C] Cladosporium cladosporioides
{(perylene quinone) (fungus)

[Chalcone (= 1,3- Synthetic; parent chalcone

Diphenyl-2-propen-
1-one)] (chalcone)
[Epidermal growth factor ~ Animals; endogenous EGF-R
(= EGF)] (protein) ligand; Stanley Cohen (USA,
EGF & NGF) (Nobel Prize,
Physiology/Medicine,
1986, growth factors)

[Halenaquinone] Sea sponge
{polyketide)

[Staurosporine] Streptomyces sp. (fungus)
{indole)

[ Transforming growth Animals; endogenous EGF-R
factor-a (= TGF-a)] ligand
(25kDa protein)

[Tyrphostin AG1478 Synthetic

(= M-[3-Chlorophenyl]-
6,7-dimethoxy-4-
quinazolinamine)]
{phenyl quinazolinamine)

[ Tyrphostins 25, 46, Synthetics
47, 51] (phenolics)

Fibroblast growth factor
(FGF) receptor tyrosine
kinase (FGF-RTK)

Apigenin (= 5,7,4'- Lamiaceae, ferns [leaf surface];
Trihydroxyflavone) various glycosides in Apuum
(flavone) graveolens (celery), Petroselinum

(parsley) (Apiaceae) [leaf] seed],
Amorpha fruticosa (Fabaceae),
Cosmos bipinnatus [flower],
Erigeron annuus [flower], Dahlia
variabilis (Asteraceae) [flower]

(—)-Epigallocatechin 3- Dawvidsonia pruriens
gallate (= EGCG) {Davidsoniaceae) [leaf],
(flavan-3-ol) Hamamelis virginiana

(Hamamelidaceae) [bark],
Camellia sinensis (tea) (Theaceae)

EGF-RTK antagonist (100 pM)
[antitumour]

EGF-RTK activator [through
binding oligosaccharide

(CHO) residues]

8.3Cn

PKC (involved downstream in
EGF signalling); promotes
hair growth

PKC (>50) (involved
downstream in EGF
signalling)

EGF-RTK agonist (0.6 pM)
[induces cell division &
epidermal differentiation;
stimulates tumour growth]

EGF-RTK (19) (PI3K)
EGF-RTK (I-RTK, PKI)

EGF-RTK agonist [induces
cell division & epidermal
differentiation; stimulates
tumour growth]

EGF-RTK (2)

EGF-RTK — Tyrphostin 25 (3),
46 (10), 47 (2), 51(0.8)

8.3D

FGF-RTK (20) (BZ-R-like R,
CDK2, EGF-RTK, insulin-
RTK, IGF-1-RTK MLCK,
PKA, PKC, RTK)
[antibacterial, Al, diuretic,
hypotensive, Rhuzobium
nodulation stimulant]

FGF-RTK (1-2) (EGF-RTK,
PDGF-RTK, pp60*™, PKA,
PKC) [anticarcinogen,
oxidation products give tea
taste]

(continued )



8. Signal-regulated protein kinases 331

Table 8.3 (Continued)

Compound (class) Plant (family) | partf

Process infubited (other targets)
/in vivo effects/

[Fibroblast growth factor
(=FGF)] ligand
(16 kDa protein)

Glial cell line-derived
neurotrophic factor
(GNDF) receptor tyrosine
kinase (GNDF-RTK)

Bilobalide
(sesquiterpene)

[Glial cell line-derived
neurotrophic factor
(= GNDF)]

{protein)

Animal; promotes neurite
outgrowth; PKA-modulated;
activates Ras/Erk (MAPK),

Rho, Rac & Cdc42 GTPases

Insulin-like growth factor-1
(IGF-1) receptor tyrosine
kinase (IGF-1-RTK)

Apigenin (= 5,7,4'- Lamiaceae, ferns [leaf surface];

Trihydroxyflavone) various glycosides in Apum
{flavone) graveolens, Petroselinum
(Apiaceae), Cosmos bipinnatus,
Ergeron annuus, Dahlia variabilis
(Asteraceae), Amorpha fruticosa
(Fabaceac)
[Insulin-like growth Animal
factor-1 (IGF-1)]
{protein)
[Staurosporine] Streptomyces sp. (fungus)
{indole)

Insulin-like growth
factor-2 (IGF-2)
receptor tyrosine

kinase (IGF-2-RTK)

Torilin Torilis japonica (Apiaceae) [fruit]
(sesquiterpene)

[Insulin-like growth Animal
factor-2 (IGF-2)]
(8kDa protein)

Insulin receptor tyrosine

Kinase (INS-RTK)

Phenolic

Apigenin (= 5,7,4'- Lamiaceae, ferns [leaf surface];
Trihydroxyflavone) Digitaria exilis (fonio, semi-arid
(flavone) zone millet variety) (Poaceae)

[seed]; as glycoside in Apum
(celery), Petroselinum (parsley)
(Apiaceae), Cosmos, Erigeron,
Dahlia (Asteraceae), Amorpha
(Fabaceae) spp.

Animals — endogenous FGF-RTK

Ginkgo biloba (Ginkgoaceae) [leaf]

PI3K/Akt & PLCy pathways &

FGF-RTK agonist
[angiogenesis, development,
neural tube development]

8.3E

Induces GNDF expression

GNDF-RTK (Ret plus co-
receptor GDNF family R}

8.3F

IGF-1-RTK (48) (BZ-R-like
R, CDK2, EGF-RTK, I-RTK,
MAOA, MAOB, MLCK,
PKA, PKC) [antibacterial, Al
diuretic, hypotensive,
nodulation stimulant]

IGF-2-RTK agonist

IGF-1-RTK (6) (I-RTK, PKI)

8.3G

[Anti-angiogenic, down
regulates hypoxia-inducible
VEGF & IGF-2 expression]

IGF-2-RTK agonist

8.3H

8.3Hp

INS-RTK (10) (CDK2, EGF-
RTK (93), IKK, MLCK, PKA,
PKC (>50), RTK (FGF-RTK,
insulin-RTK, IGF-1-RTK,
TPO) (BZ-R-like R, EST-R,
Na*/K*/Cl~ TR)
[antibacterial, Al, diuretic,
hypotensive, Rhizobium
nodulation stimulant

(continued )



332 8. Signal-regulated protein kinases

Table 8.3 (Continued)

Compound (class) Plant (family) | part/ Process inhibited (other targets)
/n vivo effects/
Damnacanthal Morinda citrifolia (Rubiaceae) INS-RTK (10} (p56"* TK,
{anthraquinone) PDGF-RTK, erbB2-RTK,

(—)-Epicatechin (=
(2R,3R)-5,7,3" 4'-
Tetrahydroxy-
flavan-3-ol)
{flavan-3-ol)

Methylhydroxychalcone
polymer (= MHCP
polymer) (chalcone)

Terpene
Steviol
(kaurane diterpene)

Stevioside
(kaurane diterpene
glycoside)

Other

Glycine Concanavalin A
{lectin (CHO binding
protein); kDa protein)

Glycine insulin-like protein
(= Leginsulin)
(4 kDa protein; 6 Cys)

Glycine insulin-binding
protein Bg
(37 kDa; 2 disulfide-
linked subunits)
Glycine insulin-binding
proteins
{39kDa; 2 disulfide-
linked subunits)
Triticum
Phytohaemagglutinin
(lectin (CHO binding
protein); kDa protein)
Non-plant reference
[Demethylasterriquinone
B-1(= DMAQ-BI)]

{quinone)

Widespread; Aesculus californica
(Hippocastanaceae),
Gymnospermae, Pterocarpus
marsupium, P. spp. (Fabaceae)
[bark], Podocarpus nagi
(Podocarpaceae), Crataegus
monogyna (Rosaceac)

Cinnamomum zeylanicum
(cinnamon) (Lauraceac)

Stevia rebaudiana (Asteraceae) [leaf]

Stevia rebaudiana (Asteraceae) [leaf]

Glycine max (soya bean) (Fabaceae)

[seed]
Glycine max (soya bean) (Fabaceae)

[germinated seed radicle]

Glycine max (soya bean) (Fabaceae)
[seed]

Glycine max (soya bean) (Fabaceae)

[seed]

Triticum aestivwm (Poaceae) [seed]

Pseudomassaria sp. (tropical fungus)

p59% TK, p60™ TK, PKA,
PKC, TOPII)

Does not compete with
Insulin-INS-RTK binding
[ Insulinogenic, Insulin-
mimetic — | glycogen,

| lipolysis] (AR, PKA)
[antibacterial, antidiabetic,
Al antioxidant]

Mimics insulin in activating
msulin-RTK
autophosphorylation,
glycogen synthase and glucose
uptake (action inhibited by
PI3K inhibitor Wortmannin)

8.3Ht

1 Gle-induced insulin
secretion (B cells) [activity like
Gibberellin, insulinotropic]
1 Gle-induced insulin
secretion (B cells) [sweet
(300 X >sucrose),
insulinotropic]

8.3Ho

[Insulin mimic at nuclear
envelope]

Glycine insulin-binding
protein Bg ligand (insulin
competes; promotes Bg
phosphorylation)

Leginsulin- & insulin-binding

Insulin-binding [4nM ]

[Insulin mimic at nuclear
envelope]

8.3Hn

INS-RTK agonist [first orally
active insulin-mimetic small
molecule; induces INS-RTK
activation & phos’n, IRS-1
phos’n, PI3K, PKB & glucose
uptake activation]
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Compound (class)

Plant (fanuly) | part/

Process inhibited (other targets)
/in vivo effects/

[Insulin]

(5kDa S-S-linked

heterodimer; 3 S-S; A 31

aa, B 31 aa); sequence

by Fred Sanger (1953)

(UK, Nobel Prizes,
Chemistry, 1958
[insulin sequence]
& 1980 [RNA

sequencing]

[Staurosporine]

{indole)

Interferon-y (IFNYy)
receptor (IFNy-R)
(—)-Epigallocatechin 3-

gallate (flavan-3-ol)

[Interferon-y (= IFNv)]
(20 kDa protein)

Interleukin -1§3
receptor (IL-13-R)

Sinomenine
{morphinan
isoquinoline)

[Interleukin -18 (IL-18)]
(17 kDa protein)

Interleukin-8-receptor

(IL-8-R)
Pheophorbide a
{pyrrole)

[Interleukin-8 (= IL-8-R)]

(8 kDa protein)

Leptin receptor (LEP-R)

Green tea
High GI starchy diet

[Leptin]
(16 kDa protein)

Animals ex pancreatic 3 cells;
discovery (1922) by Frederick
Banting, J.B. Collip, Charles
Best, J. Macleod {Canaday;
Nobel Prize, Medicine, to
Banting & MacLeod, 1923);
type 2 diabetes mellitus, the
most widespread
metabolic disease

Streptomyees sp. (fungus)

Davidsona pruriens
(Davidsoniaceae) [leaf], Hamamelis
virginiana (Hamamelidaceae) [bark],
Camellia sinensis (tea) (Theaceae)

Animal

Sinomenium acutum
(Menispermaceae); Chinese
anti-arthritic plant

Animals ¢x mononuclear
immune- & inflammation-
stimulated phagocytes

Psychotria acuminata (Rubiaceae)

Animal

Camellia sinensis (tea) (Theaceae)

[leaf]

Lea mays (Poaceac)

Animals ex adipocytes; reports fat
storage status, |, orexigenic, 1
anorexigenic hormones

INS-RTK agonist [promotes
anabolic reactions (glycogen,
fatty acid & protein synthesis),
& glucose uptake; inhibits
apoptosis]; type 1 diabetes
(lack of insulin
production, requires
insulin therapy); type 2
diabetes (| insulin
production & insulin
resistance)

INS-RTK (61 nM)
(IGF-1-RTK, PKI)

8.31

Blocks TK-mediated STAT-1
activation (EST-R, PKA, PKC,
proteasome, S5aR, RTK, TK)
[cell-EGF-RTK (<5);
oxidation products give tea
taste]

[Antiviral defence]

8.3]

Inhibits TGF-B2-induced
synovial fibroblast
proliferation [Al, anti-
proliferative]

IL-1B-R [pro-inflammatory
cytokine, immunomodulatory,
T & B cell activation, ACTH
activation]

8.3K

Non-specific light-dependent
inactivation of IL-8
binding to IL-8-R
[antitumour,
Immunosuppressive|

[Immunomodulatory,
chemotactic chemokine
(C-X-C family)]

8.3L

| Leptin (JAK/STAT
signalling)
| Leptin (JAK/STAT
signalling)

LEP-R agonist (JAK/STAT

signalling)

(continued )
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Compound (class)

Plant (family) | part/

Process inhibited (other targets)
/in vivo effects/

Nerve growth factor

(NGF) receptor tyrosine

kinase (NGF-RTK)

L-BOAA (= 3-N-
Oxalylamino-1.-alanine)
{amino acid)

L-BMAA (= B-M
Methylamino-1.-alanine)
{amino acid)

Ginsenoside Rbl
(triterpene glycoside
saponin)

Isodunnianin
(sesquiterpene)

Malonylginsenoside Rb1
(triterpene glycoside
saponin)

4-Methylcatechol
{phenolic)

Nardosinone
(sesquiterpene)

[Nerve growth factor
(= B-NGI)]

(27 kDa homodimeric

protein)

Picroside 1
{iridoid monoterpene
lactone)

Picroside 11
{iridoid monoterpene
lactone)

Platelet-derived growth
factor (PDGF) receptor
tyrosine kinase (PDGF-

RTK)

(+)-Catechin (= Catechinic
acid; Catechuic acid; (+)-
Cyanidanol; (2R,35)-5,7,-

3’4" Tetrahydroxyflavan-

3-0l) (flavan-3-ol)
(—)-Epicatechin 3-gallate

(= ECG)

(flavan-3-ol)

Lathyrus sativus (Fabaceae) [seed]

Cycas cireimalis (Cycadaceae)

Panax ginseng (Araliaceae) [root]

Lllicium takiror (Llliciaceae)

Panax ginseng (Araliaceae) [root]

Picea abies (Pinaceae) [wood]

Nardostachys chinensis
(Valerianaceae) [rhizome, root]

Animal; Stanley Cohen (USA,
EGF & NGF) & Rita Levi-
Montalcini (Italy, NGF)
{Nobel Prize, Physiology/
Medicine, 1986, growth
factors)

Picrorhuza scrophulariflora
{Scrophulariaceae) [rhizome]

Picrorhuza scrophulariflora
{Scrophulariaceae) [rhizome]

Widespread; Salix caprea (willow)
(Salicaceae) [flower]

Camellia sinensis (tea) (Theaceae)

[leaf]

8.3M

[Induces NGF expression]
(Non-NMDA Glu-R,
Norepinephrine transport)
[cytotoxic, excitatory,
lathyrism (neuronal damage
disease) in humans]

[Induces NGF expression]
(Non-NMDA-Glu-R agonist,
Norepinephrine transport)
[excitotoxin, lathyrism
(neuronal damage disease) in
humans]

[Potentiates NGF-mediated
neurite outgrowth]

[Enhances NGF-mediated
neurite outgrowth]

[Potentiates NGF-mediated
neurite outgrowth (at 30)]

Induces NGF expression
[antifungal, phytoalexin]

Enhances NGF-induced
neurite outgrowth

NGF-RTK agonist [promotes
growth & survival of
peripheral sympathetic &
sensory neurons & brain
cholinergic neurons]

Enhances NGF-induced
neurite outgrowth

Enhances NGF-induced
neurite outgrowth

8.3N

[Inhibits PGDF-BB-induced
PDGF-RTK autophos’n (at
50)] (AR, COX-1, COX-2,
MLCK, PKA) [anticancer,
antioxidant]

[Inhibits PGDF-BB-induced
PDGF-RTK autophos’n (at
50)] (collagenase) [human
A431 cell-EGF-RTK (< 5)]
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Plant (fanuly) | part/

Process inhibited (other targets)
/in vivo effects/

(—)-Epigallocatechin 3-
gallate (= EGCG)
{flavan-3-ol)

[Platelet-derived growth
factor (= PDGF)]
(30kDa glycoprotein)

Theaflavin-3,3’-digallate
(gallotannin)

[Tyrphostin AG1296
(= 6,7-Dimethoxy-2-
phenylquinoxaline)]
{phenyl quinoxaline)

Prolactin

[Bromocryptine (= 2-
Bromoergocryptine)]
{indole)

Ergine (= Lysergic acid
amide; Lysergamide)

{indole)

[Ergocornine]

{indole)

[Ergocristine]

{indole)

[a-Ergocryptine
(= Ergokryptine)]
{indole)

[ Ergonovine]

{indole)

[ Ergotamine]
{indole)

[Ergovaline]
{indole)

Camellia sinensis (tea) (Theaceae)
[leat], Davidsoma pruriens
(Davidsoniaceae) [leaf |,
Hamamelis virginiana
(Hamamelidaceae) [ bark]

Animal — endogenous ligand for

PDGF-RTK
Camellia sinensis (tea) (Theaceae)

[leaf]
Synthetic

Semi-synthetic from Ergocryptine

Ipomoea argyrophylla, 1. tricolor;
1 violacea, Rivea corymbosa

{Convolvulaceae); from hydrolysis
of ergot (Claviceps purpurea, C. spp.

