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PREFACE

A characteristic feature of plants is their capacity to synthesize and store a
wide variety of low molecular weight compounds, the so-called secondary
metabolites (SMs) or natural products. The number of described structures
exceeds 100 000; the real number in nature is certainly much higher because
only 20-30% of plants have been investigated in phytochemistry so far. In
contrast to primary metabolites, which are essential for the life of every plant,
the individual types of SMs usually occur in a limited number of plants,
indicating that they are not essential for primary metabolism, i.e. anabolism
or catabolism.

Whereas SMs had been considered to be waste products or otherwise use-
less compounds for many years, it has become evident over the past three
decades that SMs have important roles for the plants producing them: they
may function as signal compounds within the plant, or between the plant
producing them and other plants, microbes, herbivores, predators of herbi-
vores, pollinating or seed-dispersing animals. More often SMs serve as de-
fence chemicals against herbivorous animals (insects, molluscs, mammals),
microbes (bacteria, fungi), viruses or plants competing for light, water and
nutrients. Therefore, SMs are ultimately important for the fitness of the plant
producing them. Plants usually produce complex mixtures of SMs, often
representing different classes, such as alkaloids, phenolics or terpenoids. It is
likely that the individual components of a mixture can exert not only additive
but certainly also synergistic effects by attacking more than a single molec-
ular target. Because the structures of SMs have been shaped and optimized
during more than 500 million years of evolution, many of them exert interest-
ing biological and pharmacological properties which make them useful for
medicine or as biorational pesticides.

In this volume of Annual Plant Reviews, we have tried to provide an
up-to-date survey of the biochemistry and physiology of plant secondary
metabolism. A companion volume —M. Wink (ed.) Functions of Plant Secondary
Metabolites and Biotechnology — published simultaneously provides overviews
of the modes of action of bioactive SMs and their use in pharmacology as
molecular probes, in medicine as therapeutic agents and in agriculture as
biorational pesticides.

In order to understand the importance of SMs for plants, we need detailed
information on the biochemistry of secondary metabolism and its integra-
tion into the physiology and ecology of plants. Important issues include

xiii



Xiv Preface

characterization of enzymes and genes of corresponding biosynthetic path-
ways, and of transport and storage mechanisms, regulation in space/time
and compartmentation of both biosynthesis and storage. The study of sec-
ondary metabolism has profited largely from the recent progress in molecular
biology and cell biology and the diverse genome projects. Although Arabidop-
sis thaliana is not an excellent candidate to study secondary metabolism on
the first view, the genomic analyses, EST-libraries, mutants and other tools of
A. thaliana have been extremely helpful to elucidate secondary metabolism
in other plants.

The present volume is the second edition of a successful first edition which
was published in 1999 and which has received many positive responses from
its readers. To achieve a comprehensive and up-to-date summary, we have
invited scientists who are specialists in their particular areas to update their
previous chapters. This volume draws together results from a broad area of
plant biochemistry and it cannot be exhaustive on such a large and diverse
group of substances. Emphasis was placed on new results and concepts which
have emerged over the last decades.

The volume starts with a bird’s eye view of the biochemistry, physiology
and function of SMs (M. Wink), followed by detailed surveys of the ma-
jor groups of SMs: alkaloids and betalains (M.F. Roberts et al.); cyanogenic
glucosides, glucosinolates and non-protein amino acids (D. Selmar); phenyl
propanoids and related phenolics (M. Petersen et al.); terpenoids, such as
mono-, sesqui-, di- and triterpenes, cardiac glycosides and saponins (M.
Ashour et al., W. Kreis and F. Miiller-Uri). The final chapter discusses the
evolution of secondary metabolism (M. Wink ef al.). The structural types of
SMs are often specific and restricted in taxonomically related plant groups.
This observation was the base for the development of ‘chemotaxonomy’. A
closer look indicates that a number of SMs have a taxonomically restricted
distribution. Very often, we find the same SMs also in other plant groups
which are not related in a phylogenetic context. There is evidence that some
of the genes, which encode key enzymes of SM formation, have a much wider
distribution in the plant kingdom than assumed previously. It is speculated
that these genes were introduced into the plant genome by horizontal gene
transfer, i.e. via bacteria that developed into mitochondria and chloroplasts
(endosymbiont hypothesis). Evidence is presented that a patchy distribution
can also be due to the presence of endophytic fungi, which are able to produce
SMs.

The book is designed for use by advanced students, researchers and profes-
sionals in plant biochemistry, physiology, molecular biology, genetics, agricul-
ture and pharmacy working in the academic and industrial sectors, including
the pesticide and pharmaceutical industries.

The book brought together contributions from friends and colleagues in
many parts of the world. As editor, I would like to thank all those who have



Preface XV

taken part in writing and preparation of this book. I would like to thank
Theodor C. H. Cole for help, especially in preparation of the index. Special
thanks go to the project editor Catriona Dixon from Wiley-Blackwell and her
team for their interest, support and encouragement.

Michael Wink
Heidelberg
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Photosynthesis
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purines
NPAAs Pyrrolizidine alkaloids

Plate 1 Main pathways leading to secondary metabolites. Abbreviations: IPP,
isopentenyl diphosphate; DMAPP, dimethyl allyl diphosphate; GAP,
glyceraldehyde-3-phosphate; NPAAs, non-protein amino acids; AcCoA, acetyl coenzyme

A. (Fig. 1.2, p. 7)
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| Biosynthesis 11
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Plate 2 Several pathways of secondary metabolites derive from precursors in the
shikimate pathway. Abbreviation: NPAAs, non-protein amino acids; PAL, phenylalanine
ammonia lyase; TDC, tryptophan decarboxylase; STS, strictosidine synthase; CHS,

chalcone synthase. (Fig. 1.3, p. 8)
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Endoplasmic reticulum
Hydroxylation steps
lipophilic compounds
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Chloroplast
Some alkaloids (coniine, quinolizidines, caffeine)
Some terpenes

Cytosol
Most hydrophilic compounds

Mitochondrium
Some amines
Conium
Alkaloids

SM  sm H*

1
SM
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Vacuole

(Alkaloids, NPAAs, cyanogens,
glucosinolates, glycosides, saponins,
anthocyanins, flavonoids, cardenolides, H*
sugars)

Plate 3 Compartmentation of biosynthesis and sequestration. Abbreviations: SM,
secondary metabolites; GS-SM, conjugate of SM with glutathione; NPAAs, non-protein
amino acids; ATP, adenosine triphosphate; ADP, adenosine diphosphate; mt,
mitochondrium; cp, chloroplast; nc, nucleus; 1, passive transport; 2, free diffusion; 3,
H*/SM antiporter; 4, ABC transporter for SM conjugated with glutathione; 5, ABC
transporter for free SM; 6, H*-ATPase. (Fig. 1.4, p. 9)

Storage of secondary metabolites

Vacuole
Many alkaloids, NPAAs, saponins, glycosides, flavonoid

Hydrophilic SM \ anthocyanins, tannins, cyanog g G

Laticifers
Some alkaloids (Lobelia, Papaver, Chelidonium), cyanogens,
NPAAs, cardiac glycosides (Nerium)

Apoplast/cell walls: tannins
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Trichome: monoterpenes, sesquiterpenes; quinones

Resin ducts: terpeneoids (C10, C15, C20, C30),
Lipophilic SM <’ lipophilic flavonoids

Laticifers
Polyterpenes, diterpenes (phorbol esters), lipophilic
flavonoids, quinones

Oil cells

Anthraquinone and naphthodianthrones (hypericin), terpenoids

Plastid membranes: ubiquinone, tetraterpenes

Plate 4 Storage compartments for hydrophilic and lipophilic compounds.
Abbreviation: NPAAs, non-protein amino acids. (Fig. 1.5, p. 11)



Biosynthesis of
*Precursors
*Secondary metabolites

Transport and

storage

-H*-ATPase

-ABC transporter
-H*-antiport transporter

Uptake, transport and
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nutrients (e.g. NO;)
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Plate 5 Costs of chemical defence and signal compounds. Abbreviations: ATP,
adenosine triphosphate; NADPH;, nicotinamide adenine dinucleotide phosphate
(reduced form). (Fig. 1.6, p. 14)

Carpels: 3.3%
Petals: 1%
Pollen: 4.7%
Seeds: 4-8%
Fruits: 3.9%

Flower: 4% QA

Leaf: <4% QA

Site of biosynthesis
(chloroplast)

Plate 6 Example of the complicated biochemistry and physiology of alkaloid formation:
quinolizidine alkaloids (QAs) in lupins (genus Lupinus, Fabaceae). QAs are formed in leaf
chloroplasts and exported via the phloem all over the plant. QAs predominantly

/

Lupinus

Quinolizidine alkaloids

Epidermis (6% QA)

Phloem <5 mg/mL
Xylem <0.05 mg/mL

accumulate in vacuoles of epidermal tissue. Organs important for survival and

reproduction, such as flowers and seeds, store especially high amounts of defence

alkaloids. (Fig. 1.7, p. 15)