(ergot fungus) on cereals)
Claviceps purpurea, C. spp. (exrgot

fungus) on cereals e.g. Secale (rye);

ergot inspiration of

apocalyptic paintings of

Hieronymus Bosch?
Claviceps purpurea, C. spp. (ergot

fungus) on cereals e.g. Secale (rye);
ergot-induced hallucination =

St Anthony’s fire, addressed

by Mandrake root extract
Claviceps purpurea, C. spp. (exrgot

fungus) on cereals e.g. Secale (rye);

European “witch killing”
because ergotism gives
“devil possession”
symptoms

Claviceps purpurea, C. paspali
(ergot fungus) on cereals &
Acremonium-infected Stipa robusta
(Poaceae); cattle & horse stupor
after eating infected grass

Claviceps purpurea, C. paspali
{(ergot fungus) on cereals e.g.
Secale sp. (rye) (Poaceae)

Claviceps purpurea, C. paspali
(ergot fungus) on grasses &
cereals e.g Secale sp. (rye), Festuca
arundinacea (tall fescue) (Poaceac)

PDGF-RTK (1-2) [inhibits
PDGF-RTK autophos’n
(at 50)] (PK, RTK)
[anticarcinogen, oxidation
products give tea taste]

PDGF-RTK agonist [attractant
& mitogen for fibroblasts,
smooth muscle & glial cells]

PDGF-RTK blocker [inhibits
PDGF binding]

PDGF-RTK (selective
inhibitor)

8.30

Inhibits prolactin release
(D2-R agonist, (® D-REL)
[anti-Parkinsonian)|

Inhibits prolactin release
(D2-R agonist) [depressant,
hallucinogenic|

Inhibits prolactin release
(D2-R agonist) [ergotism
(hallucinogenic, convulsant),
haemostatic, vasoconstrictor]

Inhibits prolactin release
(D2-R agonist (& D-REL)
[ergotism (hallucinogenic,
convulsant), haemostatic,
vasoconstrictor|

Inhibits prolactin release
(D2-R agonist, (® D-REL)
[anti-Parkinson’s, ergotism
(hallucinogenic, convulsant),
haemostatic,
vasoconstrictor|

Inhibits prolactin release
(D2-R agonist) [ergotism
(hallucinogenic, convulsant),
haemostatic, oxytocic,
vasoconstrictor|

Inhibits prolactin release
(D2-R agonist) [anti-migraine,
ergotism, haemostatic,
vasoconstrictor|

Inhibits prolactin release
(D2-R agonist) [ergotism
(hallucinogenic, convulsant),
haemostatic, vasoconstrictor]

(continued )
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Table 8.3 (Continued)

Compound (class) Plant (famuly) | part/ Process inhibited (other targets)
/in vivo effects/
[Prolactin] Animals ex anterior pituitary Prolactin R ( JAK/STAT-
(23kDa protein) linked receptor)
Tumour necrosis 8.3P

factor-a (TNF-a)

receptor (TNF-a-RTK)
Pheophorbide a

(pyrrole)

Methyl pheophorbides a &
b (porphyrins, pyrroles)

[Tumour necrosis factor-a
(TNF-o)] (17 kDa

trimeric protein)

Transforming growth
factor B (TGF-B)
receptor (TGF-B-Rs;
I, II - TGF-B-RS/TKs,
III - proteoglycan)

Sinomenine
{morphinan isoquinoline)

[ Transforming growth
factor B (TGF-B)]
(25kDa homodimeric
protein)

Vascular endothelial
growth factor (VEGF)
receptor tyrosine
kinase (VEGF-RTK)
(e.g. FIk-1)

Bilobalide
(sesquiterpene)

(—)-Epigallocatechin
3-gallate (= EGCG)
(flavan-3-ol)

Torilin
(sesquiterpene)

[Vascular endothelial
growth factor (= VEGF)]
(46kDa dimeric
glycoprotein)

Pysychotria acuminata (Rubiaceae)

Porphyrin-related

Animals ex leucocytes

Sinomenium acutum
{Menispermaceae); Chinese
anti-arthritic plant

Animals

Ginkgo biloba (Ginkgoaceae) [leaf]

Camellia sinensts (tea) { Theaceae),
Davidsona pruriens
(Davidsoniaceae) [leaf],
Hamamelis virginiana
(Hamamelidaceae) [bark]

Torilis japonica (Apiaceae) [fruit]

Animals

[Non-specific light-dependent
mactivation of TNF-a-R —
blocks NFkB activation]

Inhibit TGF-a-R binding &
TGF-a-induced cell
proliferation

PM Rs [NFkB activation &
pro-inflammatory cytokine,
COX-2 & INOS expression;

activates apoptosis]

8.3Q

Inhibits TGF-B2-induced
synovial fibroblast
proliferation [Al
anti-proliferative]

Ser/ThrPK receptor

8.3R

Induces VEGF expression

Inhibits VEGT expression
induced by serum starvation
(EGF-RTK, FGF-RTK,
PDGF-RTK, pp60*™*, PKA,
PKC) [anti-angiogenic,
anticancer, anti-
carcinogen]

[Anti-angiogenic, down
regulates hypoxia-inducible
VEGF & IGF-II expression]

VEGF-RTK [VEGF induced
by ischaemia & hypoxia;
VEGT induces angiogenesis]
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Table 8.4 Phosphatidylinositol 3-kinase
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Compound (class)

Plant (famuly)

Target (other targets)
/in vivo effects/

Phosphatidylinositol-3-
kinase (PI3K)

Phenolic

Emodin (= Archin;
Frangula emodin;
Frangulic acid; Rheum
emodin; 1,3,8-Trihydroxy-
6-methyl-9,10-
anthraquinone
{anthraquinone)

Hypericin
(bianthraquinone)

Quercetin (= 3,5,7,3" 4"~
Pentahydroxyflavone)
{flavonol)

Terpene

Asperuloside (= Asperulin;
Rubichloric acid)
(iridoid monoterpene
lactone)

Other

Inositol hexaphosphate

{cyclheanol hexaphosphate)

Non-plant reference
[5'-p-Fluorosulphonyl-
benzoyladenosine
(= FSBA)] (nucleoside)
[Halenaquinone]
(polyketide)
[Wortmannin]
{(indenobenzopyran)

Senna obtusifolia (Fabaceae),
Psorospermum glaberrimum
(Guttiferae), Myrsine africana
(Myrsinaceae), Polygonum
cusprdatum, Rumex spp., Rheum
palmatum, R. spp. (Polygonaceae),
Ventilago calyculata, Rhamnus
frangula (Rhamnaceae), lichen;
glycosides in Rheum, Polygonum
(Polygonaceae), Rhamnus
Rhamnaceae) spp.

Hypericum perforatum, H. spp.
(Hypericaceae)

Widespread; Asteraceae, Passiflorae,
Rhamnaceae, Solanaceae;
Podophyltum peltatum
(Berberidaceae), Allium cepa
(Liliaceae), Oenothera biennis
(Onagraceae), Roelreuteria henryt
(Sapindaceae); widespread as
glycosides

Daphniphyllum macropodum
(Daphniphyllaceae), Plantago
major (Plantaginaceae)
Asperula odorata, Galium
aparine, G. odoratum
(Rubiaceae), Escallonia spp.
(Saxifragaceae)

Widespread in grain; e.g.
Oryza sativa (rice) (Poaceae)

[seed]

Synthetic

Sea sponge

Penicillium wortmanni (fungus)

8.4

8.4p

PI3K (3) (CDC2, CKI, CKII,
CDPK, MLCK, PKA, PKC,
p60¥¢, RTK p56"k TK (DNA,
TOPII) [cathartic, cytotoxic]

PI3K (0.2) (CDPK, EGF-RTK,
MLCK, PKA, PKC)
[ photosensitizing,
red pigment]

PI3K (GST, LOX, PK, RTK)
[AL feeding stimulant]

8.4t
PI3K (2) [laxative]

8.40
PI3K

8.4n

Alkylates PI3K ATP-binding
site (ATP- & ADP-like
alkylating agent)

PI3K (3) (EGF-RTK)

PI3K [1-10]
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Table 8.5 Phosphoprotein phosphatases

Compound (class) Plant (famuly) | part/ Process affected (other targets)
/in vivo effects/
Phosphoprotein Phillip Cohen (UK) 8.5A
phosphatase (PP)
Other 8.5A0

Calmodulin (= CaM)
(18kDa protein)

Non-plant reference

[Vanadate (= VO3)]
(oxidized vanadium)

[Cantharidic acid]
(hexahydro-
epoxybenzofuranone)

[Cantharidin)]
(hexahydro-
epoxybenzofuranone)

[Microcystins LR & RR]
{cyclic heptapeptide)

CaM antagonists
(various — see
Table 7.1)

[Okadaic acid]
{ionophoric polyether)

Universal in eukaryotes &
evolutionarily highly
conserved

Environmental

Active component of
Cantharides (Spanish fly)
from Cantharis vesicatoria
(blister beetles) & other
insects; reputed
aphrosidiac

Active component of
Cantharides (Spanish fly)
from Cantharis vesicatoria
(blister beetles) & other
insects; reputed
aphrosidiac

Mucrocystis aeruginosa (blue—green
alga)

Various — see Table 7.1

Prorocentrum concavum
(dinoflagellate); contributes to
ciguatera poisoning due to
consumption of toxin-
contaminated fish

Activates PP2B (calcineurin)
(activates CaM-PKs, MLCK &
other CaM-dependent

enzymes)

8.5An
PP

PP1 & PP2A (53 nM)
[extreme irritant, causes
priapism, rubefacient,
vesicant]

PP1 & PP2A [extreme irritant,
causes priapism, rubefacient,
vesicant]

PP1 (at 1 nM), PP2A
(at 10nM), PP2B (at 10 nM)
[hepatotoxic, secondary
tumour promoter, toxic]
PP2B (Calcineurin, Ca?"-
dependent PP)

PP1, PP2A [hepatoxic,
secondary tumour,
promoter toxic|; ~50,000
ciguatera cases reported
each year




9 Gene expression, cell division
and apoptosis

9.1 Introduction

Cells respond to changing environments by signalling-induced reversible modification of
proteins, notably via phosphorylation and dephosphorylation. Such regulatory processes
maintain homeostasis as illustrated by the hormonal control of blood glucose, which involves
various hormones, hormone receptors, signal transducing proteins, second messenger-
regulated protein kinases and phosphoprotein phosphatases (Chapters 5-8). Such processes
that regulate metabolism can also involve expression of particular proteins required for spe-
cial circumstances. Thus, the hormone glucagon signals a “fasting” state. Glucagon elevates
levels of the second messenger cAMP, which (via PKA-catalysed phosphorylation of the
CRE-binding CREB protein) induces the expression of the gluconeogenic enzyme phos-
phoenolpyruvate carboxykinase (PEPCK), which enables synthesis of the requisite glucose
from lactate and amino acids. Gonversely, the “plenty” hormone insulin initiates signalling
pathways resulting in expression of anabolic enzymes such as fatty acid synthase and inhibi-
tion of cAMP-induced gene expression.

However, in addition to metabolic homeostasis, cells can also be involved in cell division
{(multiplication of cells) and differentiation (generation of new types of cells expressing a par-
ticular type of protein complement e.g. in haematopoesis from precursor stem cells). In
embryological development, tissue regeneration and tissue re-modelling, new, differentiated
cells have to occupy the “space” of superfluous cells that are disposed of through “apopto-
s1s” or programmed cell death. Such apoptosis, division and differentiation processes are
described as “developmental processes”. Developmental processes such as cell division and
cell differentiation variously require expression of particular proteins at particular times and
such “gene expression” is exquisitely regulated.

We have already seen how various plant-derived defensive compounds can interfere with
the cell signalling machinery involved in second messenger-mediated or cytosolic hormone
receptor-mediated induction of specific gene expression. This chapter is concerned with plant
compounds interfering with DNA unwinding, DNA replication, transcription (DINA-dependent
RNA synthesis), RNA processing, translation (protein synthesis on ribosomes), pro-protein
{protein precursor) processing, protein targeting and protein folding. Plant compounds that
interfere with viral (notably HIV-1) replication are also considered in this chapter. While a huge
variety of compounds can be cytotoxic or more specifically, induce caspase-mediated apop-
tosis, some consideration is also given to plant defensive compounds shown to be apoptotic.

9.2 Regulation of gene expression in prokaryotes

The process of DNA-dependent RINA synthesis (transcription) has been outlined in Chapter 2.
RNA polymerase catalyses this reaction in which there is a 5" to 3" direction of synthesis
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and an RINA copy is made of the coding DNA sense strand. Base-pairing of the incoming
nucleotides with the bases of the complementary DNA anti-sense strand means that the
DNA strands have to unwind in the process of transcription. In the first step of protein
expression the DNA actually being transcribed is that of the gene encoding a protein.
However, this structural DNA can be prefaced and followed by non-coding DNA that 1s
involved (together with regulatory proteins) in the regulation of the process.

This regulatory arrangement is most simply illustrated by bacterial transcription in which
the structural gene is prefaced by a regulatory region including “promoters” that bind regu-
latory proteins:

5’ —[ promoter|—[structural gene|—[stop signal]|-3’

The bacterial RNA polymerase has a subunit composition of aff3’c, the ¢ subunit being
involved in correct initiation of transcription. Appropriate regulatory protein binding to the
promoter region permits correct RNA polymerase binding, double-stranded DNA (dsDNA)
unwinding and correct initiation of transcription. The dsDNA unwinds and the nascent
RNA forms a transient RNA-DNA hybrid in the “transcription bubble” of unwound DNA
that moves down the DNA.

The regulation of bacterial transcription is well illustrated by the lactose operon (lac operon)
of the colon bacterium Escherichia coli in which the “upstream” region successively (from
the 5" end of the “sense” strand) includes a promoter (P)) for the gene (1) coding for a repres-
sor protein (the lac repressor), a “CRP binding site”, the promoter for the lac operon (P), and
finally an “operator” site (O) that prefaces the Z, Y and A structural genes of the operon:

5'—[P{]~[1]-[CRP-binding site]-[P]-[O]-[Z]-[Y ]-[A]-3'

The Z,Y and A genes respectively code for a B-galactosidase (that hydrolyses the 3-galactoside
lactose), a B-galactoside permease (that transports lactose into the bacterium) and a thiogalac-
toside transacetylase. The lac repressor protein binds to the operator (O) and blocks transcrip-
tion but in the presence of the “esoteric” sugar lactose, an inducer allolactose (derived from
lactose) binds to the repressor and prevents lac repressor binding. However, a “positive control”
mechanism 1s also involved in transcription regulation: a dimeric cAMP receptor protein (CRP)
must bind cAMP in order to bind to the CRP-binding site and permit transcription to occur.

In the absence of lactose, the lac repressor binds to the operator (O) and transcription is
blocked. In the presence of lactose as the sugar to be oxidized (catabolized), allolactose is
formed, the lac repressor—alloactose complex does not bind to O and the cAMP-CRP binds
to the promoter (P) with resultant transcription to ultimately yield the encoded proteins after
mRNA translation on ribosomes. However, in the presence of the “normal” sugar glucose,
cAMP levels fall, there is no cAMP-CRP complex and transcription of the lac operon does
not occur. This so-called “catabolite repression” ensures that the normally expressed (consti-
tutive) enzymes use the available normal sugar source (glucose) when it is available. As in
higher organisms, cAMP acts as “hunger signal” and is elevated in the absence of glucose
thus permitting cAMP-CRP-dependent expression of “specialized catabolic enzymes”
when lactose (and indeed other “esoteric” sugars) are present.