Herbivores

Microorganisms

Na* K*-ATPase (Ciﬁj:g Perrpeablhty
\ W of biomembranes
Cardiac glycosides

Plate 7 Schematic view of the ecological roles of plant SM. Foxglove (Digitalis
purpurea) produces cardiac glycosides, which are very toxic to animals (vertebrates,
insects) because they inhibit Na*, K*-ATPase, one of the most important transporters in
animal cells. Cardiac glycosides are additionally toxic to microbes because the molecules
have detergent properties and disturb membrane fluidity. (Fig 1.8, p. 16)
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Ornithine Arginine
ADC

Agmatine

Putrescme

NH, H2

Gt G

Cﬂédﬂ»og

Spontaneous
Homospermidine

wté

Retronecine

CH,OH

Necic acid

N\ \

N e N
Senecionine Senecionine N-oxide o-
Plate 9 Biosynthesis of the pyrrolizidine alkaloid, senecionine-N-oxide. ODC, ornithine

decarboxylase; ADC, arginine decraboxylase; SPDS, spermidine synthase; HHS,
homospermidine synthase. (Fig. 2.4, p. 34)
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cardiac glycosides are highlighted in colour. (Fig. 7.8b, p. 376)
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Abstract: Secondary metabolites (SM) occur in plants in a high structural diversity.
The different classes of SM and their biosynthetic pathways are summarized in this
introduction. A typical feature of SM is their storage in relatively high concentra-
tions, sometimes in organs which do not produce them. A long-distance transport
via the phloem or xylem is then required. Whereas hydrophilic substances are
stored in the vacuole, lipophilic metabolites can be found in latex, resin ducts, oil
cells or cuticle. SM are not necessarily end products and some of them, especially
if they contain nitrogen, are metabolically recycled. Biosynthesis, transport and
storage are energy-dependent processes which include the costs for the replica-
tion and transcription of the corresponding genes and the translation of proteins.
The intricate biochemical and physiological features are strongly correlated with
the function of SM: SM are not useless waste products (as assumed earlier), but
important tools against herbivores and microbes. Some of them also function as
signal molecules to attract pollinating arthropods or seed-dispersing animals and
as signal compounds in other plant — plant, plant — animal and plant — microbe
relationships.

Keywords: secondary metabolites (SM); biosynthesis; transport; storage;
turnover; costs; ecological functions

1.1 Introduction
A characteristic feature of plants and other sessile organisms, which can-
not run away in case of danger or which do not have an immune system

to combat pathogens, is their capacity to synthesize an enormous variety of
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© 2010 Blackwell Publishing Ltd. ISBN: 978-1-405-18397-0
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Table 1.1 Number of known secondary metabolites from higher plants

Type of secondary metabolite Number?

Nitrogen-containing

Alkaloids 21000
Non-protein amino acids (NPAAs) 700
Amines 100
Cyanogenic glycosides 60
Glucosinolates 100
Alkamides 150
Lectins, peptides, polypeptides 2000
Without nitrogen
Monoterpenes (C10)° 2500
Sesquiterpenes C15)P 5000
Diterpenes (C20)° 2500
Triterpenes, steroids, saponins (C30, C27)° 5000
Tetraterpenes (C40)° 500
Flavonoids, tannins 5000
Phenylpropanoids, lignin, coumarins, lignans 2000
Polyacetylenes, fatty acids, waxes 1500
Polyketides 750
Carbohydrates, organic acids 200

2Approximate number of known structures.
bTotal of terpenoids number exceeds 22 000 at present.

low molecular weight compounds, the so-called secondary metabolites (SM).
Although only 20-30% of higher plants have been investigated so far, several
tens of thousands of SM have already been isolated and their structures deter-
mined by mass spectrometry (electron impact [EI]-MS, chemical ionization
[CI]-MS, fast atom bombardment [FAB]-MS, electrospray ionization liquid
chromatography [ESI-LC]-MS), nuclear magnetic resonance (\H-NMR, *C-
NMR) or X-ray diffraction (Harborne, 1993; DNP, 1996; Eisenreich and Bacher,
2007; Marston, 2007). In Table 1.1, an estimate of the numbers of known SM
is given. Representative structures are presented in Fig. 1.1. Within a single
species 5000 to 20000 individual primary and secondary compounds may
be produced, although most of them as trace amounts which usually are
overlooked in a phytochemical analysis (Trethewey, 2004).

1.2 Biosynthesis

Despite the enormous variety of SM, the number of corresponding basic
biosynthetic pathways is restricted and distinct. Precursors usually derive
from basic metabolic pathways, such as glycolysis, the Krebs cycle or the
shikimate pathway. A schematic overview is presented in Figs 1.2 and 1.3.
Plausible hypotheses for the biosynthesis of most SM have been published
(for overviews see Bell and Charlwood, 1980; Conn, 1981; Mothes et al.,
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1985; Luckner, 1990; Dey and Harborne, 1997; Seigler, 1998; Dewick, 2002)
that are based, at least in part, on tracer experiments. In addition, genetic
tools to knock out genes become important to dissect plant secondary path-
ways (Memelink, 2005). For pathways leading to cyanogenic glycosides, glu-
cosinolates, some alkaloids and non-protein amino acids (NPAAs), amines,
flavonoids and several terpenes, the enzymes which catalyse individual steps,
have been identified. In pathways leading to isoquinoline, indole, pyrroli-
dine, pyrrolizidine and tropane alkaloids, flavonoids, coumarins, NPAAs,
mono-, sesqui- and triterpenes, some of the genes, which encode biosyn-
thetic enzymes, have already been isolated and characterized (Kutchan ef al.,
1991; Kutchan, 1995; Saito and Murakoshi, 1998; Dewick, 2002; Facchini
et al.,2004; Kutchan, 2005; Petersen, 2007; Zenk and Juenger, 2007; Schafer and
Wink, 2009). Whereas, earlier this century, it was argued that SM arise sponta-
neously or with the aid of non-specific enzymes, we now have good evidence
that biosynthetic enzymes are highly specific in most instances and most have
been selected towards this special task (although they often derive from com-
mon progenitors with a function in primary metabolism or from prokaryotic
genes imported to plant cells through chloroplasts and mitochondria). As
a consequence of specific enzymatic synthesis, final products nearly always
have a distinct stereochemistry. Only the enzymes that are involved in the
degradation of SM, such as glucosidases, esterases and other hydrolases, are



Introduction 7

Biosynthesis |

Piperidine alkaloids Glycosides
Lupin alkaloids Oligosaccharides
. —_—
Sedum alkaloids Polysaccharides
NPAAs Q Cyclitols
s Polyols C10 monoterpenes
% C15 sesquiterpenes
- 28 GAP C20 diterpenes
Lysine l C30 triterpenes
‘\‘ Aspartate| | Pyruvdte PP | 27 SIS
> DMAPP C40 tetraterpenes
\ C(n) polyterpenes
Pyrimidines Oxalacetate - W Saponins
NPAAs AcCoA F axes . Cucurbitacins
atty acids X .
Terpenoid alkaloids
Malate Malonyl-CoA Polyketides
Krebs cycle -
Anthraquinones
Succinate Citrate Naphthoguinones
Phenols
Tropane alkaloids Flavonoids
Coca alkaloids Conium alkaloids
Oxoglutarat
xog ularate / Omlth"i Nicotiana alkaloids
Glutamate N ArgmkA
Glutamine| Alkaloids
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Figure 1.2 Main pathways leading to secondary metabolites. Abbreviations: IPP,
isopentenyl diphosphate; DMAPP, dimethyl allyl diphosphate; GAP,
glyceraldehyde-3-phosphate; NPAAs, non-protein amino acids; AcCoA, acetyl coenzyme
A. (See Plate 1 in colour plate section.)

less substrate specific. The biosynthesis of SM is a highly coordinated process,
which includes metabolon formation and metabolic channelling. Channeling
can involve different cell types and cellular compartmentation. These pro-
cesses guarantee a specific biosynthesis and avoid metabolic interferences
(Winkel, 2004; Jorgensen et al., 2005).

Some SM are produced in all tissues, but their formation is generally
organ-, tissue-, cell- and often development-specific. Although, in most in-
stances, details have not been elucidated, it can be assumed that the genes of
secondary metabolism are also regulated in a cell-, tissue- and development-
specific fashion (as are most plant genes that have been studied so far). This
means that a battery of specific transcription factors needs to cooperate in
order to activate and transcribe genes of secondary metabolism. Master regu-
lators (transcription factors by nature) are apparently present, which control
the overall machinery of biosynthetic pathways, transport and storage.