9.3 Regulation of transcription in eukaryotes

Transcription and transcriptional regulation is more complicated in eukaryotes than in
prokaryotes. The very much larger amount of DNA in eukaryotes is organized with histones
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into the complex nucleosome-based chromatin structure (Chapter 2) and signal-induced
modification of this structure is a prerequisite for transcriptional activation. A multiplicity of
multi-subunit RNA polymerases (RINAPs) are involved. Thus RNAPT catalyses transcription
of ribosomal RINA genes in the nuclear zone called the nucleolus. RNAPIII makes transfer
RNA (tRNA), small nuclear RNA (snRINA) and 5S rRNA. Genes encoding proteins are
transcribed by RNAPII. Unlike the situation in prokaryotes, the RNA transcript has to be
transported to the cytosol for translation on ribosomes to yield the encoded pro-protein
(precursor protein). Further, the regulation of transcription is much more complicated and
generally involves positive rather than negative control by transcription factors and other
regulatory factors.

Transcription requires chromatin modification and indeed transcriptionally active areas
are hypersensitive to deoxyribonuclease (DNase) digestion. Acetylation of histones by his-
tone acetyltransferases (HATS), ubiquination of histones and “chromatin remodelling” by
ATP-dependent enzyme complexes (such as the SWI/SNF complex) permit access of
RINAPII and associated transcription-regulating proteins to the genes to be transcribed and
associated regulatory DNA. The DNA organization successively involves upstream enhancer
regions (some — 10 kilobases (kb) to —50kb “upstream”), further control elements (some 200
bases upstream), the so-called TATA box, the initiation region (Inr), the protein-encoding
structural gene(s) and then “downstream” enhancer elements (some +10 to +50kb
downstream). This can be summarized thus (the 5’ — 3’ polarity of the “sense” strand being
indicated):

5 —[enhancer]----[intervening DNAJ-----[further control elements]—[ TATA box]—
[Inr]—[genes]—[intervening DNA]-----[downstream enhancer]-3’

The enhancers (or “upstream activator sequences” in yeast) are activated by DNA-binding
transactivators. Intervening DINA is associated with high mobility group (HMG) proteins.
Specific regulatory proteins interact with the further control elements to permit transcrip-
tion. The RNAPII binds to the TATA-box-Inr region and is associated with a TATA
box-binding protein (TBD) and a multiplicity of RNAPII “basal transcription factors”
(e.g. TFIIA, B, D, E, F and H).

The upstream (and downstream) enhancer elements bind DNA-binding transactivators
and can be in close proximity to the other regulatory regions through DNA “looping” and
mutual interactions with coactivators (such as TFIID) that link the RNAPII-basal transcrip-
tion factor complex with the enhancer—transactivator complex. Once DNA unwinding is ini-
tiated at the Inr promoter sequence, the RNAPII is phosphorylated (via protein kinases),
leaves the promoter region and commences transcription with displacement of transcription
factors. Elongation of the RNA is promoted by elongation factors, and when termination
sequences are encountered, elongation factors are released, the RNAPII is dephosphory-
lated (via phosphoprotein phosphatases) and re-initiation occurs.

As indicated in Chapters 5, 7 and 8, transcription can be switched on by a variety of
signalling pathways. Thus, cAMP-mediated pathways generate phosphorylated CREB pro-
teins that activate expression of particular proteins by binding to promoters called cAMP
response elements (CREs). Similarly, Ca?*-dependent PKC activation results in phosphory-
lation of transcription factors that bind to and activate tetradecanoylphorbol ester response
element (TRE) promoters. In the immune response bacterial lipopolysaccharide (LPS) and
particular cytokines can switch on signalling pathways resulting in activation of transcription
factors such as NFkB (Chapter 7) with resultant expression of proteins such as cytokines,
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COX-2 and INOS. Some steroid hormone receptors complexed with their specific hormone
ligand act as DNA-binding transactivators to switch on transcription of particular genes.
However, in the hormone-free state these proteins can act as repressors and block initiation
of transcription of these genes. DNA and associated transcription, translation and replica-
tion processes are similar in plants and non-plant eukaryotes. Nevertheless, some plants elab-
orate DNA binding compounds or compounds that otherwise interfere with gene expression

and DNA replication (Tables 9.1-9.4).

9.4 RNA processing and translation

The eukaryote RNA “primary transcript” contains exons (coding for protein) and introns
(non-coding sequences between exons). The primary transcript has to be processed by
removal of the non-coding introns. Type I introns (found in some nuclear, mitochondrial and
chloroplast genes variously encoding rRINA, tRNA and some mRNAs) and type II introns
{found 1n organelle mRNAs of plants, algae and fungi) are self-splicing, that 1s, the RNA 1s
catalytic in performing this excision and re-ligation. Type III intron splicing requires the par-
ticipation of snRINA—protein complexes called small nuclear ribonucleoproteins (snRNPs).
ATP 1s required for the assembly of intron and snRNP to form a spliceosome complex but the
excision and re-ligation is ATP-independent. Type IV introns are found in certain tRNAs and
an endonuclease and ATP are required for cleavage and re-ligation, respectively.

A “cap” involving 7-methylguanosine is added to the 5'-end of the mRNA that may assist
ribosomal interactions. A polyadenylate (i.e. (AMP)n) or “polyA” tail of 80 to 250 residues is
added to the 3'-end of the mRNA by a polyadenylate polymerase in a process successively
involving transcriptional extension past a conserved (5" )AAUAA sequence and a subsequent
cleavage sequence, cleavage of much of this extension and then addition of the “tail”. These
final additions increase the longevity of the mRNA through specific protein interactions.
Alternative splicing of the primary transcript can yield more than one mRNA for translation
from the initial primary transcript. Thus, in the thyroid, a calcitonin gene transcript encod-
ing calcitonin (exon 4) and calcitonin-gene-related peptide (CGRP) (exon 5) are cleaved,
polyadenylated at a particular site and processed to yield a processed mRINA, which ulti-
mately yields calcitonin after translation and pro-protein processing. However, in the brain,
differential processing of the same primary transcript involving polyadenylation at a “later”
site yields a different mRINA, which ultimately yields GGRP after translation and pro-protein
processing. Similar differential RNA splicing involving “poly(A) site choice” generates
immunoglobulin heavy chain variable domain diversity at the post-transcriptional level.

9.5 Control of translation

Translation can be regulated by phosphorylation. Thus, eukaryote initiation factor 2 (eIF2) is
phosphorylated by dsRINA-dependent protein kinase (activated by viral dsRNA as a conse-
quence of viral infection), by hemin-inhibited protein kinase (activated in the absence of
hemin in reticulocytes) and by GCN2 (general control non-derepressible) kinase (activated
by amino acid starvation and excess free tRNA). Phospho-ell-2 inhibits the exchange factor
elF-2B that is required to recycle eIF-2-GDP to the eIF-2-GTP form, required for transla-
tion. Signalling by the anti-apoptotic, anabolic and growth-promoting hormone insulin
results in the phosphorylation of an eII'4E binding protein (eII'4E-BP) that inhibits transla-
tion through binding eIFF4E. However, the phosphorylated form (P-eIF4E-BP) no longer
binds eI4E and thus translation (and hence cell growth) is stimulated.
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9.6 Protein processing and post-translational modification

Proteins are typically made as pro-proteins and are then subsequently modified by “post-
translational processing” involving selective proteolysis (“trimming”) and addition of other
groups. Thus, nascent polypeptides commence with N-formylmethionine (bacteria) or
methionine (cukaryotes). However, N-terminal sequences are often removed in proteolytic
processing. In many eukaryote proteins, the final N-terminal amino acid of the processed
protein is N-acetylated. The C-terminus may also be changed by peptide cleavage and other
covalent modification.

Post-translational modification of amino acid R groups can occur, examples being the
hydroxylation of prolines (notably in collagen by a process requiring vitamin C (ascorbate)),
methylation of lysines (cytochrome ¢), carboxy group methylation (calmodulin) and phos-
phorylation (notably in the casein of mammalian milk and in cell signalling cascades).
Vitamin K-dependent generation of y-carboxyglutamate on prothrombin is required for
the blood clotting cascade (this process being antagonized by the plant-derived coumarin
dicoumarol and related haemorrhagic anticoagulants). Other covalent modifications
include: formation of farnesyl thioethers (C;;—5—X) and myristoylation (which enable mem-
brane association via the added hydrophobic group); formation of disulfide bonds (S-S links)
(notably in ectoproteins that function in the oxidizing extracellular environment); attach-
ment of asparagine (Asn)-linked N-linked oligosaccharides and Ser- or Thr-linked
(O-linked) oligosaccharides as in mucous membrane proteoglycans and other glycoproteins
(notably outwardly facing membrane proteins and ectoproteins); and addition of prosthetic
groups (such as the biotin of acetylCoA carboxylase).

Just as differential splicing can occur at the mRNA level, so differential processing can
occur at the pro-protein level. Thus, the glucose-induced insulin secretagogue glucagon-like
peptide-1 (GLP-1) is produced in the brain and in intestinal cells by specific proteolysis of
the same pro-protein that gives rise (through different processing) to the “fasting” hormone
glucagon in a-cells of the pancreas. A further subtlety involves inteins, which are “in-frame”
intervening sequences within a gene that at the expressed protein level are excised (with
re-ligation) by a self-catalytic protein splicing mechanism to yield the “extein” from the
“Intein” protein.

9.7 Protein targeting

Proteins are targeted to various locations after synthesis by “signal” sequences. Thus, proteins
destined for the ER, the mitochondria and chloroplasts have particular kinds of signal
sequences at the N-terminus. ER-targeted proteins enter the ER directly off’ “rough ER” ribo-
somes via a “signal recognition particle” (SRP) complex that is linked to an SRP receptor and
a ribosome receptor—transmembrane peptide translocation complex associated with the ER
membrane. Within, the ER polypeptides are processed and folded and S-S links are formed.
Proteins with a C-terminal KDEL sequence are retained by the ER but other proteins
enter the Golgi network (Chapter 2) for glycosylation via transfer of a core oligosaccharide
from a polyisoprenoid dolicholphosphate donor catalysed by a transferase. The oligosaccha-
ride moiety on these secretory proteins is appropriately trimmed and the glycoprotein then
exported by exocytosis. Integral plasma membrane proteins are anchored into the ER mem-
brane and follow a similar route of glycosylation, trimming and exocytosis to end up on the
PM with the oligosaccharide moiety facing outwards. Proteins targeted to the lysosomes
{notably hydrolytic enzymes) are phosphorylated in the ¢is-Golgi system to yield mannose-
6-phosphate residues that are recognized by a mannose-6-phosphate receptor. Vesicles
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containing these receptor-bound complexes bud off into acidic sorting vesicles on the frans
side of the Golgi complex in which the mannose residues are dephosphorylated by a phos-
phatase. These vesicles then fuse with lysosomes in a process involving fusion-mediating
membrane proteins called v-snares (v for vesicle) and t-snares (t for target membrane) and
the mannose-6-phosphate receptor is recycled.

Most mitochondrial proteins are enoded by the nucleus. After synthesis the precursor pro-
tein (pro-protein) destined for mitochondrial “import” is kept unfolded by association with
the chaperone protein called hsp70. The positively charged N-terminal signal sequence
directs the entry of the protein through a general insertion pore spanning both the outer and
inner mitochondrial membranes. The respiratory chain-generated mitochondrial trans-
membrane potential (negative, inside with respect to outside) “drags” the positively charged
polypeptide inside. In the mitochondrial matrix the polypeptide is “chaperoned” by a mito-
chondrial hsp70 and then folded by a mitochondrial cpn10—cpn60 complex with proteolytic
cleavage of the signal sequence. Nuclear-targeted proteins are directed through the nuclear
pore by a basic nuclear localization signal. A C-terminal Ser-Lys-Leu (SKL) signal marks
proteins for peroxisomal import. Plant amino acid analogues such as canaline (a lysine
analogue) and canavaline (an arginine analogue) are incorporated into protein and cause
protein mis-folding (Table 9.6).

9.8 Cell division and apoptosis

Cell division (mitosis) involves passage of cells through a “cell cycle” having various succes-
sive steps, namely G| (in which growth occurs until a point is reached at which the cell irre-
versibly commits to division), an S stage (in which DNA synthesis occurs), Gy, M (in which
mitosis occurs) and thence G. Progression through the various stages requires activation of
cell cycle stage-specific cell division PKs (CDKs) and the synthesis of stage-specific cyclins
(substrate-specifying proteins required for CDK activity that are newly synthesized and then
destroyed). As outlined in Chapter 8, CDK activation requires the appropriate cyclin and
a particular pattern of phosphorylation and dephosphorylation that is determined by
a number of signal-regulated protein kinases, phosphatases and other regulatory proteins.
The flavone-derived synthetic anti-mitotic flavopiridol is a CDK inhibitor (Table 8.1).

The final mitosis stage involves separation of two sets of chromosomes via microtubules
that are filamentous polymers of tubulin monomers. Compounds that interfere with tubulin
polymerization such as the plant-derived compounds colchicine, taxol, vinblastine and vin-
cristine are cell division inhibitors (Table 9.6). The cytokinesis of the daughter cells requires
equal division of cytoplasm and an actin-myosin-based contractile ring provides the force to
make this separation. Accordingly, compounds such as cytochalasin B that interfere with
actin will also interfere with cell division (Table 9.6).

Apoptosis or programmed cell death is a highly regulated process required in develop-
mental events such as embryological tissue remodelling and the endometrial changes of the
menstrual cycle. The cell complement in particular tissues of metazoans derives from a bal-
ance between apoptosis and cell division and an imbalance in favour of cell multiplication is
associated with cancer.

Apoptosis in viral-infected cells is induced by cytotoxic Tg; cells bound {via both the cell sur-
face T cell receptor and CD8 protein) to the target cell MHCI complex (which presents a
virus-derived peptide). This process is assisted by interleukin-2 (IL-2) (acting via the PM IL.-2
receptor on T, cells), the IL-2 having been generated by “helper” Ty cells complexed (via
both the cell surface T cell receptor and CD#4 protein) to a macrophage MHCII complex
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(which presents viral peptides derived from the ingestion of antibody-coated viruses by the
macrophage). Antibodies to viruses derive from clones of B cells stimulated to divide by virus
particles binding to PM surface antibodies on the B cells. Antibody-coated viruses bind via
the Fc portion of the IgGs to IgG Fc receptors on the surface of macrophages and are
subsequently ingested (phagocytosed). The Fc portion of a Y-shaped IgG immunoglobulin
molecule is the S—S-linked part of the two heavy (H) chains farthest away from the two
IgG arms (these involving light chains (L chains) S—S-linked to the heavy chains). The anti-
body Fc portion is involved in activation of the complement cascade resulting in the lysis of
target cells.

Signalling for apoptosis can involve a plasma Fas ligand which binds to the PM Fas recep-
tor with resultant activation of an associated cytosol-side Fas death domain of Fas and acti-
vation of caspase 8. Caspase 8 is a thiol protease and once activated initiates a so-called
“caspase cascade” leading to activation of further caspases (with consequent proteolysis) and
activation of a DNase (leading to DNA destruction with formation of a characteristic “DNA
fragment ladder”). Caspase 8 acts on mitochondria with resultant release of cytochrome ¢,
which promotes caspase 3 activation by caspase 8 and hence the “caspase cascade”. Another
signalling pathway for apoptosis involves tumour necrosis factor (TNF) binding to the TNF
receptor with consequent activation of a cytosolic-side TNF receptor-associated death
domain (TRADD) and resultant activation of the caspase cascade and cell death.

A large number of plant-derived compounds are apoptotic, having been variously shown
to activate caspases, cause membrane blebbing or induce formation of a “ladder” of frag-
mented DNA. Such compounds are cytotoxic and have potential as anti-neoplastic agents
(Table 9.7).

9.9 HIV-1 infection and HIV-1 replication

Because of the continuing impact of HIV-1 on human societies there has been great interest
in synthetic and plant-derived compounds that may interfere with infection and replication
of the virus. HIV-1 is an RNA retrovirus that targets Ty cells and is integrated into the
human genome through the successive action of HIV-1 reverse transcriptase (which gener-
ates DNA from the viral RNA template) and HIV-1 integrase (which incorporates this DNA
into the host cell genome). HIV-1 RINA translation yields a polypeptide product that must be
cleaved specifically by HIV-1 protease to yield separate active proteins. HIV-1 reverse tran-
scriptase, HIV-1 integrase and HIV-1 protease have been targets for potential anti-HIV-1
drugs. HIV-1 protease inhibitors and membrane-permeant nucleoside analogues such as
AZT (8'-azido-2',3’-dideoxythymidine) are clinically employed as anti-HIV-1 drugs. AZT
5 -triphosphate inhibits HIV-1 reverse transcriptase by causing chain termination because of
the absence of a 3'-hydroxyl. A number of inhibitors of HIV-1 protease (Chapter 13) are
used in combination drug therapy against HIV-1 infection. A variety of plant compounds
have been found, which inhibit HIV-1 protease (Chapter 13), HIV-1 reverse transcriptase
and HIV-1 integrase (Table 9.5).

9.10 Plant compounds interfering with gene expression

The most toxic plant compounds interfering with gene expression are toxic ribosome-
inactivating proteins (RIPs) that are introduced into the target cells with the help of an associ-
ated lectin (carbohydrate-binding protein). The RIPs are N-glycosidases and remove adenines
from ribosomal RNA, thus impairing ribosomal function and blocking protein synthesis
(Table 9.1). A number of plant alkaloids are potent and selective inhibitors of eukaryote
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protein synthesis including harringtonine, the isoquinolines cephaeline and emetine, the
phenanthrene indolizidines tylocrebrine and tylophorine (Section 1, Appendix) and
the phenanthroquinolizidine cryptopleurine (Table 9.2). Some plant antifungal proteins of
the y-thionin (defensin) class inhibit protein synthesis (Table 9.2).

A varlety of plant compounds bind to DNA and as a consequence variously impair
DNA-dependent reactions such as those catalysed by enzymes such as RNA polymerases,
DNA polymerases, DNA ligase, DNA helicase and topoisomerases types I and II. Such com-
pounds include the planar, aromatic, polycyclic alkaloids, ellipticine and emetine, and phe-
nolics such as ellagic acid and various anthraquinones. Psoralen and related furanocoumarins
bind to DNA and form cross-links in a light-dependent process and are consequently muta-
genic and phototoxic (Table 9.3). The quinoline camptothecin is a topoisomerase I inhibitor
that has been the lead compound for some related synthetic anti-neoplastic topoisomerase
I inhibitors (Table 9.3). Reversible histone acetylation is required for opening up the chro-
matin to permit gene expression, and inhibition of histone deacetylase interferes with proper
control of gene expression. Thus, some fungal histone deacetylase inhibitors are anti-mitotic.
Butyric acid (produced from roughage digestion by colonic bacteria) inhibits histone
deacetylase and is anti-mitotic and chemopreventive (Table 9.6).

Table 9.1 Ribosome-inactivating polynucleotide aminoglycosidases

Protein name In vitro ¢ffects [ in vivo effects/

(molecular mass; other

Plant species ( family) | plant part|

properties)

Type I ribosome- Ribosome structure: 9.1A
inactivating protein = Masayasu Nomura,
(RIP)/ Ira Wool, Peter Moore,
polynucleotide Thomas Steitz
aminoglycosidase
(PAG)

Agrostemma Agrostin Agrostemma githago PAG (apoptotic)
(~30kDa) (Caryophyllaceae) [seed]

Amaranthus Amaranthin Amaranthus viridis

PAG (animal rRNA); PST (25pM)

(30kDa; basic)
Asparagus Asparin 1
(30kDa; basic)
Asparagus Asparin 2
(30kDa; basic)
Basella RIP 1
(~30kDa)

Basella RIP 2
(~30kDa)

Beta Betavulgin
(~30kDa)

Bougamuvillea RIP
(~30kDa)

Bryomia Bryodin-L
(30kDa; basic;
glycoprotein)

(Amaranthaceae) [leaf]
Asparagus offictnalis
(Asparagaceae) [seed]
Asparagus offictnalis
(Asparagaceae) [seed]
Basella rubra (Basellaceae) [seed]

Basella rubra (Basellaceae) [seed]

Beta vulgaris (beet)
{Chenopodiaceae) [seedling]

Bouganvillea spectabilis
(Nictaginaceae) [leaf]

Bryomia dioica (Cucurbitaceae)

[leaf]

[antiviral (TMV)]
PAG (rRNA); PSI - RRL

PAG (rRNA); PSI - RRL

PAG (E. coli rTRNA, polyA, DNA, viral
RNA); PSI (~100pM) [toxic (mouse);
antiviral (AMCV); PST]

PAG (E. coli rTRNA, polyA, DNA, viral
RNA); PSI (~100pM) [toxic (mouse);
antiviral (AMCV); PSI]

PAG (tobacco rRNA)

PAG (E. coli '/RNA, polyA, DNA, viral
RNA); PSI (~100pM) [toxic (mouse);
antiviral (AMCV); PST]

PAG (rRNA); PSI - RRL

(continued)
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Table 9.1 (Continued)

Protern name
(molecular mass; other

properties)

Plant species ( family) | plant part/

In vitro ¢ffects [ in vivo effects/

Chenopodium RIP
(30kDay)

Cinnamomum
Camphorin
(~30kDay)

Citrullus Colocin 1
(30kDa; basic;
glycoprotein)

Citrullus Colocin 2
(30kDa; basic;
glycoprotein)

Cucurbita Pepocin
(26 kDa; basic; located
in sarcocarp & leaf
intercellular spaces)

Dranthus Dianthin 30
(30kDay)

Duanthus DAP 30
(30kDa)

Duanthus DAP 32
(32kDay)

[GAP 31 V5-K42]
(~4kDa)

[(C[GAP 31 V5-K42]),]
{(~4kDa; disulfide-
linked dimer)

[GAP 31 K10-K42]
(~4kDa)

[GAP 31 K10-N33]
(~3kDa)

[GAP 31 E23-K42]
(~2kDa)

[GAP 31 Y17-K42]
(~3kDa)

Gelomum Gelonin

(30kDa)

Gelomum GAP 31
(31kDa)

Gypsophila Gypsophilin
(28kDa; basic;
intercellular & vacuolar
localization)

Hordeum (barley) toxin
(RIP)

(~30kDa)

Hordeum (barley)
Jjasmonate-induced
putative RIP ( JIP60)
(60kDa)

Chenopodium amaranthicolor
{Chenopodiaceac)

Cinnamomum camphora
(Lauraceae) [seed]

Citrullus colocynthis
{(Cucurbitaceae) [seed]

Citrullus colocynthis
{(Cucurbitaceae) [seed]

Cucurbita pepo (Cucurbitaceae)

[fruit]

Dianthus caryoplyllus (carnation)
{(Caryophyllaceae)

Dranthus caryophyllus (carnation)
(Caryophyllaceae) [leaf]

Dranthus caryophyllus (carnation)
{(Caryophyllaceae) [leaf]

Synthetic peptide from Gelonium
multiflorum GAP 31

Synthetic peptide from Gelonium
multiflorum GAP 31

Synthetic peptide from Gelonium
multiflorum GAP 31

Synthetic peptide from Gelonium
multiflorum GAP 31

Synthetic peptide from Gelonium
multiflorum GAP 31

Synthetic peptide from Gelonium
multiflorum GAP 31

Gelonwum multyflorum
(Euphorbiaceae) [seed]

Gelonwum multyflorum
(Euphorbiaceae) [seed]

Gypsophila elegans
{(Caryophyllaceae) [leaf]

Hordeum vulgare (barley)
(Poaceac) [seed]

Hordeum vulgare (barley) Poaceace)

[seed]

PAG (animal, yeast, E. coli & plant
rRNA)

PAG (RNA), DNA supercoil-
dependent endonuclease
[selectively cytotoxic]

PAG (rRNA); PST - RRL

PAG (rRNA); PST - RRL

PAG (rat, wheat, E. coli 28S rRNA)
(at position 4324 of rat 285 rRNA);
PSI(RRL) (15pM)

PAG (animal, yeast, E. coli & plant
rRNA) [PSI (~1nM)]

RI(3nM) [inhibits PS (at 0.3),
anti-HIV-1 (1nM)]

RI(2nM) [inhibits DNAS (at 0.3), PS
(at 0.3), anti-HIV-1 (1nM})]

RI (at 20) (DNA, RNA, RT)
[anti-HIV1 (21-35)]

RI (at 20) (DNA, RNA, RT)
[ant-HIV-1 (19-36)]

RI (at 20) (DNA, RNA, RT)
[anti-HIV-1 (22-36)]

RI (at 20) (DNA, RNA, RT)
[anti-HIV-1 (700)]

RI (at 20)

RI (at 20)

PAG (rRNA) (mammalian tRNA(Trp)
stimulates); DNA GAAL (SS DNA)
[relatively non-toxic]

RI{#nM) (HIV-1 INT) [anti-HIV-1
(0.3nM}); not cytotoxic]

PAG (rat 28S rRNA); PSI (RRL)

PAG (rRNA); PSI

PAG (tobacco & barley 25S rRNA);
PSI

(continued)
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Table 9.1 (Continued)

Protetn name Plant species ( family) | plant part| In vitro ¢ffects [ in vivo effects/

(molecular mass; other

properties)

Iris IRTP Iris hollandica (Iridaceae) [bulb] PAG (rRNA)
{(~30kDa monomer;
disulfide linked
~60kDa dimer)

Lyffa Luffin Luffa cyclindrica (Cucurbitaceae) PAG (rRNA) (HIV-1 INT)
(~30kDa)

Lychnmis Lychnin Lychnis chalcedonica PAG (wheat, rat, E. coli rRNA);
(30kDa; basic; (Caryophyllaceae) [seed] PSI-RRL
glycoprotein)

Manihot Mapalmin Manihot palmata (Euphorbiaceae)  PAG (rRNA); PSI - RRL
(30kDa; basic; [seed]
glycoprotein)

Mesembryanthemum Mesembryanthemum crystallinum PAG (rabbit & M. crystallinum rRINA)
RIP1 (33kDa {Aizoaceae) [plant]

[reading frame])
Mirabilis MAP, MAP30  Mirabilis jalapa (Nyctaginaceae)
(30kDa)

Momordica o- Momordica charantia
Momorcharin (@«-MMC)  (Cucurbitaceae) [seed]
(30kDa; basic)

Momordica 3- Momordica charantia
Momorcharin (-MMC) (Cucurbitaceae) [seed]
(29kDa; basic;
glycoprotein)

Momordica y- Momordica charantia
Momorcharin (y-MMC)  (Cucurbitaceae) [seed]
(11.5kDa; basic)

Momordica Momordica coclunchinensts
Momorcochin-S§ {(Cucurbitaceae) [seed]
(30kDa; basic;
glycoprotein)

Momordica Momordica coclunchinensts

Momorcochin-S isoform  (Cucurbitaceae) [root]
(30kDa; basic;

glycoprotein)
Petrocoptis Petroglaucin 1 Petrocoptis grandiflora
(30kDa) {(Caryophyllaceae) [plant]
Petrocoptis Petrocoptis grandiflora
Petroglaucin 2 (Caryophyllaceae) [plant]
(30kDa)
Petrocoptis Petrograndin Petrocoptis grandiflora
(30kDa) {(Caryophyllaceae) [plant]
Phytolacca antiviral Phytolacca insularis
protein (PIP) (Phytolaccaceae) [leaf]
(~30kDa)

PAG (RNA, DNA, wheat, M. jalapa,
prokaryote & eukaryote 28S-like
rRNA); DNA GAAL [antivirus per
suicide]

PAG (rRNA); PSI - RRL

PAG (rRNA); PSI - RRL

PAG (rRNA); PSI - RRL (55nM)

PAG (rRNA); PSI - RRL (HIV-1 INT)

PAG (rRNA); PSI - RRL

PSI - RRL (nM); inactive on
bacterial PS
PSI - RRL (nM)

PSI - RRL (nM); inactive on
bacterial PS

rPIP: PAG (rRNA), PST (RRL)
[antiviral (potato virus X,
potato virus Y & potato leafroll
virus)|

(continued)
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Table 9.1 (Continued)

Protern name
(molecular mass; other

properties)

Plant species ( famuly) | plant part/

In vitro ¢ffects [ in vivo effects/

Phytolacca PAP
{pokeweed antiviral
protein) (30kDa; basic)

Phytolacca PAP-R
{pokeweed antiviral
protein from roots)
(30kDa; basic)

Phytolacca PAP-S
{pokeweed antiviral
proteins from seed)
{30kDa; basic)

Phytolacca PAP-S’
{pokeweed antiviral
proteins from seed)
(~30kDa)

Phytolacca PD-11
(33kDa; basic;
glycoprotein)

Phytolacca PD-L2
(31.542kDa; basic;
glycoprotein)

Phytolacca PD-L3
(30kDa; basic;
glycoprotein)

Phytolacca PD-1.4
(29kDa; basic; aglycone
of PD-L3)

Phytolacca PD-S2
(29kDa; basic)

Prsum a-Pisavin
(20.5kDa; basic)

Pisum 3-Pisavin
(18.7kDa; basic)

Prsum Sativin
(basic)

Sambucus Nigritin {1
(24kDa; basic;
constitutive in fruit)

Sambucus Nigritin £2
(24 kDa; basic; inducible
in maturing fruit)

Saponaria ocymoides
RIP (30kDa;
basic)

Saponaria Saporin-L1
(~30kDa)

Saponaria Saporin 6
(~30kDa)

Saponaria Saporin-R1
(~30kDa; glycoprotein)

Phytolacca americana
(Phytolaccaceae) [leaf]

Phytolacca americana
(Phytolaccaceae) [root]

Phytolacca americana
(Phytolaccaceae) [seed]

Phytolacca americana
(Phytolaccaceae) [seed]

Phytolacca dioica (Phytolaccaceae)

[leaf]

Phytolacca dioica (Phytolaccaceae)

[leaf]

Phytolacca dioica (Phytolaccaceae)

[leaf]

Phytolacca dioica (Phytolaccaceae)

[leaf]

Phytolacca dioica (Phytolaccaceae)
[root]

Prsum satiwum (pea) (Fabaceae)
[seed]

Prsum satiwum (pea) (Fabaceae)
[seed]

Prsum sativum (pea) (Fabaceae)
[seed]

Sambucus nigra
(Caprifoliaceae) [fruit]

Sambucus nigra
(Caprifoliaceae) [fruit]

Saponaria ocymoides
(Caryophyllaceae) [seed]

Saponaria officinalis
(Caryophyllaceae) [leaf]

Saponaria officinalis
{(Caryophyllaceae) [leaf]

Saponana officinalis
{(Caryophyllaceae) [root]

PAG (animal, yeast, E. coli & plant
rRNA);deguanylates HIV-1 RNA; PSI
(RRL); depurinates & cleaves SS DNA

PAG (animal, yeast, E. coli & plant
rRINA; rat liver rRNA at multiple sites);
PSI (RRL); depurinates & cleaves
SS DNA

PAG (E. coli r(RNA, wheat 255 rRNA)

PAG (wheat 258 rRNA)

PAG (veast rRNA); PSI — RRL (pM)

PAG (veast rRNA); PSI — RRL (pM)

PAG (veast rRNA); PSI — RRL (pM)

PAG (veast rRNA); PSI — RRL (pM)

PAG (rRNA); PSI - RRL (pM)

PAG (rRNA); PSI - RRL (pM);
linearizes circular & supercoiled DNA

PAG (rRNA); PSI - RRL (pM);
linearizes circular & supercoiled DNA

PSI (14) (weak) [related to RIP Pisavin
& sweet Miraculin; antifungal]

PSI (RRL; inactive against plant
ribosomes)

PSI (RRL; inactive against plant
ribosomes)

PAG (rRNA); PSI - RRL (pM); rat
liver ribosomes (1 nM) [PS]; intact
cells, (4nM — > 3000nM)]

PAG (rRNA, DNA, polyA)

PAG (rRNA); (DNA nuclease or
contaminant activity?)