Sites of biosynthesis are compartmentalized in the plant cell. While most
biosynthetic pathways proceed (as least partially) in the cytoplasm, there is
evidence that some alkaloids (such as coniine, quinolizidines and caffeine),
furanocoumarins and some terpenes (such as monoterpenes, diterpenes,
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| | Biosynthesis II
| Erythrose—4—phosphate| | Phosphoenolpyruvate |
" ———— Gallic acid—— | Tannins
Shikimate pathway [T
Shikimate
Naphthoquinones

Anthraquinones
Chorismate
Prephenate

Anthranilate —» | Acridone alkaloids
Arogenate \

L-Tryptophan

L-Tyrosine L-Phenylalanine

Isoquinoline alkaloids Indole alkaloids

Phenylpropanoids TDC Glucosinolates
|::> Flavonoids, stibenes, catechins } <:| NPAAs
Lignin, lignans Amines
Coumarins, furanocoumarins

Cyanogenic glycosides
Glucosinolates

Quinones
NPAAs

Auxines

Figure 1.3 Several pathways of secondary metabolites derive from precursors in the
shikimate pathway. Abbreviation: NPAAs, non-protein amino acids; PAL, phenylalanine
ammonia lyase; TDC, tryptophan decarboxylase; STS, strictosidine synthase; CHS,
chalcone synthase. (See Plate 2 in colour plate section.)

phytol and carotenoids that are formed in the pyruvate/glyceraldehyde
phosphate pathway) are synthesized in the chloroplast (Roberts, 1981; Wink
and Hartmann, 1982; Kutchan, 2005). Sesquiterpenes, sterols and dolichols
are produced in the endoplasmic reticulum (ER) or cytosolic compartment.
A schematic overview is presented in Fig. 1.4. Coniine and amine formation
has been localized in mitochondria (Roberts, 1981; Wink and Hartmann,
1981) and steps of protoberberine biosynthesis in vesicles (Amann et al.,
1986; Kutchan, 2005; Zenk and Juenger, 2007). Hydroxylation steps are often
catalysed by membrane-bound enzymes and the ER is the corresponding
compartment. The smooth ER is also probably the site for the synthesis of
other lipophilic compounds. The various steps in a biosynthesis can proceed
in a channelled array in one compartment; in other instances different
plant organs, cell types or organelles are involved. Extensive intra- and
intercellular translocation of SM or intermediates would be a consequence.
The biosynthesis of the major groups of SM has been reviewed in more
detail in this volume: alkaloids (including betalains) by M. Roberts, D. Strack
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Figure 1.4 Compartmentation of biosynthesis and sequestration. Abbreviations: SM,
secondary metabolites; GS-SM, conjugate of SM with glutathione; NPAAs, non-protein
amino acids; ATP, adenosine triphosphate; ADP, adenosine diphosphate; mt,
mitochondrion; cp, chloroplast; nc, nucleus; 1, passive transport; 2, free diffusion; 3,
H*/SM antiporter; 4, ABC transporter for SM conjugated with glutathione; 5, ABC
transporter for free SM; 6, H"-ATPase. (See Plate 3 in colour plate section.)

and M. Wink in Chapter 2; cyanogenic glycosides, glucosinolates and NPAAs
by D. Selmar in Chapter 3; phenylpropanoids, lignin, lignans, coumarins,
furocoumarins, tannins, flavonoids, isoflavonoids and anthocyanins by M.
Petersen, ]. Hans and U. Matern in Chapter 4; mono-, sesqui- and diterpenes
by M. Ashour, M. Wink and J. Gershenzon in Chapter 5; and sterols, cardiac
glycosides and steroid saponins by W. Kreis in Chapter 6.

1.3 Transport, storage and turnover

Water soluble compounds are usually stored in the vacuole (Matile, 1978,
1984; Boller and Wiemken, 1986; Wink, 1993, 1997; Terasaka et al., 2003;
Kutchan, 2005; Yazaki, 2005, 2006) (Table 1.2), whereas lipophilic substances
are sequestered in resin ducts, laticifers, glandular hairs, trichomes, thylakoid
membranes or on the cuticle (Wiermann, 1981; Kutchan, 2005) (Fig. 1.5).

As mentioned previously, most substances are synthesized in the cyto-
plasm, the ER or in organelles, and, if hydrophilic, they are exported to the
vacuole. They have to pass the tonoplast, which is impermeable to many
of the polar SM. For some alkaloids and flavonoids, a specific transporter
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Table 1.2 Examples for vacuolar sequestration of
secondary metabolites (Wink, 1997)

Phenolics
Anthocyanins
Bergenin
Coumaroyl-glycosides (esculin)
Flavonol-glycosides
Gallic acid
7-Glucosyl-pleurostimin
Isoflavanone malonyl glycosides
Sinapylglycosides
Isoflavone malonyl glycosides
Kaempherol 3,7-O-glycoside
Orientin-C-glycosides
Pterocarpan malonyl glycosides
Quercetin-3-triglucoside
7-Rhamnosyl-6-hydroxyluteolin
Shikimic acid
Tricin 5-glucoside
Terpenoids
Convallatoxin and other cardenolides
Gentiopicroside
Oleanolic acid (3-O-glucoside)
Oleanolic acid (3-O-glucuronide)
Cardiac glycosides (lanatoside A, C; purpureaglycoside A)
Saponins (avenacosides)
Oligosaccharides
Gentianose
Gentiobiose
Stachyose
Nitrogen-containing compounds (excluding alkaloids)
Cyanogenic glycosides (linamarin)
Glucosinolates
Alkaloids
Ajmalicine
Atropine
Nicotine
Berberine
Betaine
Betalains
Capsaicin
Catharanthine
Codeine
Dopamine
Lupanine
Morphine
Noscapine
Papaverine
Polyamines
(S5)-Reticuline
Sanguinarine
Scopolamine
(S5)-Scoulerine
Senecionine-N-oxide
Serpentine
Solanidine
Thebaine
Vindoline
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Many alkaloids, NPAAs, saponins, glycosides, flavonoides,
oo e . . . .
Hydrophlllc SM anthocyanins, tannins, cyanogens, glucosinolates, amines
Laticifers
Some alkaloids (Lobelia, Papaver, Chelidonium), cyanog
NPAAs, cardiac glycosides (Nerium)

Apoplast/cell walls: tannins

Cuticle: waxes, lipophilic flavonoids, terpenoids

J Trichome: monoterpenes, sesquiterpenes; quinones

Resin ducts: terpeneoids (C10, C15, C20, C30),
Lipophilic SM <‘> lipophilic flavonoids

Laticifers
Polyterpenes, diterpenes (phorbol esters), lipophilic
flavonoids, quinones

Oil cells

Anthraquinone and naphthodianthrones (hypericin), terpenoids

9
Plastid membranes: ubiquinone, tetraterpenes

Figure 1.5 Storage compartments for hydrophilic and lipophilic compounds.
Abbreviation: NPAAs, non-protein amino acids. (See Plate 4 in colour plate section.)

has been described, which pumps the compounds into the vacuole (Fig. 1.4).
The proton gradient, which is built up by the tonoplast-residing adenosine
triphosphatase (ATPase), is used as a driving force (by a so-called proton
antiport mechanism) (Deus-Neumann and Zenk, 1984; Mende and Wink,
1987). Alternatively, diverse trapping mechanisms (e.g. isoquinoline alka-
loids by chelidonic acid or meconic acid in the latex vesicles of Chelidonium
or Papaver, respectively) can also help to concentrate a particular compound
in the vacuole. Moreover, conjugation of SM with glutathione in the cyto-
plasm (Martinoia et al., 1993; Li et al., 1995) and subsequent transportation
by an adenosine triphosphate (ATP)-dependent transporter into the vacuole
have been proposed for xenobiotics and some SM that can be conjugated (for
reviews, see Wink, 1993, 1997).

During the past 10 years, it became obvious that plants also contain a
high diversity of ABC transporters (Martinoia ef al., 2002; Rea, 2007). These
membrane proteins, which can pump lipophilic compounds across biomem-
branes, are driven by ATP. They are common in animal cells and important for
multidrug resistance observed in patients undergoing chemotherapy (Dean
et al.,2001; Linton, 2006). Two types of efflux pumps, which belong to the ABC
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transporter family, have been described in humans: 1. P-glycoprotein (P-gp)
(molecular weight 170 kD) or MDR protein (multiple drug resistance protein)
that is encoded by the MDR1 gene (P-gp is an efflux pump directed to the gut
lumen) and 2. MRP 1 and 2 (multiple resistance-associated protein; 190 kD)
that are encoded by the MRP1 and MRP2 genes. MRP transports drugs con-
jugated to glutathione (GSH), and also unmodified cytostatics, usually into
the blood system. Several of the pathogenic human parasites (Plasmodium,
Leishmania, Trypanosoma) often develop resistance against prophylactic and
therapeutic compounds, such as quinolines, naphthoquinones and sesquiter-
pene lactones. The underlying bases are membrane glycoproteins that are
orthologous to the human P-gp, which can be induced and activated (for a
review, see Wink, 2007). It became apparent that the intracellular transport of
some alkaloids in plants, such as berberine, also appears to be catalysed by
plant ABC transporters (Terasaka et al., 2003; Yazaki, 2005, 2006; Rea, 2007).
It was shown earlier that many alkaloids are transported by alkaloid /H™"
antiporters (review in Wink, 1993). At that time, ABC transporters were un-
known. Since these antiporters were ATP dependent, it might be worthwhile
to revisit alkaloid transport mechanisms in plants (Martinoia et al., 2002;
Yazaki, 2005, 2006).