PAG (28S rRNA); PST (RRL,
plant > E. colt)

(continued)
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Table 9.1 (Continued)

Protetn name
(molecular mass; other

properties)

Plant species ( family) | plant part|

In vitro ¢ffects | in vivo effects/

Saponaria Saporin-R3
(~30kDa; glycoprotein)

Sechium Sechiumin
(27kDa)

Spinacia RIP
(30kDay)

Trichosanthes
Neotrichosanthin
(~30kDa)

Trichosanthes
Trichoanguin
(35kDa; basic;
glycoprotein;

2 cysteines)

Trichosanthes
Trichokirin
(~30kDa)

Trichosanthes
a-Trichosanthin
(~30kDa)

Trichosanthes
Trichomaglin
(25kDay)

Triticum Tritin-S
(~30kDa; requires
ATP for action)

Triticum Tritin-L
(~30kDa; does not
require ATP for action)

Vaccaria R1IP
(28kDay)

Non-plant reference
[Volvarin]
(29kDa)

Type II ribosome-
inactivating protein
(RIP)/
polynucleotide
aminoglycosidase
(PAG)

Abrus Abrin-a
(~60kDa; A[~30kDa
PAG]-S-S-B[~30kDa
lectin])

Saponana officinalis
{(Caryophyllaceae) [root]
Sechuum edule
{(Cucurbitaceae) [seed]
Spinacia oleracea
{Chenopodiaceac)
Trichosanthes kirillows
{(Cucurbitaceae) [seed]

Trichosanthes anguina
{(Cucurbitaceae) [tuber]

Trichosanthes kiridlowi
(Cucurbitaceae) [seed]

Trichosanthes kirillowi
{(Cucurbitaceae) [seed]

Trichosanthes lepiniata
{(Cucurbitaceae) [tuber]

Triticum aestivwm (Poaceae) [seed]

Triticum aestivwm (Gramineae)

[leaf]

Vaccaria pyramidata
(Caryophyllaceae) [seed]

Volvariella volvaceae
(Volariellaceae) — edible
mushroom
(Basidiomycetae)

Abrus precatorius (Fabaceae); toxic

PAG (285 rRNA); PSI (RRL, insect,
plant; weak versus E. colt)

PAG (28S rRNA; PSI - RRL (0.7nM);
[PSI, intact HeLa cells (5000nM)]

PAG (animal, yeast, E. coli & plant
rRNA)

PAG (rRNA); PSI

PAG (A4324 site of rat 285 rRNA);
PSI—RRL (10nM) [weak PSI,
HeLa cells]

PAG (rat rRNA at many sites); PSI

PAG (rat rRNA at many sites); PSI
(HIV-1 RT)

PAG (rRNA}; PST - RRL (10nM)

[abortifacient]

PAG (A3024 of yeast 26S rRNA); PSI
(rabbit, yeast; inactive on wheat,
tobacco & E. coli rRNA)

PAG (A3024 of yeast 26S rRNA);

PSI (rabbit, yeast, wheat, tobacco &
E. coli TRNA)

PAG (rRNA); PST - RRL (0.1 nM; rat
liver ribosomes (1nM) [PSI, intact
cells (4nM — >3000nM)]

9.1An

PAG (rabbit rRNA); PSI - RRL
{0.5nM); (DNase on supercoiled
DNAP) [abortefacient (mouse)]

9.1B

A: PAG (rat rRNA A4324 in R/S
domain; not £. coli ribosomes);
B: galactose binding [toxic; PSI]

(continued)
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Table 9.1 (Continued)

Protern name
(molecular mass; other

properties)

Plant species ( family) | plant part/

In vitro ¢ffects [ in vivo effects/

Cimnamomum
Cinnamomin
(~60kDa; A[30kDa
PAG]-S-S-B[~30kDa
lectin])

Cinnamomum Porrectin
(64.5kDa; A[30.5kDa
PAG]-S-S-B[33.5kDa
glycoprotein lectin])

Phoradendron
californicum lectin
(PCL)

(~60kDa; A[~30kDa
PAG]-S-S-B[~30kDa
lectin)

Polygonatum RIP
monomer (PMRIPm)
(~60kDa; A(~30kDa
PAG)-S-S-B(~30kDa
lectin])

Polygonatum RIP
tetramer (PMRIPt)
(~240kDa; [A[~30kDa
PAG]-S-S-B[~30kDa
lectin]]4; ricin-like
structure)

Ricinus Ricin
(65kDa; A[~30kDa
PAG]-S-S-B[~30kDa

glycoprotein lectin])

Sambucus Ebulin 1
(56kDa; A[26kDa
PAG]-S-S-B[30kDa
lectin])

Sambucus Ebulin rl
(56kDa; A[26kDa
PAG]-S-S-B[30kDa
lectin])

Sambucus Ebulin r2
(56kDa; A[26kDa
PAG]-S-S-B[30kDa
lectin])

Sambucus Nigrin b
(568kDa; A[26kDa
PAG]-S-S-B[32kDa
lectin])

Cinnamomum camphora
(Lauraceac) [seed]

Cinnamomum porrectum
(Lauraceae) [seed]

Phoradendron californicum
{Viscaceae) [plant]

Polygonatum multflorum
(Liliaceae) [leaf]

Pobygonatum multiflorum
(Liliaceae) [leaf]

Ricinus communis (Euphorbiaceae)
[seed]; Bulgarian dissident
defector Georgi Markov
murdered in London,
stabbed in thigh by ricin-
tipped umbrella (1978)

Sambucus ebulus (Caprifoliaceae)

[leaf]

Sambucus ebulus (Caprifoliaceae)

[bark]

Sambucus ebulus (Caprifoliaceae)

[bark]

Sambucus migra (Caprifoliaceae)

[leaf]

A: PAG (RNA, adenine nucleotides
except 5'-ATP), DNA supercoil-
dependent endonuclease)

B: lectin
A-B: PSI (14nM) [toxic
(insect larvae)]

A: PAG (rat rRNA A4324in R/S
domain); PSI (RRL) [toxic; cytotoxic;
PSI]

PAG (rat liver 28S rRNA A4324)

A: PAG (rRNA)
B: Gal/GalNAc-specific lectin

[low toxicity for human, animal cells]

A: PAG (rRNA)
B: GalNAc-specific lectin
[low toxicity for human, animal cells]

PAG (rat 28S rRNA A4324in R/S
domain; not £. coli ribosomes); DNA
GAAL (ssDNA); PSI; galactose-
specific [toxic; cytotoxic, PSI]

PAG (rRNA); PSI (RRL, rat brain &
liver) [non-toxic {mice, NHC human
epithelial cells)]

PAG (rRNA); PSI (mammalian

not plant)

PAG (rRNA); PSI (mammalian
not plant)

PAG (rRNA); PSI (mammalian; not
plant or bacterial)

(continued)
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Table 9.1 (Continued)

Protein name
(molecular mass; other

properties)

Plant species { family) | plant part/

In vitro effects / in vivo effects/

Sambucus Nigrin 1
(63kDa; A[26kDa
PAG]-S-S-B[32kDa
inactive lectin])

Sambucus Sieboldin-b
(60kDa; A[27kDa
PAG]-S-S-B[33kDa
lectin])

Viscum lectin MLI
(PML)

(~60kDa; A[~30kDa
PAG]-S-S-B[~30kDa
lectin])

Sambucus nigra (Caprifoliaceae)

[bark]

Sambucus sieboldiana

(Caprifoliaceae) [bark]

Viscum album (mistletoe)
(Viscaceae)

PAG (rRNA); PSI (RRL; not plant
or Hel.a cell); no carbohydrate
binding activity

PAG (rRNAj; PSI (mammalian; not
plant or bacterial) [not toxic]

PAG (rRNA); PSI [cytotoxic]

Table 9.2 Protein synthesis

Compound (class)

Plant ( famuly) | part/

Process infubited (other targets)
/1in vivo effects/

Protein synthesis (PS)

Alkaloid

Bouvardin
{macrocyclic)

Cephalotaxine
(pentacyclic)

Cephaeline
{emetine isoquinoline)

Cryptopleurine
(phenanthro-
quinolizidine)

Digoxin (= Digoxigenin
3-O-tridigitoxoside)
{cardenolide, steroid
triterpene glycoside)

Dihydrolycorine
(galanthan

Amaryllidaceae
alkaloid)

Paul Zamecnic, Mahlon
Hoagland (ribosomes,
aminoacyl-tRNA); Gobind
Khorana, Robert Holley &

Marshall Nirenberg (genetic

code & protein synthesis,

Nobel Prize, 1968, medicine)

Bouvardia ternifolia (Rubiaceae)

Cephalotaxus drupacea,

C. harringtonia, C. fortunet,
C. wilsoniana, C. spp.
{(Cephalotaxaceac)

Alangium lamarekii (Alangiaceae),
Cephaelis tpecacuanha
(ipecacuanha) (Rubiaceac)

Cryptocarpa pleurosperma
(Lauraceae), Boehmeria cylindrica
(Urticaceae), Cissus rheifolia
(Vitidaceae)

Digitalis lanata, D. orientalis,
{(Scrophulariaceae)

Lycoris radiata (Amaryllidaceae)

9.2

9.2a

PS (808, EF1- & EI2-interacting
site) [cytotoxic]

PS (no PS elongation inhibition
cf. Homoharringtonine)
[antileukaemic, antitumour]

PS — ribosomal inhibition
[amoebicide, emetic, expectorant]

80S PS — 40S subunit site (blocks
translocation) (at 10) [antiviral,
cytotoxic]

PS (Na*, K*-ATPase) [50nM]|
[cardiotonic, cytotoxic (<<0.1),
toxic]

80S PS — cell-free HeLa PS (~1000),
PT (> 1000); yeast 60S ribosomal
subunit binding (Narciclasine
displacement) (> 1000}

{continued)
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Compound (class) Plant ( fanuly) | part/ Process infubited (other targets)
/in vivo effects/

c1s-[1,10b] Hymenocallis bittoralis (spider lily)  80S PS — cell-free yeast PS

Dihydronarciclasine (Amaryllidaceae) [bulb]; cf. (~1000), PT (~100), 60S

(=cs-[1,10b]
Dihydrolycoricidinol )
{phenanthridine
Amarvllidaceae alkaloid)
trans-[1,10b]
Dihydronarciclasine
(= trans-[1,10b]
Dihydrolycoricidinol )
{phenanthridine
Amarvyllidaceae alkaloid)
[trans-[1,10b]Dihydro-
narciclasine acetonide
(=trans-[1,10b] Dihydro-
lycoricidinol )]
{phenanthridine)
Emetine (= Cephaeline
methyl ether)
{emetine isoquinoline)

Haemanthamine
(= 3-Epicrinamine;
Haemanthidine;
Natalensine)
(Amarvyllidaceae crinane)
Harringtonine
{(cephalotaxine ester)

Homoharringtonine
{(cephalotaxine ester)

Isoharringtonine
{cephalotaxine ester)

Isonarciclasine
(Amarvllidaceae
phenanthridine)

{—)-Lycorine (= Narcissine;
Galanthidine)
(Amaryllidaceae galanthan)

trans-[1,10b]Dihydronarciclasine
(= trans-[1,10b]
Dihydrolycoricidinol)

Hymenocallis bittoralis (spider lily)
(Amaryllidaceae) [bulb]

Semi-synthetic from frans-
[1,10b] Dihydronarciclasine
(= trans-[1,10b]
Dihydrolycoricidinol)

Hedera helix (Araliaceac), Cephaelis
(= Uragoga) acuminata,
C. ipecacuanha (ipecacuanha)
(Rubiaceae)

Haemanthus sp. (Amaryllidaceae)
[bulb]

Cephalotaxus harringtonia,
C. fortuner, C. hainensts
(Cephalotaxaceac)

Cephalotaxus drupaceae, C. fortunet,
C. harringtonia, C. spp.
(Cephalotaxaceae)

Cephalotaxus drupaceae, C. fortuner,
C. hamnensis, C. harringtonia,
C. wilsoma, C. spp.
(Cephalotaxaceac)

cf. Narciclasine
(= Lycoricidinol )

Polianthes tuberosa (Agavaceac),
Ammocharis coranica,
Brunsvigia

ribosomal subunit (Narciclasine
displacement) (inactive)
[antitumour, insect antifeedant,
cytotoxic]|

80S PS — cell-free yeast PS
(<100}, PT (<1}, 60S ribosomal
subunit (Narciclasine
displacement) (< 10)

80S PS — cell-free yeast PS
(<100), PT (1-10), 60S ribosomal
subunit (Narciclasine
displacement) (< 10)

80S PS — 40S subunit site (cf.
Cryptopleurine, Tubulosine &
Tylocrebrine); rabbit reticulocyte
PS (at 1-100) [antiamoebic,
anticancer, antiviral, cytotoxic,
emetic, expectorant]

80S PS — cell-free HeLa PS (<< 100),
PT (< 100); 60S ribosomal
subunit binding (Narciclasine
displacement) (> 1000)
[hypotensive]

PS — 80S ribosomal 60S subunit
PT at or near A site (binds at
Anisomycin site) [antileukaemic,
antitumour]

PS — 80S ribosomal 60S subunit
PT at or near A site (binds at
Anisomycin site) [antileukaemic,
antitumour, apoptotic,
hypotensive, myelosuppressive]|

PS — 808 ribosomal 60S subunit
PT at or near A site (binds at
Anisomycin site) [antileukaemic,
antitumour]|

80S PS — cell-free yeast PS
(<100), PT (1-10), 60S
ribosomal subunit binding
(Narciclasine displacement)
(100-1000)

80S PS — cell-free HeLa PS
(< 700), PT (< 70); yeast 608

(continued)
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Table 9.2 (Continued)

Compound (class)

Plant (family) | part]

Process infubited (other targets)
/1in vivo effects/

2-0-Methylnarciclasine
(= O-Methyllycoricidinol)
(Amarvllidaceae
phenanthridine)

Narciclasine
{=Lycoricidinol)
(Amarvllidaceae
phenanthridine)

Pancratistatin
{Amaryllidaceae alkaloid)

Pretazettine (= Isotazettine)
{Amaryllidaceae
tazettine)

Pseudolycorine
(Amaryllidaceae galanthan)

Tubulosine
(benzylquinolizidine,
isoquinoline)

(—)-Tylocrebrine
{phenanthrene indolizidine)

(—)-Tylophorine
{phenanthrene indolizidine)

Phenolic

Aloe-emodin
(=Rhabarberone)
{anthraquinone)

lttoralis, Crinum amabile, Lycoris
radiata, Narcissus spp.
(Amarvllidaceae) [bulb],
Hippeastrum vittatum (Liliaceae);
also as glycoside, F'A ester,
acetic acid ester

cf. Narciclasine
(= Lycoricidinol )

Haemanthus kalbreyert,
Hymenocallis littoralis (spider lily)

[bulb], Lycoris longituba, Narcissus

tazetta (Amaryllidaceae)

Hymenocallis littoralis (spider lily)

[bulb], H. spp., Pancratium hittorale,

P. spp. (Amaryllidaceae)
Leucojum aestioum, Lycoris radiata,
Narcissus tazetta, Pancratium
biflorum, Zephyranthes carinatus
(Amaryllidaceae)

Lycoris radiata, Lycoris squamigera
Nareissus tazetta, Narcissus spp.
{Amaryllidaceae, Liliaceae);

Pogonopus tubulosus, Psychotria
granadensts, Cephaelis ipecacuanha

(Rubiaceae)

Dylophora crebriflora
{Asclepiadaceae)

Dylophora asthmatica, Cynanchum
vincetoxicum, Pergularia pallida,
Vincetoxicum officinale
(Asclepiadaceae), Ficus septica
(Moraceae)

Oroxylum tndicum (Bignoniaceae),

Cassia senna (Fabaceace), Aloe vera,

A. spp., Asphodelus microcarpus,
Xanthorrhea australis (Liliaceae),

ribosomal subunit binding
(Narciclasine displacement)
(~1000) [antiviral, cytotoxic,
highly toxic]

808 PS — cell-free yeast PS (~100),
PT (10-100), 60S ribosomal
subunit binding (Narciclasine
displacement) (> 1000}

80S PS — cell-free HeLa PS
(<0.2), PT (<0.2); cell-free yeast
PS (< 100), PT (<0.1), 608
ribosomal subunit [<<0.1]
[antitumour, insect antifeedant,
cytotoxic]|

80S PS [anticancer, antiviral]

80S PS — cell-free HeLa PS (< 30),
PT (<< 30); yeast 60S ribosomal
subunit binding (Narciclasine
displacement) (30-300)
[antitumour, antiviral, cytotoxic]
80S PS — cell-free HeLa PS
(~100), PT (~100); yeast 60S
ribosomal subunit binding
{Narciclasine displacement)
(>1000) [cytotoxic]

80S PS — 408 subunit site
(cf. Cryptopleurine, Emetine &
Tylocrebrine) [amoebicidal,
antitumour, toxic|

80S PS — 40S subunit site

(cf. Cryptopleurine, Emetine &
Tubulosine) [antitumour, toxic,
vesicant]

80S PS — 40S subunit site

{cf. Cryptopleurine, Emetine &
Tubulosine) [antitumour, toxic,
vesicant]

9.2p
PS - eEF-2 (DNA, TOPII)

Rheum spp. (Polygonaceae), Zectona

grandis (Verbenaceae)

(continued)



Table 9.2 {Continued)

9. Gene expression, cell division and apoptosis

355

Compound (class)

Plant ( famuly) | part/

Process infubited (other targets)
/1in vivo effects/

Aloin (= Barbaloin)
{anthrone glycoside)

Cafteic acid (= 3,4-
Dihydroxycinnamic acid)
{ phenylpropanoid)

Polyproanthocyanidin
{condensed tannin)

Quercetin (= 3,5,7,3",4'-
Pentahydroxyflavone)
(flavonol)

Terpene
Ailanthinone

{quassinoid nortriterpene)
Brusatol

{quassinoid nortriterpene)
Bruceantin

{quassinoid nortriterpene)

Digoxin (= Cordioxil;
Davoxin; Digacin;
Digoxigenin 3-0-
tridigitoxoside)
{cardenolide)

Genkwadaphnin
(diterpene)

Tingenone
(friedlane triterpene)

Yuanhuacine

(diterpene)

Aloe ferox, A. perrys, A. vera
(Liliaceae) [leaf], Frangula alnus,
Frangula purshiana (Rhamnaceae)

Artemisia rubripes, Taraxacum
officinale, Anthemis nobilis, Achillea
mullefolium [flower] (Asteraceac),
Ipomoea purga (Convolvulaceac),
Olea europaea (Oleaceae), Papaver
somniferum (Papaveraceac),
Coffea arabica, Cinchona cuprea
(Rubiaceae), Digitalis purpurea
{(Scrophulariaceae), Conum
maculatum (Umbelliferae)

Alhagi kirgisorum (Fabaceae)

Widespread; Asteraceae,
Passiflorae, Rhamnaceae,
Solanaceae; Podophyllum peltatum
(Berberidaceae), Allium cepa
(Liliaceae), Oenothera biennis
(Onagraceac), Roelreuteria henryt
(Sapindaceae); widespread as
glycosides

Atlanthus altissima, Pierreodendron
kerstingi (Simaroubaceae)
Brucea javanica (Simaroubaceac)

Brucea antidysenterica
(Simaroubaceac)

Digitalis lanata, D. orientalis
(Scrophulariaceae)

Daphne genkwa (Thymelaceae)

Crossopetalum uragoga, Maytenus
Spp-, Schagfferia cunerfolia
(Celastraceae)

Daphne genkwa (Thymelaeaceae)

PS — eEF-2 [purgative]

eEF-2 (5-LOX, 12-LOX) [AI
PAI, 5-LOX & LTB, generation
inhibited (weak)]

PS — eIF-2 [blocks elF-Met-
tRNA-GTP ternary complex
formation]

PS - EF-la (AR, cAMP PDE,
EGF-RTK, LOX, PK, TK)
[allergenic, antibacterial, Al,
antiviral]

9.2t
80S PS [amoebocidal,
antimalarial, antineoplastic|

80S PS

80S PS, 80S PT — yeast PS (10),
PT (0.4), 80S ribosome PT centre
(Trichodermin displacement)
[0.3], polysome PT centre
(stabilizes polysomes) [557]
[amoebicidal, antileukaemic,
cytotoxic]

PS — ribosomal inhibition
(Na"K"-ATPase) [cardiotonic,
toxic]

PS — PT, chain elongation
[antileukaemic, inhibits DNA
synthesis]

PS (DNA, DNAS, RNAS)

PS — PT, chain elongation
[antileukaemic, inhibits DNA
synthesis]

(continued)
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Compound (class) Plant ( famuly) | part/ Process infubited (other targets)
/ in vivo ¢ffects/
Other 9.20

Hordeum o-Hordothionin
{(=a-H) (defensin,
a-thionin; 6kDa; 8 Cys)

Hordeum (3-Hordothionin
(=B-H) (defensin,
-thionin; 6kDa; 8 Cys)

Hordeum y-Hordothionin
(=v-H) (defensin,
+y-thionin; 6kDa; 8 Cys)

Hordeum w-Hordothionin
(=w-H) (defensin,
v-thionin; 6kDa; 8 Cys)

Tritieum al-, a2- &
3-Purothionin mixture
(a- & B-thionins; 5kDa;
8 Cys)

RIPs
(Type 1: ~30kDa
monomers; Type 2:

~60kDa S—S-linked RIP-

lectin heterodimers)

Non-plant reference
[3-Acetyldeoxynivalenol]

{tricothecane sesquiterpene)

Anisomycin (= (2R,35,45)-
y

2-[(4-Methoxyphenyl)
methyl]-3,4-

pyrrolidinediol-3-acetate)]

{aryl pyrrolidine)
[ Diacetylverrucarol]

{tricothecane sesquiterpene)

[ Diacetoxyscirpenol (=
Anguidine)] (tricothecane
sesquiterpene)

[Chloramphenicol

(= D-threo-N=(1,1"-dihydroxy-
1-p-nitrophenyl-isopropyl }-

dichloroacetamide}))

{aryl chloroamide)
[Cycloheximide]

(alicyclic piperidinedione)

Hordeum vulgare (barley) (Poaceae)
[seed]

Hordeum vulgare (barley) (Poaceae)
[seed]

Hordeum vulgare (barley) (Poaceae)
[seed]

Hordeum vulgare (barley) (Poaceae)
[seed]

Triticum aestioum (wheat) (Poaceae)

[seed]

For RIP details see Table 9.1

Fusarium spp. (fungus) [on grain]
{Deuteromycete)

Streptomyces griseolus (fungus)
{Actinomycete)

Fusarium sp. (fungus)

Fusarmum diersisporum,
E sambusinum (fungus)

Streptomyces venezuelae (soil
fungus) (Actinomycete)

Streptomyces griseus (fungus)
{Actinomycete)

PS (elongation) — cell-free
Artemua (15), rabbit reticulocyte (3)

PS (elongation) — cell-free
Artenua (15), mouse liver (8),
rabbit reticulocyte (5)

PS (elongation) — cell-free
Artemia (8), barley (> 76), E. coli
(76), mouse liver (8), rabbit
reticulocyte (10), rat liver (24),
wheat (31)

PS (elongation) — cell free E. colt
(68), rabbit reticulocyte (54), rat
liver (32)

PS — cell-free wheat (6), rabbit
reticulocyte (7) [baby hamster
kidney cell PS inhibition
(0.04-0.4)]

PS (ribosomal inactivation)

9.2n

PS — 80S ribosomal 608 subunit
PT (at 10) [caspase-3 & JNK1
activation (at 10)]

PS — non-competitive 80S
ribosomal 60S subunit PT,
competes with Trichothecin
(triggers ribotoxic stress response
activating JNK1)

PS — 808 ribosomal 608 subunit
PT (at 10) [caspase-3 & JNK1
activation (at 10)]

PS — 808 ribosomal 608 subunit
PT (triggers ribotoxic stress
response activating JNKI)

{at 10) [caspase-3 activation
{at 10)]

70S PS (inhibits elongation, the
amide moiety competing with
the PT complex as a peptide
analogue) [antibacterial]

808 PS (inhibits PT) [apoptotic,
fungicide]

(continued)
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Compound (class) Plant ( famuly) | part/ Process infubited (other targets)
/in vivo effects/
[Erythromycin] Streptomyces erythreus (soil fungus)  Binds to 708 ribosomal 508

(alicyclic glycoside)

[Gougerotin (= 1-[4-Deoxy-
4-(sarcosyl-D-seryl)
amino-B-D-gluco-
pyranuramide]cytosine)]
{pyrimidine glycoside)

[Griseoviridin]

[HT-2 toxin]
{tricothecane
sesquiterpene)

[ Nivalenol]
{tricothecane
sesquiterpenc)

[Oxytetracycline]
{(naphthacene carboxamide);
structure determined
(1952) by
R. B. Woodward (USA,
chemist; Nobel Prize,
1965)

[Puromycin]

(adenosine amide derivative)

[Roridin A]
{trichothecane
sesquiterpenc)
[Satratoxin F ]
(trichothecane sesquiterpene)
[Satratoxin G]
(trichothecane sesquiterpene)
[Scirpentriol]
{tricothecane sesquiterpene)

[(—)-Sparsomycin]|
{pyrimidine amide sulphinyl)
[Streptomycin]
{aminoiminomethylaminogly-
coside)

[ Tetracycline]
{(naphthacene carboxamide)

(Actinomycete)

Streptomyces gougerotii (fungus)
(Actinomycete)

Streptomyces albolongus

Fusarium spp. (fungus) [on grain]
(Deuteromycete)

Fusarium nivale, I spp. (fungus)
[on grain] (Deuteromycete)

Streptomyces spp. (fungus)
(Actinomycete)

Streptomyces alboniger (fungus)
(Actinomycete); enters A site
as aminoacyl tRNA mimetic
& PT catalyses transfer to
growing chain— chain
termination & release

Mpyrothecium roridum (fungus)

Stachybotrys sp. (fungus)

Stachybotrys sp. (fungus)

Fusarium spp. (fungus)
[on grain] (Deuteromycete)

Streptomyces sparsogenes (fungus)
(Actinomycete)

Streptomyces griseus (fungus)
(Actinomycete)

Streptomyees spp. (fungus)
(Actinomycete)

subunit 235 rRNA & inhibits
translocation of the peptidyl
tRINA from the A site to the Psite
[antibacterial]

70S & 808 PS — ribosomal large
subunit (polypeptide elongation)
[antibacterial, antineoplastic]

708 & 80S PS — inhibits PT
[antibacterial]

PS — 808 ribosomal 60S subunit
PT (triggers ribotoxic stress
response activating JNKI) (at 10)
[caspase-3 activation (at 10)]

PS — 808 ribosomal 608 subunit
PT (~10) (triggers ribotoxic stress
response activating JNKI) (at 10)
[caspase-3 activation (at 10);
apoptotic, cytotoxic]

PS (inhibits aminoacyl tRNA
binding to ribosome)
[antibacterial]

PS — chain termination
[anti-neoplastic, antiprotozoal]

PS — 808 ribosomal 608 subunit
PT [antifungal, apoptotic,
cytotoxic, emetic, toxic|

PS — 808 ribosomal 608 subunit
PT [apoptotic, cytotoxic, toxic]

PS — 808 ribosomal 60S subunit
PT [apoptotic, cytotoxic, toxic]

PS — 808 ribosomal 608 subunit
PT (at 10) [caspase-3 & JNK1
activation (at 10)]

PS [antibiotic, antitumour]

Impairs proper aminoacyl tRINA
anticodon—codon pairing —
misreading — aberrant product
[antibacterial]

PS (inhibits aminoacyl tRNA
binding to ribosome)
[antibacterial]

(continued)
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Compound (class)

Plant ( famuly) | part|

Process infubited (other targets)
/in vivo effects/

['T-2 Toxin (= Fusariotoxin
T-2; Insariotoxin; Mycotoxin
T-2)] (tricothecane
sesquiterpene)

[Trichodermin]
(sesquiterpene)

[Trichothecin]

(trichothecane sesquiterpene)

[Verrucarin A]
{tricothecane sesquiterpene)

[ Vomitoxin
(= 4-Deoxynivalenol)]
(sesquiterpene)

Fusarium tricinctum (fungus)
{Deuteromycete)
[on cereal grain]

Mpyrothecium roridum, Trichoderma
uiride (fungi) (Deuteromycetes)

Trichothecium roseum (fungus)
(Deuteromycete)

Mpyrothecium verrucaria, (fungus)
{Deuteromycete)

Fusartum graminearum, F roseum

(fungus) [on grain]
(Deuteromycete)

PS — 808 ribosomal 60S subunit
PT (at 10) [caspase-3 activation
{at 10); apoptotic, cytotoxic]

80S PS, 80S PT [1], yeast
ribosome binding [0.7-2nM]

PS, 80S ribosomal 60S subunit
PT (triggers ribotoxic stress
response activating JNKI)
[antibacterial, mycotoxin, toxic]

PS — 808 ribosomal 608 subunit
PT (at 10) [caspase-3 activation
(at 10); apoptotic, cytotoxic]

PS — 808 ribosomal 608 subunit
PT [3] [apoptotic, cytotoxic,
emetic|

Table 9.3 DNA-dependent RNA and DNA synthesis and topoisomerases

Compound (class) Plant ( famuly) | part/ Enzyme itubited/ macromolecular
target (other targets) | in vivo effects/
DNA, RNA & DNA- Severo Ochoa {Spain/USA) 9.3A
dependent DNA synthesis (polynucleotide Gobind Khorana
(DNAS) & RNA synthesis phosphorylase) & Arthur (India/USA),

(RNAS)

Lord Todd (UK, Nobel
Prize, Chemistry, 1957,
nucleotides); Francis
Crick (UK), Maurice
Wilkins (UK) & James
Watson (USA) (Nobel
Prize, Medicine, 1962,
DNA double helix)

Alkaloid

Berberine (= Umbellatine)
{ protoberberine
isoquinoline)

Kornberg (USA) (DNA
polymerase) (Nobel Prize,
Medicine, 1959); Paul Berg
(USA, recombinant DNA),
Walter Gilbert (USA, DNA
sequencing) & Fred Sanger
(UK, RNA sequencing)
{Nobel Prize, Chemistry,
1980); Kary Mullis (USA,
PCR) & M. Smith (site-
directed mutagenesis)
{Nobel Prize, Chemistry,
1993)

Coelocline sp. (Annonaceac),
Berberis vulgans, B. sp., Hydrastis
canadensis, Mahoma sp., Nandina
sp. (Berberidaceae), Archangelica
sp. (Menispermaceae), Argemone
sp., Chelidonium sp., Corydalis sp.
(Papaveraceae), Coptis chinensts,
C. japonica, Thalictrum sp.
(Ranunculacae), Fvodia sp.,
Toddalia sp., Zanthoxylum sp.
(Rutaceae)

Robert Holley (USA) &
Marshall Nirenberg (USA)
{Nobel Prize, Medicine,
1968, genetic code & protein
synthesis); Sidney Altman &
Thomas Cech (USA, Nobel
Prize, Chemistry, 1989,
catalytic RNA)

9.3Aa

DNA ligand (a1A-R, (a2A-R,
AChE, ATPase, BChE, CDPK,
ChAT, diamine oxidase, DNA,
5HT2-R, mACh-R, nACh-R,
MLCK, PKA, PKC, RT)
[antibacterial, antimalarial,
anti-pyretic, bitter stomachic,
cytotoxic]

(continued)
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Compound (class) Plant ( famuly) | part/ Enzyme intubited/ macromolecular
target (other targets) | in vivo effects/
[Berberrubine] Generated during herbal DNA (intercalation) (TOPII)
{ protoberberine medicinal processing of
isoquinoline) Coptis chunensts (goldthread)
(Ranunculaceac)
Cephaeline Alangium lamarekii (Alangiaceae), DNA [antiamoebic, emetic,
{emetine isoquinoline) Cephaelis ipecacuanha (Rubiaceae) expectorant]|
[root]
Cryptolepine Cryptolepis sanguinolenta, DNA (intercalation) (TOPII)
{ pyridoindole) C. triangularis (Asclepiadaceae) [hypotensive]
Dicentrine Hordeum vulgare (barley) DNA (unwinds) (TOPII)