Lipophilic compounds will interfere not only with the biomembranes of
microbes and herbivores, but also with those of the producing plant. In order
to avoid autotoxicity, plants cannot store these compounds in the vacuole but
usually sequester them on the cuticle, in dead resin ducts or cells, which are
lined not by a biomembrane but by an impermeable solid barrier (Fig. 1.5).
In some cases, the compounds are combined with a polar molecule, so that
they can be stored as more hydrophilic chemicals in the vacuole.

In many instances, the site of biosynthesis is restricted to a single organ,
such as roots, leaves or fruits, but an accumulation of the corresponding prod-
ucts can be detected in several other plant tissues. Long-distance transport
must take place in these instances. The xylem or phloem are likely transport
routes, but an apoplastic transport can also be involved.

Table 1.3 summarizes the evidence for xylem and phloem transport of some
SM.

Storage can also be tissue and cell specific (Guern et al., 1987). In a num-
ber of plants, specific idioblasts have been detected that contain tannins,
alkaloids or glucosinolates. More often, SM are concentrated in trichomes or
glandular hairs (many terpenoids in Lamiaceae, Asteraceae), stinging hairs
(many amines with neurotransmitter activity in Urticaceae) or the epider-
mis itself (many alkaloids, flavonoids, anthocyanins, cyanogenic glycosides,
coumarins, etc.) (Wiermann, 1981; Wink, 1993, 1997; Wink and Roberts, 1998).
Flowers, fruits and seeds are usually rich in SM, especially in annual plants.
In perennial species, high amounts of SM are found in bulbs, roots, rhizomes
and the bark of roots and stems.

Several SM are not end products of metabolism, but are turned over at
a regular rate (Barz and Koster, 1981). During germination, in particular,
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Table 1.3 Examples of xylem and phloem transport of
secondary metabolites (SM)

Compounds Xylem Phloem

Quinolizidine alkaloids —
Pyrrolizidine alkaloids —
Aconitine —
Polyhydroxy alkaloids (swainsonine)  —
Glucosinolates -
Cardiac glycosides —
Cyanogenic glycosides -
Nicotine +
Tropane alkaloids +

L+ + + 4+ + + +

N-containing SM, such as alkaloids, NPAAs, cyanogenic glycosides and pro-
tease inhibitors, are metabolized and serve as a nitrogen source for the grow-
ing seedling (Wink and Witte, 1985). Carbohydrates (e.g. oligosaccharides
and lipids) are also turned over during germination. Concentrations of some
SM, such as quinolizidine alkaloids, nicotine, atropine, monoterpenes and
phenylpropanoids, vary diurnally; an active interplay between synthesis and
turnover is involved in these instances. Turnover of SM is readily seen in cell
suspension cultures (for reviews, see Barz and Koster, 1981; Wink, 1997).

It is well established that profiles of SM vary with time, space and develop-
mental stage. Since related plant species often show similarities in the profiles
of their SM, these profiles have been used as a taxonomic tool in plant system-
atics (Harborne and Turner, 1984). However, profiles of closely related plants
or even between organs (such as seeds versus leaves or roots) quite often dif-
fer substantially or those of unrelated plant groups show strong similarities;
this clearly shows that SM patterns are not unambiguous systematic mark-
ers but that convergent evolution and selective gene expression are common
themes. In this volume, Chapter 7 by Kreis and Miiller-Uri summarizes the
evidence for and against the use of SM in chemotaxonomy.

1.4 Costs of secondary metabolism

Analogous with other proteins in cells, the enzymes involved in the biosyn-
thesis and transport of SM show a regular turnover. This means that messen-
ger ribonucleic acid (mRNA) must be regularly transcribed and translated
into proteins, even for constitutive compounds. Both transcription and trans-
lation require a substantial input of energy in terms of ATP. Furthermore,
the biosynthesis itself is often costly, demanding ATP or reduction equiv-
alents, i.e. nicotinamide adenine dinucleotide phosphate (reduced formed)
(NADPHp>). In order to exhibit their function as defence or signal compounds,
allelochemicals need to be present in relatively high concentrations at the right
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Figure 1.6 Costs of chemical defence and signal compounds. Abbreviations: ATP,
adenosine triphosphate; NADPH,, nicotinamide adenine dinucleotide phosphate
(reduced form). (See Plate 5 in colour plate section.)

place and time. Many SM are synthesized in the cytoplasm or in cell organelles
(Fig. 1.4), but are stored in the vacuole. Energy for the uphill transport across
the tonoplast and/or for trapping the metabolite in the vacuole is provided
by a H"-ATPase or ABC transporters. If special anatomical differentiations
(ducts, gland cells, trichomes) are needed, the formation and maintenance
of these structures are also costly. As a consequence, both biosynthesis and
sequestration (and the corresponding transcription and translation of related
genes and mRNAs) are processes which require substantial amounts of ATP;
in other words, it must be costly for plants to produce defence and signal
compounds (a schematic overview is presented in Fig. 1.6).

1.5 Ecological role of secondary metabolites

The biosynthesis of SM exhibits a remarkable complexity. Enzymes are spe-
cific for each pathway and are highly regulated in terms of compartmentation,
time and space. The same is true for the mechanisms of accumulation or the
site and time of storage. In general, we find that tissues and organs which are
important for survival and multiplication, such as epidermal and bark tis-
sues, flowers, fruits and seeds, have distinctive profiles of SM, and secondary
compounds are stored in high amounts in them. As an example, the complex
pattern of alkaloid synthesis, transport and storage is illustrated in Fig. 1.7.



Introduction 15

Flower: 4% QA Quinolizidine alkaloids

Carpels: 3.3%
Petals: 1%
Pollen: 4.7%
Seeds: 4-8%
Fruits: 3.9%

Leaf: <4% QA
ﬁ Epidermis (6% QA)

Phloem <5 mg/mL
Xylem <0.05 mg/mL

Site of biosynthesis J )
(chloroplast) L upinus

Figure 1.7 Example of the complicated biochemistry and physiology of alkaloid
formation: quinolizidine alkaloids (QAs) in lupins (genus Lupinus, Fabaceae). QAs are
formed in leaf chloroplasts and exported via the phloem all over the plant. QAs
predominantly accumulate in vacuoles of epidermal tissue. Organs important for survival
and reproduction, such as flowers and seeds, store especially high amounts of defence
alkaloids. (See Plate 6 in colour plate section.)

All these processes and the corresponding means and structures necessary
to express these traits are costly in terms of ATP and NAD(P)H, so it would
be highly unlikely that SM were waste products or had no function at all,
as has been suggested in the older literature. Costly traits without a func-
tion or advantage usually do not survive in evolution, as plants expressing
these traits should perform less well than plants without them. Because these
metabolites are maintained and diversified in an astounding fashion, it must
be assumed that these traits are indeed important, even if their functions are
not directly evident.

During the past few decades, experimental and circumstantial evidence
has made it clear that SM do indeed have functions that are vital for the
fitness of a plant producing them (Fig. 1.8). Their main roles are

(a) Defence against herbivores (insects, vertebrates)

(b) Defence against fungi and bacteria

(c) Defence against viruses

(d) Defence against other plants competing for light, water and nutrients

(e) Signal compounds to attract pollinating and seed-dispersing animals

(f) Signals for communication between plants and symbiotic micro-
organisms (N-fixing Rhizobia or mycorrhizal fungi)

(g) Protection against UV light or other physical stress

(h) Selected physiological functions
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Figure 1.8 Schematic view of the ecological roles of plant SM. Foxglove (Digitalis
purpurea) produces cardiac glycosides, which are very toxic to animals (vertebrates,
insects) because they inhibit Na*, K*-ATPase, one of the most important transporters in
animal cells. Cardiac glycosides are additionally toxic to microbes because the molecules
have detergent properties and disturb membrane fluidity. (See Plate 7 in colour plate
section.)

In order to fulfil these functions, the structures of SM have been shaped
during evolution, so that they can closely interact with molecular targets in
cells and tissues or other physiological features in animals or microorganisms.
Quite often structures of SM resemble endogenous substrates, hormones
or neurotransmitters and can thus mimic a response at the corresponding
molecular targets. The process leading to these structure similarities could be
termed ‘evolutionary molecular modelling’.

There is hardly a target in animals or microorganisms for which a natu-
ral product does not exist. Thus, plants provide a wide array of bioactive
substances. This is the reason so many natural products can be used in so
many ways in biotechnology, pharmacy, medicine and agriculture. Using
substances that are already known or looking for new ones, hitherto undis-
covered compounds or the corresponding genes encoding the enzymes for
their biosynthesis can be discovered in plants living in deserts or rain forests
(a strategy called bioprospection or gene prospection).