(aporphine isoquinoline)
Ellipticine
{indole)

Emetine (= Cephaeline
methyl ether)
{emetine isoquinoline)
Matadine
{ pyridoindole)
Neocryptolepine
{indole)
Palmatine (= Calystigine)
{benzophenanthridine
isoquinoline)

Pithecolobine
{macrocylic, peptide,
polyamine)

Sanguinarine
(=Pseudochelerythrine)
{benzophenanthridine)

Serpentine
{pyridoindole)

Strychnopentamine

Tubulosine

{indole)

Usambarensine

{indole)

(Poaceae)

Aspidosperma williansi,
A. subincarnum, Bleekeria vitiensis,
Ochrosia elliptica (Apocynaceace)

Hedera helix (Araliaceae),
Cephaelis ipecacuanha,

C. acumunata (Rubiaceae)

Strychnos gosswetler:
(Loganiaceae)

Cryptolepis sanguinolenta
{Asclepiadaceac)

Jateorrhiza palmata
{Menispermaceae), Berberis spp.,
Mahonia spp. ( Berberidaceae),
Papaveraceae

Pithecolobium saman (Fabaceac)

Papaver sommiferum, Dicentra
spectabilis, D. peregrina,
Chelidonium majus, Sanguinaria
canadensts (Papaveraceae),
Fumaria officinalis (Fumariaceae),
Lanthoxylum spp. (Rutaceae),
Preridophyllum spp. (Sapindaceae)

Catharanthus roseus, Rauwolfia
serpentina, R. tetraphylla
{Apocynaceac)

Strychinos usambarensis
{Loganiaceae) [root]

Cephaelis 1pecacuanha, Pogonopus
tubulosus, Psychotria granadensis
(Rubiaceae)

Strychnos usambarensts
(Loganiaceae) [root]

DNA (intercalation), DNAS,
RNAS (AChE, DNAH, TOPII)
[antitrypanosomal,
antitumour]

DNA, PS [antiamoebic,
anticancer, antiviral, cytotoxic,
emetic, expectorant]

DNA (intercalation) (TOPII)
DNA (intercalation) (TOPII)

DNA ligand (@ 1A-R, a2A-R,
AChE, ATPase, BChE, ChAT,
diamine oxidase, SHT2-R,
mACh-R, nACh-R, PK, TOPI)
[antibacterial, AI]

DNA, DNAS & RNAS

DNA ligand (intercalation)
(alA-R, «2A-R, AChE,
ATPase, BchE, ChAT, diamine
oxidase DNAL, 5SHT2-R,
mACh-R, nACh-R, PK, RT)
[antibacterial, AI]

DNA (intercalation) (nAChR,
TOPII) [antihypertensive,
antitumour|

DNA (intercalation), RNA synthesis
[antiplasmodial, cytotoxic]

[amoebicidal, antitumour,
cytotoxic, very toxic|

DNA (intercalation) (mAChR,
nAChR, RNA synthesis)
[antiamoebic, anticancer,
antiplasmodial, poison,
apoptotic, toxic]

(continued)
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Compound (class) Plant ( famuly) | part/ Enzyme itubited/ macromolecular
target (other targets) | in vivo effects/
Phenolic 9.3Ap

Aloe-emodin (= 1,8-
Dihydroxy-3-
{(hydroxymethyl})-9,10-
anthracenedione;
Rhabarberone)

{anthraquinone)

Angelicin (= Isopsoralen)
(furanocoumarin)

Chrysazin (= Dantron;
Danthron; 1,8-Dihydroxy-
9,10-anthracenedione)
{anthraquinone)

Ellagic acid (= Benzoaric
acid; Lagistase)

{phenolic acid lactone)

Emodin (= Archin; Frangula
emodin; Frangulic acid;
Rheum emodin; 1,3,8-
Trihydroxy-6-methyl-9,10-
anthracenedione)
{anthraquinone)

5-Methoxypsoralen
(=Bergapten; Bergaptene;
Heraclin; Majudin)

(furanocoumarin)

8-Methoxypsoralen (=
Ammoidin, Methoxsalen;
Xanthotoxin)
{furanocoumarin)

Oroxylum idicum [leaf]
(Bignoniaceae), Cassia senna
(Fabaceae), Aloe vera, A. spp.,
Asphodelus microcarpus [tuber],
Xanthorrhea australis [flower]
(Liliaceae), Rheum spp.
(Polygonaceac), Tectona grandis
[teak wood] ( Verbenaceae)

Angelica archangelica [root],
Heracleum spp., Pastinaca satwva,
Selinum vaginatum (Apiaceae),
Prsoralea coryfolia (Fabaceae),
Castanopsis indica (Fagaceae),
Ficus nitida (Moraceae)

Rheum palmatum (Polygonaceac)
[root], Cinchona ledgeriana
(Rubiaceae), Xyris semifuscata
(Xyridaceae) [leaf, stem)]

DNA (cEF-2, TOPII)

DNA (intercalation)
(photosensitive yielding
monoadduct) [ photosensitizing,
spasmolytic]

DNA (CDPK, MLCK, PKA,
PKC, TOPII) [cathartic,
genotoxic, immunosuppressive,
mutagenic, purgative]

Widespread; hydrolysis product of DNA (intercalation) (TOPI,

ellagitannins e.g. Sanguiin H-6;
Fragaria spp. (strawberry)
(Rosaceace)

Senna obtusifolia (Fabaceae),
Polygonum cuspidatum

TOPII) [anticarcinogen,
haemostatic]

DNA (CDC2, CKI, CKII,
CDPK, MLCK, PKA, PKC,

(Polygonaceae), Rumex spp., Rheum p60src TK, RTK p56<%, TOPII)

palmatum, R. spp. (Polygonaceae),
Ventilago calyculata, Rhamnus
Srangula (Rhamnaceac), Myrsine
africana (Myrsinaceae),
Prsorospermum glaberrimum
(Guttiferae), lichen; glycosides in
Rheum moorcroftianum, Polygonum
cuspndatum (Polygonaceae),
Rhamnus cathartica, R. frangula,
R. purshiana (Rhamnaceae)

Ficus carica (Moraceae), Citrus
bergama, Fagara spp., Ruta
graveolens (Rutaceae),

Lycopersicon esculentum
(Solanaceae), Amma sp., Levisticum
sp., Angelica sp., Petroselinum sp.,
Punpinella sp., Seseli sp.
(Umbelliferae)

Fagara spp., Ruta graveolens
(Rutaceae), Ammi majus, Levisticum
sp-, Angelica archangelica,

A. officinalis, Apum graveolens
[phytoalexin], Heracleum Pastinaca
sphondylium, sativa (Apiaceae)

[cathartic, cytotoxic, genotoxic,
mutagenic]|

DNA (intercalation)
(photosensitive yielding cross-
links) [dermatitic, mutagenic,
phototoxic, PUVA therapy for
leucoderma & psoriasis|

DNA (intercalation)
(photosensitive yielding cross-
links) [dermatitic, mutagenic,
phototoxic, PUVA therapy for
leukoderma & psoriasis]

(continued)
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Compound (class)

Plant ( famuly) | part/

Enzyme intubited/ macromolecular
target (other targets) | in vivo effects/

2-Methyl-1,4-
naphthoquinone)
{naphthoquinone)

Plumbagin (= 5-Hydroxy-2-
methyl-1,4-naphthoquinone)
{naphthoquinone)

Psoralen (= Ficusin)
(furanocoumarin)

Psorospermin
(xanthone)

Swertifrancheside (= 1,5,8-
Trihydroxy-3-methoxy-7-
(6',7",3" 4"-tetrahydroxy-6'-
C-B-p-glucopyranosyl-4'-
oxy-8'-flavyl}-xanthone)
Flavone-xanthone
C-glycoside)

4,5’ ,8-Trimethylpsoralen (=
TMP; Trioxsale; Trioxalen)
HMT] (furanocoumarin)

Terpene
Tingenone
(friedelane triterpene)

Other
GAP 31

{polypeptide)
GAP 31 K10-K42)

{polypeptide)
GAP 31 K10-N33

(polypeptide)

GAP 31 V5-K42
{ polypeptide)

(C[GAP 31 V5-K42]),
(disulfide-linked dimer)

{polypeptide)

Juglans regia (walnut)

Dionaeae muscipula, Drosera
rotundifolia, D. spp. (Droseraceae),
Duospyros spp. (Ebenaceae), Pera
Jerruginea (Euphorbiaceae) [bark],
Aristea spp., Stsyriynchium spp.,
Sparaxis spp. (Iridaceae), Plumbago
europaea (Plumbaginaceac)

Pastinaca sativa, Petroselinum
crispum (Apiaceae), Coronalla
glauca, Psoralea spp. (Fabaceae)
[seed], Ficus carica (Moraceae),
Phebalium argenteum [o1l],
Xanthoxylum flavum [wood]
(Rutaceae)

Psorospermum spp. (Guttiferae)
[root]

Swertia franchetiana
(Gentianaceac)

Apum graveolens (celery)
(Apiaceae) [fungal infection-
induced phytoalexin]

Crossopetalum uragoga, Maytenus
Spp., Schagfferia cunerfolia

(Celastraceae)

Gelonium multiflorum
(Euphorbiaceae) [seed]

Synthetic peptide based on
GAP 31 (RIP) from Gelonium

DNA (intercalation)
(Juglandaceae)

DNA (intercalation) (DNA,
MLCK, PKA, TOPI, TOPII)

[anticancer, molluscididal]

DNA (intercalation)
(photosensitive yielding cross-
links) [antimycobacterial,
photosensitizing]

DNA (intercalation) (TOPII)
[antileukaemic, antitumour]

DNA (RT)

DNA (intercalation)
(photosensitive yielding cross-
links) [dermatitic]

9.3At
DNA, DNAS, RNAS, PS

9.3A0

DNA & RNA binding (a RIP)
[anti-HIV-1 (0.3nM),
antitumour|

DNA & RNA binding (RI;

potent protein precipitant)

multiflorum (Euphorbiaceae) [seed] [anti-HIV-1 (22-36)]

Synthetic peptide based on
GAP 31 (RIP) from Gelonium

multiflorum (Euphorbiaceae) [seed]

Synthetic peptide based
on GAP 31 (RIP)
from Gelonum multyflorum
(Euphorbiaceae) [seed]

Synthetic peptide based on
GAP 31 (RIP) from
Gelonum multflorum
(Euphorbiaceae) [seed]

DNA & RNA binding (weak)
(RI) [anti-HIV-1 (700)]

DNA & RNA binding (RT)
[anti-HIV-1 (21-35)]

DNA & RNA binding (RI)
[anti-HIV-1 (19-36)]

(continued)
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Table 9.3 (Continued)

Compound (class)

Plant ( famuly) | part/

Enzyme intubited/ macromolecular
target (other targets) | in vivo effects/

Mimosine (= Leucaenol )
{pyridinone amino acid)

Non-plant reference
[Actinomycin C1]
{cyclic peptide)
[Actinomycin D]
{cyclic peptide)

[o-Amanitin]
(0.9kDa cyclic peptide)

[B-Amanitin]
(0.9kDa cyclic peptide)

[Amsacrine (=4'~(9-
Acridinylamino)methan-
sulfon-m-anisidine;
m-AMSA)

{arylsulfonamide
aminoacridine)]

[Coralyne]

{protoberberine alkaloid)

[Daunomycin
{(=Daunorubicin;
Daunomycinone
daunosamine)]
{anthracycline)

[Doxorubicin (= Adriamycin;
Adriamycinone
daunosamine)|
{anthracycline)

[Ethidium bromide (=2,7-
Diamino-10-ethyl-9-phenyl-
phenanthridinium bromide)]
{phenanthridiniumy

[Heliquinomycin]
(glycosylated rubromycin)

[4"-Hydroxymethyl-4,5’,8-
trimethylpsoralen = HMT]
{furanocoumarin)

[Mitoxantrone]
[anthraquinone]

[Netropsin]
{guanidinoacetamido
pyrrole)

Leucaena leucocephala ( jumbie
bean), Mimosa pudica (Fabaceae)
[leaf, seed]

Streptomyces chrysomallus (fungus)
(Actinomycete)

Streptomyces chrysomallus (fungus)
(Actinomycete)

Amanita bisporigera, A. phalloides
(death cap mushroom), 4. ocreata,
A. verna, A. virosa (destroying
angel mushroom) (Agaricaceae)

Amanita phalloides (death cap
mushroom) (Agaricaceae)

Synthetic

Synthetic

Streptomyces peucetius (fungus)
(Actinomycete) cf. Doxorubicin

Streptomyces peucetius (fungus)
(Actinomycete) cf. Daunomycin

Synthetic

Streptomyees sp. (fungus)
(Actinomycete)

Semi-synthetic cf. 4,5",8-
Trimethylpsoralen

Synthetic anthraquinone
(cf. Emodin)

Streptomyces netropsis (fungus)
(Actinomycete)

DNA - binding & breakage by
Mimosine — (Fe(II') (FR
formation) [depilatory,
goitrogenic, teratogenic|

9.3An

DNA (intercalation), DNAS,
RNAS (DNAH) [antineoplastic]

DNA (intercalation), DNAS,
RNAS (TOPII) [antineoplastic,
apoptotic]

Eukaryote RNAPOL II, IIT (not
RNAPOL I, bacterial RNAPOL)
(PS) [toxic; major toxin of
Amanita)

Eukaryote RNAPOL II, IIT (not
RNAPOL I, bacterial RNAPOL)
(PS) [toxic; major toxin of
Amamnita)

DNA (intercalation), DNAS,
RNAS (TOPII) [anti-neoplastic,
antiviral, cytostatic, cytotoxic,
immunosuppressive]

DNA (TOPI) [antileukaemic,
cytotoxic]

DNA (major groove
intercalation), DNAS, RNAS
(DNAH, TOPII) [anti-neoplastic,

cytotoxic]

DNA (intercalation) (TOPII)

[anti-neoplastic, cytotoxic]

DNA, DNAS, RNAS
(intercalation) (DNAH, RT)

DNAS, RNAS (DNAH (TOPI,
TOPII)

DNA (intercalation), RNA
(intercalation) (photosensitive
yielding cross-links)

DNA (intercalation), DNAS,
RNAS (MLCK, PKA, PKC)
[antineoplastic]|

DNA (non-intercalative)

(continued)
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Table 9.3 (Continued)

Compound (class) Plant ( famuly) | part/ Enzyme intubited/ macromolecular
target (other targets) | in vivo effects/

[Nogalamycin] Streptomyces nogalater (fungus) DNA (intercalation), RNAS
(glycosylated anthraquinone) (Actinomycete) (DNAH)

[Quinacrine = Mepacrine] Synthetic DNA ligand [anthelmintic,
{(aminoacridine) antimalarial, teniacide]

DNA helicase (DNAH) 9.3B

Alkaloid 9.3Ba

Ellipticine Aspidosperma williamsii, DNAH (E. coli) (AChE, DNA,
(indole) A. subincarnum, Bleekeria vitiensis, DNAS, RNAS, TOPII)

Ochrosia elliptica (Apocynaceae)

Non-plant reference

[Actinomycin C1] Streptomyces chrysomallus (fungus)

{cyclic peptide) {Actinomycete)

[Daunomycin Streptomyces peucetius (fungus)
(=Daunorubicin; {Actinomycete) cf. Doxorubicin
Daunomycinone
daunosamine}]

{anthracycline)

[Ethidium bromide (=2,7-
Diamino-10-ethyl-9-phenyl-
phenanthridinium bromide})]

Synthetic

{phenanthridinium)
[Heliquinomycin] Streptomyees sp. (fungus)
(glycosylated rubromycin) {Actinomycete)
[Nogalamycin] Streptomyces nogalater (fungus)
(glycosylated anthraquinone) (Actinomycete)
DNA ligase (DNAL) Key DNA ligating enzyme
in DNA replication &
molecular biology -

Paul Berg (USA, Nobel
Prize, Chemistry, 1980,
recombinant DNA)

Alkaloid
Chelerythrine
{benzophenanthridine)

Argemone mexicana, Bocconia spp.,
Chelidonium magus [root],
Eschscholtzia californica [cell
culture] (Papaveraceac)

Fagaronine Lanthoxylum zanthoxyloides
{benzophenanthridine) (Fagara xanthoxylum) (Rutaceae)
Nitidine Lanthoxylum americanum, Z. spp.