SM often interfere with more than a single molecular target (multi-target
substances), which is advantageous for the producer, as a toxin might be more
efficient if it knocks out two targets instead of one. Furthermore, SM are al-
ways produced as mixtures of several substances, often from different classes;
e.g. polyphenolics are often accompanied by terpenoids. As a consequence, it
will be more difficult for a herbivore or microbe to develop resistance to such
a cocktail, as concomitant resistance at several targets would be required.
In addition, the activity of individual metabolites in the mixtures may be
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additive or even synergistic. It can be postulated that mixtures contain sub-
stances which might facilitate the uptake of polar SM across biomembranes,
for which biomembranes normally constitute a permeation barrier. These
properties make these mixtures even more powerful as means of defence and
protection than mono-target substances (Wink, 2008a,b).

Because of this evolutionary logic, most plants are able to withstand vari-
ous threats from herbivores, microbes and the physical environment. Excep-
tions are many agricultural crops which have been optimized for yield and,
quite often, their original lines of defence have been selected away, as these
metabolites were unpalatable or toxic for humans or their lifestock.

The role and function of SM as well as their potential biotechnological
applications are the topic of Volume 39 of Annual Plant Reviews, Functions of
Plant Secondary Metabolites and Biotechnology.
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Abstract: Alkaloids represent a structurally diverse group of nitrogen-containing
secondary metabolites. Many of them have pronounced pharmacological activities
and are therefore important for medicine and biotechnology. Most alkaloids derive
from an amino acid as a precursor, such as ornithine, arginine, lysine, phenylala-
nine, tyrosine or tryptophan. The biosynthetic pathways of the main groups of
alkaloids have already been elucidated at the enzyme and gene levels. In a few
cases, it was already possible to produce alkaloids (e.g. benzylisoquinoline alka-
loids) in transgenic microorganisms which were transformed with the respective
genes of alkaloid biosynthesis. Details are given for nicotine and tropane alka-
loids, pyrrolizidine alkaloids, benzylisoquinoline alkaloids, monoterpene indole
alkaloids, ergot alkaloids, acridone alkaloids, purine alkaloids and taxol. Betalains
(the red—violet betacyanins and the yellow betaxanthins) are structurally related to
alkaloids (‘chromoalkaloids’) and are typical for plants in the order Caryophyllales.
Their biosynthesis and function are discussed in this chapter.

Keywords: alkaloid biosynthesis; alkaloid genes; nicotine; tropane alkaloids;
pyrrolizidine alkaloids; benzylisoquinoline alkaloids; monoterpene indole alka-
loids; ergot alkaloids; acridone alkaloids; purine alkaloids; taxol; betalains

2.1 Introduction

The biogenesis of alkaloids has been studied from the beginning of the past
century, first to determine their structures and subsequently to study their
biosynthesis in plants (Mothes et al., 1985). Detailed hypotheses of alkaloid
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biosyntheses have been advanced following radio-labelled studies; however,
we are still a long way from understanding how most alkaloids are synthe-
sized in plants and how such biosynthesis is regulated. Moreover, there is
much to be learned about the chemical ecology of alkaloids, so that we can
better understand their roles within the plant (Roberts and Wink, 1998; Wink,
2008).

Alkaloids are an integral part of many medicinal plants and have enjoyed a
long and important history in traditional medicine. Our first drugs originated
from plant extracts and some important contemporary pharmaceuticals are
still either isolated from plants or structurally derived from natural products
(Seigler, 1998; Wink, 2000, 2007; Dewick, 2002; van Wyk and Wink, 2004).

The majority of alkaloids have been found to be derived from amino acids,
such as tyrosine, phenylalanine, anthranilic acid, tryptophan/tryptamine, or-
nithine/arginine, lysine, histidine and nicotinic acid (Fig. 2.1). However, alka-
loids may be derived from other precursors such as purines in case of caffeine,
terpenoids, which become ‘aminated” after the main skeleton has been synthe-
sized; i.e. aconitine or the steroidal alkaloids, are found in the Solanaceae and
Liliaceae. Alkaloids may also be formed from acetate-derived polyketides,
where the amino nitrogen is introduced as in the hemlock alkaloid, coniine.

Originally, alkaloids were thought to be essentially plant products; how-
ever, these basic compounds also occur in microorganisms and animals. Al-
though, at present, the majority of known alkaloids are amino acid-derived,
increasing numbers of alkaloids from insects and marine organisms are being
discovered that are either terpenoid or polyketide in origin.

Interest in growing and manipulating microorganisms and plants in cell
culture for commercial purposes (Verpoorte et al., 2007) has given impetus to
the study of alkaloid biosynthesis and, in particular, to the elucidation of the
enzymes involved. It has also brought about a renewed interest in the regu-
lation of alkaloid synthesis and in the location and means of sequestration of
these substances within the plant. In recent years, attempts have been made
to express the genes of alkaloid biosynthesis in microorganisms (Marasco and
Schmidt-Dannert, 2007; Minami et al., 2008; Wu and Chappell, 2008; Ziegler
and Facchini, 2008; Schafer and Wink, 2009). Ultimately, it might be possible
to produce valuable alkaloids, be it recombinant bacteria or yeast.

It was not until the early 1970s that the enzymes associated with alkaloid
formation were isolated. Now, however, the enzymes of every step of entire
pathways, for instance from tyrosine to berberine and protopine, are known.
The relatively few pathways isolated so far clearly indicate that most of the
enzymes required are highly specific for a given biosynthetic step. The results
of research over the past 20 years have helped to revise routes to alkaloid syn-
thesis that were previously hypothesized as a result of feeding radio-labelled
precursors to plants. The investigation of enzymes and, more recently, the
genes of alkaloid biosynthesis has also helped to answer some of the ques-
tions regarding where and at what time during the plant growth cycle the
alkaloids are actively made, and has provided an insight into the location of
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enzymes and alkaloids within the plant and the cell. Technical breakthroughs,
such as expressed sequence tags (EST) and EST databases, DNA microarrays
and proteome analysis by MALDI-MS and MS-MS have contributed to a
substantial progress in alkaloid research (Ziegler and Facchini, 2008).

This chapter focuses on recent data in areas where the enzymes of whole
pathways and the genes for key enzymes for alkaloids have been isolated.
We are aware that the field of alkaloids is much larger and comprises more
structural groups. More information is found in Chapter 7 (this volume) and
Chapter 2 in Volume 39 of this series (Wink, 2010). These studies have im-
proved our understanding of the formation, mobilization and sequestration
of alkaloids, and their role in plant defence mechanisms (Hashimoto and Ya-
mada, 1994; Facchini, 2001; Zenk and Juenger, 2007; Liscombe and Facchini,
2008; Ziegler and Facchini, 2008).

The Alkaloids (1950-2008), (Academic Press, New York) Alkaloids: Chemi-
cal and Biological Perspectives, (Volumes 1-8, Pergamon Press, Oxford); and
Roberts and Wink (1998) Alkaloids: Biochemistry, Ecology and Medical Applica-
tions, Plenum Press, New York.

2.2 Nicotine and tropane alkaloids

In the early 1980s, root cultures of Nicotiana, Hyoscyamus, Datura and Duboisia
species were found to give high yields of nicotine and tropane alkaloids and
have proved useful tools for recent studies of the biosynthetic pathways to
these alkaloids. Genetically transformed and untransformed root cultures
have been generated and used as models for biosynthetic studies (Rhodes
et al., 1990; Robins et al., 1994a,b; Wildi and Wink, 2002).

2.2.1 Nicotiana alkaloids

Nicotiana rustica and N. tabacum root cultures principally contain nicotine,
which is made from putrescine and nicotinic acid (Fig. 2.2). Putrescine is
produced by the decarboxylation of either ornithine or arginine, as a result
of the activities of either ornithine (ODC) or arginine decarboxylase (ADC),
and is used for the biosynthesis of the polyamines, spermine and spermi-
dine. The conversion of putrescine to N-methylputrescine by putrescine N-
methyltransferase (PMT) is, therefore, the first committed step of the alka-
loidal pathway. N-Methylpyrrolinium, formed spontaneously after the ox-
idative deamination of N-methylputrescine to N-methylamino butanal, is
then condensed with an intermediate derived by the decarboxylation of nico-
tinic acid (such as 3,6-dihydronicotinic acid). Three specific enzymes, namely,
putrescine N-methyltransferase (PMT), N-methylputrescine oxidase (MPO)
and nicotine synthase (conclusive findings concerning the final step have not
been obtained, yet), are involved. A certain NADPH-dependent reductase,
called A622, which is related to isoflavone reductase, might be a candidate for
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Figure 2.2 Biosynthesis of nicotine and anabasine. ODC, ornithine decarboxylase;
ADC, arginine decraboxylase; PMT, putrescine N-methyltransferase; DAO, diamine
oxidase; MPO, N-methylputrescine oxidase.

nicotine synthase (Shoji et al., 2002). The regulation of these enzymes and the
control of flux into the pathway have been the subject of particular study over
the past 20 years (Friesen and Leete, 1990; Leete, 1990; Oksman-Caldentey
et al., 2007). PMT has been characterized by X-ray crystallography (Teuber
et al., 2007).