{benzophenanthridine)
Sanguinarine (=

Pseudochelerythrine)

{benzophenanthridine)

(Rutaceae)

FPapaver somniferum, Dicentra
spectabilis, D. peregrina,
Chelidonium majus, Sanguinaria
canadensts, (Papaveraceae),

Fumaria officinalis (Fumariaceae),

Lanthoxylum spp. (Rutaceae),

Preridophyllum spp. (Sapindaceae)

[antitrypanosomal, antitumour]

9.3Bn

DNAH (pea chloroplast [3],
human DNAH IT) (DNA,
DNAS, RNAS) [anti-neoplastic]

DNAH (pea chloroplast [1],
E. ¢coli DNAH 11, human
DNAH IIYDNA, DNAS,
RNAS, TOPII) [anti-neoplastic,
cytotoxic]|

DNAH (pea chloroplast [3],
E. coli DNAH II, human
DNAH II) (DNA, DNAS, RNAS)

DNAH (human [7] (DNAS,
TOPI, TOPIIL, RNAS)

DNAH (pea chloroplast [1],
E. coli DNAH I, II & IV, human
DNAH) (DNA, RNAS)

9.3C

9.3Ca

DNAL (226) (CAMPK,
GABAA-R, PKA, PKC, TPK,
V-R)

DNAL - DNAL I [27] (RT)
[antibacterial, antitumour]

DNAL (69)

DNAL (322) (a1A-R, a2A-R,
AChE, ATPase, BchE, CDPK,
ChAT, diamine oxidase, DNAL,
5HT2-R, mACh-R, nACh-R,
MLCK, PKA, PKC, RT)
[antibacterial, AI]

(continued)
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Compound (class) Plant ( famuly) | part/ Enzyme intubited/ macromolecular
target (other targets) | in vivo effects/
Phenolic 9.3Cp
Morin (=3,5,7,2" ,4'- Morus alba (mulberry), M. spp., DNAL (236) (AR, CDPK,
Pentahydroxyflavone) Artocarpus heterophyllus, DNAL, 5-LOX, ITDI, MLCK,
{flavonol) A. integrifolia, Chlorophora PKA) [antibacterial, antiviral,

Myricetin (= 3,5,7,3",4',5'-
Hexahydroxyflavone)
(flavonol)

Swertifrancheside
{flavanoxanthone glucoside)

Terpene

Aleuritolic acid
{triterpene)

Fulvoplumierin
(iridoid monoterpene)

Oleanolic acid
{oleanane triterpene)

Ursolic acid (= Malol;
Malolic acid; Micromerol;
Prunol; Urson)

{ursane triterpene)

Other

Protolichesterinic acid
(aliphatic a-methylene-
v-lactone)

DNA-dependent DNA
polymerase (DNAP)

Phenolic
Bakuchiol (stilbene)

tinctoria (Moraceae)

Haplopappus canescens
(Asteraceae) [aerial]; glycosides
in Vaceinium macrocarpon
(Ericaceae), Azadirachia indica,
Soymidia_febrifuga (Meliaceae),
Myrica rubra (Myricaceae) [bark],
Primula sinensis (Primulaceae)
[petal], Camellia sinensis
(Theaceae) [leaf]

Swertia_franchetiana
(Gentianaceae)

Maprounea africana
(Euphorbiaceae) [root]

Plumeria rubra (frangipani)
(Apocynaceae)

Luffa ¢ylindrica (sponge gourd);
(Cucurbitaceae), Lavandula
latifolia, Rosmarinus officinalis,
Thymus vulgaris, Salvia triloba,
(Lamiaceae), Syzyguum aromaticum
(Myrtaceae); 3-O-glucuronide in
Lonicera nigra (Caprifoliaceae),
Beta vulgaris (Chenopodicacae)

Widespread; Vaccinum
macrocarpon (cranberry),
Arctostaphylos uva-ursi {bearberry)
(Ericaceae), Lavandula latifolia
Prunella vulgaris, Rosmarinus
officinalis, Salvia triloba, Thymus
vulgaris (Lamiaceae), Malus sp.

(apple), Pyrus sp. ( pear) (Rosaceae)

[fruit surface]

Cetraria islandica (lichen)

Arthur Kornberg (USA,
Nobel Prize, medicine,

1959, DNA polymerase)

Psoralea corylifolia (Fabaceae)

allergenic, silkworm feeding
attractant]|

DNAL (91) (wheat) (30), (hen)
(6), PKA (rat) (1) (CDPK,
DNAL, F|-ATPase, IKK, iNOS,
MLCK, 5-LOX, NADH DH,
Na*, K*-ATPase, NEP, 5aR,
succinate DH, TOPII, TPO)
[antibacterial, antigonadotropic]

DNAL -~ DNALI(11)
(HIV-1 RT)

9.3Ct
DNAL — DNAL I (205)

DNAL - DNAL (357)

DNAL - DNAL I (216)
(CG3-convertase, CDPK, DNAP,
ELA, PKA, PKC) [AI]

DNAL (216) CDPK, DNAP,
ELA, HIV-1 PR, PKA, PKC,
RT, TOPIL, TOPII] [AI

cytotoxic, anti-neoplastic]

9.3Co
DNAL — DNAL I [20]
(HIV-1 RT)

9.3D

9.3Dp
DNAP

(continued)
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Compound (class)

Plant ( famuly) | part/

Enzyme intubited/ macromolecular
target (other targets) | in vivo effects/

Corylifolin (stilbene)

Daidzein (=4',7-
Dihydroxyisoflavone)
(isoflavone)

Digallic acid
{phenolic)

Eugeniflorin D1
(tannin)

Eugeniflorin D2
{tannin)

Gallocatechin
(gallotannin})

Myricetin (= 3,5,7,3",4',5'-
Hexahydroxyflavone)
(flavonol)

Neobavaisoflavone
(isoflavone)

Oenothein B
(tannin)

Quercetagetin
(= 6-Hydroxyquercetin;
3,5,6,7,3"4'-
Hexahydroxyflavone)
(flavonol)

Quercetin (= 3,5,7,3",4'-
Pentahydroxyflavone)
(flavonol)

Repandusinic acid
{tannin)

Resveratrol
(stilbene)

Prsoralea corylifolia (Fabaceac)

Glycine max, Psoralea corylifolia,
Trifolium repens (clover), Ulex
europaeus (gorse) (Fabaceae)

Phyllanthus emblica
(Euphorbaceae) [fruit], Oenothera
biennis (Onagraceace)

Eugenia uniflora (Myrtaceae)

FEugenia uniflora (Myrtaceae)

Gossypuum sp. (Malvaceae), Eugenia
uniflora (Myrtaceae)

Haplopappus canescens
{Asteraceac); glycosides in
Vaccinium macrocarpon
(Ericaceae), Azadirachta indica,
Soymudia febrifuga (Meliaceae),
Mpyrica rubra (Myricaceae),
Primula sinensis (Primulaceae),
Camellia sinensis (Theaceae)

Prsoralea corylifolia (Fabaceac)

FEugenia uniflora (Myrtaceae)

Eupatorium gracile, Tagetes erecta,

1. patula (Asteraceae), other
Asteraceace [flower], Acacia catechu
(Fabaceae); glycosides in Tagetes
erecta (marigold) (Asteraceae)
[flower]

Widespread; Asteraceae,
Passiflorae, Rhamnaceae,
Solanaceae; Podophyllum peltatum
(Berberidaceae), Allium cepa
(Liliaceae), Oenothera biennis
(Onagraceac), Roelreuteria henryt
(Sapindaceae); widespread as
glycosides

Mallotus repandus, Phyllanthus
niruri (Euphorbiaceae)

Cassia, Intsia, Trifolium (Fabaceae),
Nothofagus (Fagaceae), Veratrum
grandiflorum (Liliaceae),
Artocarpus, Morus (Moraceac),
Eucalyptus (Myrtaceae), Pinus
(Pinaceae), Polygonum
(Polygonaceae), Vitis vinifera
{Vitaceae) spp.

3.4,5-Tri-O-galloylquinic acid  Guiera senegalensis

{polyphenolic)

(Combretaceae)

DNAP
DNAP (GABAA-R, TOPII)

DNAPa, DNAPB

DNAP (Epstein—Barr Virus) (3)
DNAP (Epstein—Barr Virus) (4}

DNAP (Epstein—Barr Virus) (27)
(B-A R ligand)

DNAP«, DNAPI (DNAL, F1
ATPase, HIV-1 RT, IKK, iNOS,
5-LOX, NADH DH, Na™, K*-
ATPase, NEP, PK, 5aR,
succinate DH, TOPIIL, TPO)
[antibacterial, antigonadotropic,
apoptotic]

DNAP
DNAP (Epstein—Barr Virus) (62)

DNAPI (AR, F1 ATPase, HIV-1
INT, HIV-1 RT, Na*,
K"-ATPase, PK, TOPII)
[antibacterial, yellow pigment]|

DNAPB (AR, cAMP PDE,
CFTR, F;-ATPase, HIV-1 RT,
11BHSDH, LOX, MDR-TR,
Nat, K*-ATPase, NEP, PK, PS -
EF-la, RTK, TOPII) [allergenic,
antibacterial, Al, antiviral]

DNAPOL« (0.6) (HIV-1 RT)
[anti-HIV-1 (at 10)]

DNAP (END-R, EST-R,
F,-ATPase, RTK, TK, TYRase,
XO)

DNAP — « [0.3], B [44], ¥ [8]

(continued)
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Compound (class) Plant ( famuly) | part/ Enzyme intubited/ macromolecular
target (other targets) | in vivo effects/
Terpene 9.3Dt
Betulinic acid Widespread; Zetracera botviniana DNAPB (7) (AP, ATP-K" CH,
(lupene triterpene) (Dilleniaceae), Rhododendron CDPK, HIV-1 PR, PKA, PKC)
arboreum (Ericaceae) [bark], [antineoplastic, apoptotic]

Psophocarpus tetragonolobus
(Fabaceae), Syzyguum claviforum
(Myrtaceae) [leaf]
3-cis-p-Coumarylmaslinic Tetracera botviniana (Dilleniaceae) ~ DNAPP (8)
acid (triterpene)
3-trans-p-Coumarylmaslinic ~ Tetracera botwiniana (Dilleniaceae) ~ DNAPB (2)
acid (triterpene)

Gossypol Gossypuum spp. {cotton), DNAPa (Ca®*-ATPase, CAMA,
{(dimeric phenolic Montezuma speciosissima, Thespesia  CDPK, DNAP, 11HSDH,
sesquiterpenoid) populnea (Malvaceae) [seed]; MLCK, PKA, PKC) [antifungal,

African slave labour to antimitotic, antitumour, inhibits
North America especially spermatogenesis|
for cotton

Harbinatic acid (= 3a-O- Hardwickia binata (Fabaceace) DNAPS (3)

trans-p-Coumaroyl-7-labden-
15-oic acid)
(labdene diterpenoid)
B-Hydroxy-urs-12,19(29)- Baeckea gunniana (Myrtaceae) DNAPB (7)
dien-28-oic acid
{ursane triterpene)
B-Hydroxy-urs-18,20(30)- Baeckea gunniana (Myrtaceae) DNAPB (7)
dien-28-oic acid
{ursane triterpene)
Oleanolic acid Luffa ¢ylindrica (sponge gourd); DNAPB (7) (CDPK, PKA,
{oleanane triterpene) (Cucurbitaceae), Lavandula PKC) [AI]
latifolia, Rosmarinus officinalis,
Thymus vulgaris, Salvia triloba,
(Lamiaceae), Syzyguum aromaticum
(Myrtaceae); 3-O-glucuronide in
Lonicera nigra (Caprifoliaceae),
Beta vulgaris (Chenopodicaeae),
Baeckea gunnmana (Myrtaceae)

Ursolic acid (= Malol; Widespread; Vaccinium DNAP«, DNAPS (7) (CDPK,
Malolic acid; Micromerol; macrocarpon (cranberry), PKA, PKC, RT, TOPI, TOPII]
Prunol; Urson) Arctostaphylos uva-ursi {bearberry) [AI cytotoxic, antineoplastic]
{ursane triterpene) (Ericaceae), Lavandula latifolia

Prunella vulgaris, Rosmarinus
officinalis, Salvia triloba, Thymus
vulgaris ( Lamiaceae), Malus sp.
(apple), Pyrus sp. (pear)
(Rosaceae) [fruit surface]

Other 9.3Do

Cardiolipin Eukaryote mitochondrial inner DNAP — o (<40), & (> 40),
(=Diphosphatidylglycerol} membrane €(<<40) [membrane bilayer
{phospholipid) component|

Lysophosphatidic acid Universal DNAP — « (>>40), 5 (>40), € (<40)
(= 2-Deacylphosphatidic [membrane bilayer component]
acid) (phospholipid)

(continued)
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Compound (class) Plant ( famuly) | part/ Enzyme intubited/ macromolecular
target (other targets) | in vivo effects/
Lysophosphatidylinositol (=2-  Universal DNAP — « (>40), 3 (> 40),
Deacylphosphatidylinositol ) € (>40) [membrane bilayer
{phospholipid) component]
Phosphatidic acid (= 1,2- Universal DNAP — « (>40), 3 (> 40),

Diacylglycerol-3-phosphate)

{phospholipid)
Phosphatidylinositol (= PI')

{phospholipid)

Phosphatidylinositol-4-
phosphate (phospholipid)

Phosphatidylserine
{phospholipid)

Prunasin
(= D-Mandelonitrile-
B-D-glucoside)

{cyanogenic glycoside)

Non-plant reference
[Aphidicolin]
{tetracyclic diterpene)

[Bredinin]

{nucleoside analogue)

[N2-( p-n-Butylphenyl }-2'-
deoxyguanosine 5'-
triphosphate]|
{nucleoside triphosphate)

[Fomitellic acid A]
{triterpene)

[Fomitellic acid B]
(triterpene)

[Phosphonoacetic acid]
{carboxylic acid)

[Phosphonoformate]
{carboxylic acid)

PIs are universal in biological
membranes

PI metabolite

Universal

Artemisia vulgaris (Asteraceae),
Perilla frutescens (Lamiaceae),
Prunus spp. (Rosaceae);
Preridium aquilinum, Cystopteris
spp. (ferns); Fabaceae,
Myoporaceae, Myrtaceae,
Scrophulariaceae

Cephalosporium aptudicola
(fungus)

Synthetic; metabolically
converted to
Bredinin 5’-monophosphate
Synthetic

Fomitella fraxinea (fungus)
(Basidiomycete)

Fomitella fraxinea (fungus)
(Basidiomycete)

Synthetic

Synthetic

€ (<40) [membrane bilayer
component]

DNAP - o [>1000], & [> 1000],
€ [16] [membrane bilayer
component; phosphate ester
signal transducers]

DNAP — a (<40), 8 (<40),
€ (<40) [membrane
component]

DNAP - a (>40), 8 (>40),
€ (<40) [membrane bilayer
component]

DNAPB (98)

9.3Dn

DNAP - o (calf) [0.2], § (calf)
[0.1], € (calf) [0.1],

DNAP« (competitive with
dCTP) [1]

Bredinin 5'-monophosphate
inhibits mammalian DNAP« &
DNAPB

DNAP (competitive) — o (calf)
[24nM], 8 (calf) [90nM], €
{calf) [1]

DNAP« (< 100), DNAPB (rat),
DNAPII (plant) (at 100)
(RT, TOPI, TOPII) [inhibits
NUGC cancer cell
growth (38)]

DNAP« (< 100), DNAPB (rat),
DNAPII (plant) (at 100)
(RT, TOPI, TOPII)

Epstein—Barr DNAP (16),
eukaryote DNAP

Eukaryote DNAP

(continued)
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Compound (class)

Plant ( famuly) | part/

Enzyme intubited/ macromolecular
target (other targets) | in vivo effects/

DNA-dependent RNA
polymerase (RNAP)

Non-plant reference
[a-Amanitin] (cyclic peptide);
He