Nicotine is demethylated to nornicotine by CYP82E4 (a nicotine demethy-
lase) (Siminszky et al., 2005). Nornicotine can be converted into nicotyrine
and myosmine.
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Nicotiana alkaloids, which serve as chemical defence compounds, are syn-
thesized in the roots and are transported to other plant organs, such as aerial
parts, via the xylem. These alkaloids accumulate in vacuoles. PMT and A622
oxidoreductase are strongly expressed in the endodermis and outer cortex
cells of tobacco root tips and to a lesser degree in other parts of the cortex and
parenchyma cells surrounding the xylem (Shoji et al., 2002). The localization
of nicotine biosynthesis in the parenchyma cells surrounding the xylem may
aid the loading of the xylem with nicotine.

The correlation between nicotine accumulation and its defensive role in
N. sylvestris has been convincingly demonstrated. Increased alkaloid produc-
tion may also be demonstrated by true herbivory. Tobacco plants subjected
to leaf damage showed a fourfold increase in the alkaloid content of their
undamaged leaves. This resulted from increased alkaloid synthesis and, as a
result, a tenfold increase in alkaloids in the xylem. Experimental evidence has
indicated that alkaloid induction may be triggered by a phloem-translocated
signal (Hartmann, 1991 and references therein).

2.2.1.1 Regulation of the pyrrolidine alkaloid pathway

Precursor feeding experiments in root cultures of N. rustica have indi-
cated that a major limitation in accumulation occurs subsequent to N-
methylpyrrolinium formation. However, small enhancements in alkaloid
production are seen with putrescine or agmatine but not with ornithine or
arginine, indicating a possible limitation in the supply of putrescine, which
may be regulatory (Walton et al., 1988; Robins and Walton, 1993). The use
of ‘suicide” inhibitors of ODC and ADC, namely, a-difluoromethylornithine
(DFMO) and a-difluoromethylarginine (DFMA) (Robins and Walton, 1993),
indicate that arginine is probably the preferred origin of the putrescine in-
corporated into nicotine. In root cultures, nicotine production and PMT ac-
tivity are lost if roots are subcultured into media containing phytohormones
(Rhodes et al., 1989). This effect is reversible; roots competent in nicotine
production are obtained when cells are passaged into a phytohormone-free
medium. Therefore PMT, rather than ADC or ODC, has been targeted for
genetic engineering. PMT is an important key enzyme as it drives the flow of
nitrogen away from polyamine biosynthesis to nicotine biosynthesis (Robins
et al., 1997).

Two enzymes of pyrrolidine alkaloid formation responsible for the conver-
sion of putrescine to the N-methylpyrrolinium ion have been investigated in
some detail. PMT, partially purified from cultures of Hyoscyamus niger and
fully characterized from Datura stramonium, has been cloned by differential
screening of complementary deoxyribonucleic acid (cDNA) libraries from
high- and low-nicotine-yielding N. tabacum plants (Hibi et al., 1994). The en-
zyme shows considerable sequence homology to spermidine synthase but is
distinct from this enzyme as it only shows PMT activity when expressed in
Escherichia coli. MPO has been isolated in pure form from N. tabacum trans-
formed root cultures (McLauchlan ef al., 1993). It is quite widely spread in



26 Biochemistry of Plant Secondary Metabolism

the Solanaceae, as shown by Western blotting, and is apparently both im-
munologically (McLauchlan et al., 1993) and kinetically (Robins and Walton,
1993; Hashimoto and Yamada, 1994) related to a wide range of diamine oxi-
dases (DAO) found in plants. The MPO gene has been characterized recently
(Heim et al., 2007; Katoh et al., 2007). MPO can also convert cadaverine into
5-aminopentanal, which cyclisizes to piperideine (Fig. 2.2). Whereas DAO
from pea and pigs have a low affinity for N-methylputrescine, MPO from
alkaloid-producing species prefer this substrate over putrescine. While PMT
is important in determining the overall extent to which cultures can make
pyrrolidine alkaloids, the level of activity normally found in transformed
root cultures of N. rustica does not limit the ability of the cultures to accu-
mulate nicotine. Feeding putrescine had some effect on nicotine levels and,
therefore, experiments were conducted to try to enhance nicotine formation
by engineering the supply of this metabolite (Robins and Walton, 1993).

The odc gene obtained from Saccharomyces cerevisiae was expressed with the
enhanced cauliflower mosaic virus 35S protein promoter in transgenic roots
of N. rustica. The level of ODC was enhanced in several root clones. The level
of ODC remained elevated even in the late stationary phase of these cultures,
in contrast to control lines. Other enzymes (ADC, PMT and MPO) were not
enhanced. The introduced gene appeared to be expressed in a deregulated
manner; this was confirmed by showing that ODC messenger ribonucleic
acid (mRNA) was also present at a high level throughout the growth cy-
cle. Some of the odc-expressing clones had increased levels of putrescine, in
particular N-methylputrescine. In addition, the mean nicotine content of the
cultures at 14-day-old was increased from 2.28 & 0.22 to 4.04 & 0.48 pmol/g
fresh mass.

Once the supply of putrescine was enhanced, no larger increases in nicotine
were found, presumably because other enzymes contributed, more than pre-
viously, to limiting nicotine accumulation. MPO is present at, typically, two-
to fivefold higher levels than PMT, and therefore PMT may become limiting.
Now that the pmt gene has been cloned (Hibi et al., 1994), this possibility can
be tested directly.

Nicotine biosynthesis also involves the incorporation of nicotinic acid
(Fig. 2.2) (Robins et al.,, 1987), and the availability of this moiety can be
as important in nicotine accumulation as that of the putrescine-derived
portion. However, the enzyme responsible for the condensation of N-
methylpyrrolinium with decarboxylated nicotinic acid, nicotine synthase
(Friesen and Leete, 1990), was measured at only a very low level of activity,
quite inadequate to account for the rates of nicotine accumulation observed
in cultures. The molecular analysis of low-nicotine mutants of N. fabacum
suggested the presence of regulatory genes (Nic 1 and Nic 2) governing the
expression of nicotine biosynthesis (Hibi et al., 1994).

Several genes of nicotine biosynthesis appear to be regulated by methyl-
jasmonate (MJM); among 20000 gene tags, 591 were modulated by MJM
(Goossens et al., 2003). A total of 58% of the genes showed homology
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with known genes and 26% were completely unknown. In this approach,
several genes were detected with a putative function in nicotine biosynthesis
(Hakkinen et al., 2007; Oksman-Caldentey et al., 2007). About 34 candidate
genes were selected and overexpressed in tobacco cell suspension cultures
and hairy roots (BY-2). This approach identified a lysine decarboxylase (LDC)
gene and a GH3-like protein gene. Overexpressing the GH3-like enzyme gene
in hairy roots increased the nicotine production significantly (Hakkinen et al.,
2007).

Genetic engineering makes in vivo manipulation of the alkaloid mixture
possible. Anabasine, a minor alkaloid in some Nicotiana species, is derived
from lysine via cadaverine, in a pathway parallel to that for the biosynthesis
of nicotine (Fig. 2.2). Root cultures of N. rustica (Walton et al., 1988) and
N. hesperis (Walton and Belshaw, 1988) accumulated anabasine when fed
cadaverine; the nicotine:anabasine ratio in the former changing from 10:1 to
1:5. Thus, the enhanced anabasine formation was at the expense of nicotine,
indicating that the two pathways may be competing for nicotinic acid. How-
ever, some steps in each pathway may be catalysed by the same enzyme. It
has been shown that MPO from N. tabacum catalyses the oxidation of both
N-methylputrescine and cadaverine (Robins and Walton, 1993), with a
34-fold higher affinity for N-methylputrescine but a capacity to oxidize
cadaverine, which is threefold greater. Hence, the occurrence of excess
cadaverine might be expected to dominate the reaction, leading to formation
of more anabasine and less nicotine.

Walton and co-workers (1988) found that feeding lysine hardly affected
the alkaloid ratio, suggesting a deficiency in LDC. In order to test this, Berlin
and co-workers inserted the ldc gene from Hafnia alvei into transgenic root
cultures of Nicotiana glauca under the control of the cauliflower mosaic virus
35S promoter (Fecker ef al., 1992). Nicotiana glauca root cultures contain only
low LDC activity, even though anabasine is accumulated as a major product.
Two clones were isolated showing about a sixfold increase of LDC activity.
This was accompanied by a tenfold rise in cadaverine, a twofold rise in
anabasine and a change in the nicotine:anabasine ratio from 75:25 in controls
to 60:40 in Idc transgenic roots. The experiment clearly demonstrated that
anabasine production is limited, in part, by cadaverine supply and provided
further evidence for at least one common step in the pathways of nicotine and
anabasine production. Anabasine can be converted into anatalline, especially
after MJM induction (Goossens et al., 2003).

2.2.2 Tropane alkaloids

Both untransformed (Hashimoto and Yamada, 1994) and transformed root
cultures of Datura, Hyoscyamus, Atropa and Duboisia species (Robins and
Walton, 1993) accumulate high levels of the tropane alkaloids, hyoscyamine
and scopolamine (Fig. 2.3). These medically important tropane alkaloids
present not only an interesting biochemical problem but also a realistic
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target for genetic manipulation. The biosynthetic route to hyoscyamine and
scopolamine is now well documented. Tropane and pyrrolidine alkaloids
have a common biosynthetic pathway to N-methylpyrrolinium (Fig. 2.3),
the first unique step towards the tropanes being the condensation of
N-methylpyrrolinium with a C-3 unit to form tropinone (Fig. 2.3). This
is stereospecifically reduced to form tropine (tropan-3a-ol) by tropinone
reductase I. Tropine is esterified with a moiety of phenyllactic acid to form
littorine (Robins and Walton, 1993). Recent experiments (Chesters et al., 1996)
have shown that D-phenyllactate is converted to tropate by a rearrangement
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in which, during carboxylate migration, an inversion of configuration occurs
at both migration termini to produce hyoscyamine. Further metabolism of
hyoscyamine, involving the introduction of a 7B-hydroxyl group followed
by oxidation to the 6B,7B-epoxide by hyoscyamine-6-hydroxylase, results
in formation of scopolamine (Robins and Walton, 1993). The reduction
of tropinone by tropinone reductase II (TR II) leads to pseudotropine,
which is a precursor for calystegine, a group of hydroxylated nortropane
alkaloids (Fig. 2.3). Calystegines occur in Convolvulaceae but also in several
Solanaceae, Brassicaceae, Erythroxylaceae and Moraceae (Drager, 2004;
Biastoff and Drager, 2007).

2.2.2.1 Regulation of tropane alkaloid production

Recent investigations of the regulation of the tropane alkaloid pathway in
Datura, Hyoscyamus and Atropa species have focused on understanding the
enzymes involved at the branch points and in investigating the role these
play in regulating the flux into the different groups of products.

The enzymes of hyoscyamine and scopolamine biosynthesis are present
throughout much of the growth cycle of both Datura (Robins and Walton,
1993) and Hyoscyamus (Hashimoto and Yamada, 1994) root cultures. The
level of activity present is maximal in rapidly growing tissue, but levels of
the enzymes ODC, ADC and PMT in D. stramonium roots do not greatly
exceed the minimum required to synthesize the amounts of alkaloid ac-
cumulated in vivo (Rhodes et al., 1989). However, levels of the tropinone
reductases I and II are much higher than required (Portsteffen et al., 1992,
1994; Drager and Schaal, 1994). Experiments in feeding various precur-
sors have suggested that, in these root cultures, the esterification of tropine
may be crucial in limiting hyoscyamine accumulation (Robins and Walton,
1993).

Tropinone reductases, which catalyse the stereospecific reduction of the
keto group of tropinone to 3a- and 3B-hydroxy groups (Drager, 2005), were
analysed in detail by dissection of the peptides and construction of chimeric
enzymes. The opposite stereospecificity of the two reductases was ascribed to
the carboxy-half of the proteins, to which the substrate tropinone is assumed
to bind with the reverse orientation in the two enzymes (Nakajima et al., 1993,
1994; Hashimoto and Yamada, 1994). Only tropinone with the 3a-hydroxy
group is used to produce hyoscyamine (Leete, 1990). Tropinone with the
3B-hydroxy group forms esters with other acids, but these occur only as
minor alkaloids. When trIl was overexpressed in A. belladonna root cultures,
a substantial amount of pseudotropine and related alkaloids was observed
(Richter et al., 2005).

Some Hyoscyamus and Duboisia root cultures accumulate scopolamine as a
major product (Robins and Walton, 1993). In contrast, only traces of scopo-
lamine were found in D. stramonium roots. This implies that the expression
of hyoscyamine 6B-hydroxylase (H6H) that forms the 6,7-epoxide is variable
and, hence, this enzyme has also been targeted for genetic engineering.
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Experiments using radio-labelled precursors have been performed in intact
plants, aimed at delineating the tropane pathway (Leete, 1990). Nevertheless,
a number of steps remain to be clarified and some inconsistencies in the
proposed pathway to the tropanes require resolving.

Robins and Walton (1993), for example, were able to show that 4-N-
methylornithine was not an intermediate and that the presence of ODC and
PMT in excess strongly suggested the route via N-methylputrescine, with
PMT the first enzyme of the pathway, as in Nicotiana.

As in Nicotiana, it was debatable whether ADC or ODC might provide
the putrescine incorporated. This possibility was tested by growing roots
in the presence of DFMO and DFMA (Robins and Walton, 1993) in ex-
periments analogous to those performed in Nicotiana. Inhibition of ADC
specifically depressed hyoscyamine accumulation and the pools of interme-
diates, indicating that ADC might be more important for the tropane alkaloid
pathway.

Another area of uncertainty concerned the route by which the tropic
acid moiety is incorporated. Although early reports claimed to synthesize
hyoscyamine from tropine and tropic acid or tropoyl-CoA, these findings
were not readily substantiated (Robins and Walton, 1993). A series of ex-
periments in which labelled phenyllactic acids were fed to plants of D.
inoxia or root cultures of D. stramonium confirmed unequivocally that this
compound was an intermediate of the pathway (Ansarin and Woolley,
1993, 1994; Chesters et al., 1994, 1995a,b; Robins ef al., 1994a). A recent
reappraisal (Chesters et al., 1996) suggested that it is the S-isomer that is
incorporated.

Other experiments have demonstrated that littorine (the phenyllactoyl
ester of tropine) rearranges in vivo to hyoscyamine (Robins et al., 1994b)
with the aid of CYP80F1 (Ziegler and Facchini, 2008). Direct rearrangement
was demonstrated unequivocally by incorporating three ?H nuclei in the
N-methyl of the tropinyl portion and two *C nuclei in the phenyllactoyl
moiety.

It was proposed that the rearrangement of littorine to hyoscyamine might
occur by a cytochrome P450-catalysed reaction (Fig. 2.3), and that the minor al-
kaloids 3a-phenylacetoxytropane and 3a-(2'-hydroxyacetoxy)tropane, which
are also formed, are side-products of the mechanism (Robins et al., 1995). This
particular area of tropane biosynthesis requires further clarification.

The calystegines are also formed from ornithine and, therefore, belong
biosynthetically to the tropane alkaloids (Goldmann et al., 1992; Drager,
2004; Biastoff and Drager, 2007). This has been confirmed by Dréager and co-
workers (1994), who fed root cultures of Atropa belladonna with >N-labelled
tropinone and obtained good incorporation of isotope. These experiments
have cast doubt on the intermediacy of hygrine in the direct pathway to
hyoscyamine (Goldmann et al., 1992; Robins and Walton, 1993; Drager et al.,
1994). When *C-labelled hygrine was fed, no incorporation into hyoscyamine
or scopolamine could be detected. Feeding other labelled precursors
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suggested a pathway in which acetoacetate reacts via its C-4 position with N-
methylpyrrolinium salt to give 4-(1-methyl-2-pyrrolidinyl)-3-oxobutanoate.
This intermediate favours cyclization to give 2-carboxytropinone, tropinone
being formed by decarboxylation (Robins ef al., 1997).

As in Nicotiana, PMT appears to be regulatory in the pathway. Treating
D. stramonium root cultures with phytohormones causes dispersion of the
cultures, degradative metabolism of tropine and hyoscyamine and a loss of
PMT activity. PMT is completely absent in dispersed cultures. Differentiated
roots, alkaloid production and PMT activity are fully restored following the
removal of phytohormones. Now that a clone for PMT is available, it will be
interesting to examine this phenomenon at the molecular level. Robins and
Walton (1993) and Hibi and co-workers (1994) have clearly demonstrated that
pmt expression in N. tabacum plants is downregulated by auxin, in agreement
with the observed effect of auxins on PMT activity in root cultures (Rhodes
etal.,1989; Robins and Walton, 1993). Roots treated with DFMA demonstrated
a decreased PMT activity (Robins and Walton, 1993), but normal levels were
restored by adding agmatine to the cultures. As DFMA treatment results in
a loss of agmatine from the system, this effect was interpreted as a possible
stimulation of PMT expression by agmatine. PMT has been characterized by
X-ray crystallography (Teuber et al., 2007).

Several enzymes of tropane alkaloid biosynthesis have been purified and
characterized from root cultures: namely, putrescine N-methyltransferase
from D. stramonium (Walton et al., 1994) and H. niger (Hibi et al., 1992) and
tropinone reductases I and II from Atropa belladonna (Drager and Schaal,
1994), D. stramonium (Portsteffen et al., 1992, 1994) and H. niger (Hashimoto
and Yamada, 1994). TR I and TR II have been characterized by X-ray
crystallography (Nakajima et al., 1998).

Another enzyme involved in the production of minor alkaloids, tigloyl-
CoA: pseudotropine acyltransferase, has been purified from roots of D. stra-
monium (Rabot et al., 1995). It catalyses the transfer to pseudotropine of an
acyl group from a range of acyl-CoA thioesters. Esters of pseudotropine do
not accumulate significantly in D. stramonium roots, although they do appear
under abnormal metabolic conditions (Drager et al., 1992).

Important for the production of scopolamine, hyoscyamine 6B-hydroxylase
was the first enzyme of tropane alkaloid metabolism to be purified and re-
mains the most rigorously studied. It was obtained in pure form from H. niger
root cultures and the preparation showed that it is a bifunctional enzyme with
activity both as the 7B-hydroxylase and as the 6,73-epoxidase. A clone for
H6H was obtained following the purification of enzyme activity. The gene
shows some similarity to other hydroxylases, including those involved in ox-
idative reactions in the formation of ethylene and anthocyanins (Hashimoto
and Yamada, 1994).

A detailed study of H6H has allowed the genetic manipulation of scopo-
lamine formation. The alkaloid spectrum of transformed root cultures of
A. belladonna contains hyoscyamine and scopolamine in a ratio between 10:1
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and 5:1 (Robins and Walton, 1993). Following the isolation and introduction
of the h6h gene into cultures of transformed roots of A. belladonna, an engi-
neered root-line was isolated, which showed an increased H6H activity and
about a twofold higher accumulation of 7B-hydroxyhyoscyamine and scopo-
lamine. This experiment effectively demonstrated that the ability of these
cultures to accumulate hyoscyamine was limited by H6H activity and that,
by increasing expression of h6h, A. belladonna plants almost exclusively con-
tained scopolamine, in contrast to controls (Hashimoto and Yamada, 1994).
Simultaneous overexpression of pmt and h6h in H. niger hairy root cultures
resulted in a high yield of scopolamine (411 mg/L) (Zhang et al., 2004).

Since the 6B-hydroxylase is a bifunctional enzyme catalysing two consec-
utive reactions from hyoscyamine to scopolamine, expression of this single
gene could change the alkaloid pattern of the host A. belladonna plants and
could be of commercial benefit. Yun and co-workers (1993) showed that only
the single polypeptide is required to carry out both reactions. The h6h was in-
serted into transgenic N. tabacum plants. As a result of this single insertion, the
plants acquired the ability to biotransform hyoscyamine into scopolamine,
showing unequivocally that a single gene product was responsible both for
the hydroxylation and epoxidation steps. Species-dependent expression con-
trolled by the promoter of the hyoscyamine 6B-hydroxylase gene was ob-
served in experiments on transgenic plants, using the B-glucuronidase gene
as a visible reporter gene (Kanegae et al., 1994). Pericycle-specific accumu-
lation of hyoscyamine 6B-hydroxylase (Hashimoto and Yamada, 1994) was
attributed to the 0.8 kb length 5'-flanking region of the gene from H. niger.
Expression in E. coli, in which plant genes were overexpressed, allowed for
biotransformation and biosynthesis of alkaloids when feeding appropriate
precursors of the tropane alkaloids. Reaction products were accumulated in
the medium, suggesting free permeability of the bacterial cell membrane to
the products (Hashimoto and Yamada, 1994, 2003). The consequences of over-
expression of genes involved in nicotine and tropane biosynthesis and the
prospects of metabolic engineering have been discussed in Hakkinen et al.
(2007), Oksman-Caldentey et al. (2007), Sato et al. (2007) and Verpoorte et al.
(2007).

Tropane alkaloids are being synthesized in roots and translocated via the
xylem to aerial parts, where they accumulate in the vacuole. In Atropa, PMT
and other enzymes of tropane alkaloid biosynthesis such as H6H are ex-
pressed in the pericycle of the differentiation region of the root facing the
xylem (Kanegae et al. 1994; Suzuki et al., 1999). The localization of H6H next
to the xylem is strategically important, since scopolamine is transported in
the xylem. TR I, however, is localized in the endodermis and nearby cortical
cells, but not in the pericycle of H. niger (Nakajima and Hashimoto, 1999).
Tropane alkaloids strongly affect the muscarinic acetylcholine receptor as an-
tagonists and are therefore powerful neurotoxins; they apparently serve as
defence compounds against herbivores. A few specialized herbivores (e.g.
thrushes) exist that can inactivate atropine by expressing an esterase; for
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them atropine is less toxic. Calystegines can be regarded as sugar-mimics;
they possess strong glycosidase inhibitory activity (Asano et al., 2000). TR-II
is localized in companion cells of sieve elements in the phloem (Kaiser et al.,
2006).

2.3 Pyrrolizidine alkaloids (PAs)

This group of alkaloids is found in a wide range of families, centred around
the Asteraceae, Boraginaceae and Fabaceae (Hartmann and Witte, 1995; Hart-
mann, 2007). PAs are metabolically activated in the liver of herbivores and
can then alkylate DNA and proteins, leading to mutations and even cancer.
The occurrence of PAs in many Senecio species accounts for the high toxicity
of these plants. PAs function as defence compounds against many herbivores;
however, a number of specialized insects are known which store and utilize
the dietary defence chemicals (for a review, see Wink, 1993; Hartmann and
Witte, 1995).

The biosynthesis of pyrrolizidine alkaloids has been studied mainly in
Senecio species (Hartmann, 1991, 2007). These alkaloids are esters between a
necine base, derived from arginine or ornithine via homospermidine (Fig. 2.4)
and a necic acid moiety, frequently derived from isoleucine. The formation
of homospermidine from one molecule of putrescine and one molecule of
spermidine is the first committed step in the pathway (Bottcher ef al., 1993;
Graser and Hartmann, 1997, 2000). This step is catalysed by homospermidine
synthase (HHS). HHS apparently evolved by duplication of a gene encod-
ing desoxyhypusine synthase (Ober and Hartmann, 1999). The formation of
homospermidine is a side activity in desoxyhypusine synthase, but became
a main activity in HHS (Ober, 2005). Thus, there is a close parallel between
this pathway and that described for the tropane alkaloids, with two routes
starting from amino acids that provide acidic and alkamine moieties, which
are condensed by esterification later in the pathway.

The major product accumulated is senecionine-N-oxide (Fig. 2.4) and, since
neither suspension cultures nor shoot cultures of Senecio form these alkaloids,
this suggests that the root is the sole site of biosynthesis (Hartmann, 1994).
In root cultures of Senecio vulgaris, feeding experiments with a range of *C-
labelled precursors and inhibitors of metabolism showed both ornithine and
arginine to be incorporated into senecionine-N-oxide (Hartmann, 1991). Ex-
periments with DFMA and DFMO gave results suggesting that, in contrast to
Nicotiana and Datura, label from ornithine is incorporated via arginine. The
mechanism for this is not clear. Spermidine and putrescine were found to be
rapidly interconverted and both spermine and spermidine reduced the incor-
poration of label from arginine, suggesting that there is feedback control of
agmatine biosynthesis that leads to a depression of alkaloid formation. This
interaction between alkaloid and polyamine formations was not apparent in
D. stramonium roots (Robins and Walton, 1993). A higher degree of regulation
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Figure 2.4 Biosynthesis of the pyrrolizidine alkaloid, senecionine-N-oxide. ODC,
ornithine decarboxylase; ADC, arginine decarboxylase; SPDS, spermidine synthase; HHS,
homospermidine synthase. (See Plate 9 in colour plate section.)

may be required in this pathway due to the greater demand for putrescine-
homospermidine requiring two moles per mole of alkaloid. Senecionine-N-
oxide is synthesized only in the actively growing parts of root cultures and
is not significantly turned over, but is slowly transported throughout the
root mass. Some limited metabolism occurs during this process, primarily
oxidation and acetylation (Hartmann, 1991).

The biosynthesis of the necic acid moiety has, in contrast, re-
ceived relatively little attention. Label from *C-isoleucine is effectively
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incorporated into senecionine-N-oxide by root cultures of S. wvulgaris
(Hartmann, 1991).

So far, only one enzyme, HHS, has been partially purified and characterized
using root cultures of Eupatorium cannabinum (Bottcher et al., 1993). Walton
and co-workers (1994) found PMT activity in all pyrrolizidine-alkaloid-
forming species so far examined; its presence confirms that the biosynthetic
route for this group of alkaloids is not via free pyrroline. The enzyme carries
out two sequential steps, the first of which is a deaminative oxidation that gen-
erates nicotinamide adenine dinucleotide (reduced form) (NADH) and the
second of which is a reduction, utilizing NADH. This reaction sequence was
clearly demonstrated by using chirally labelled, C1-*H, putrescines (Bottcher
et al., 1994). These authors also suggested that spermidine may act, at least in
part, as a co-substrate with putrescine in homospermidine formation. The ap-
parent rapid interconversion of putrescine and spermidine in these cultures
makes this a difficult problem to solve.

However, it has been shown that more than half the aminobutyl moiety of
homospermidine comes directly from spermine, and the aminobutyl moiety
of spermine is also incorporated directly into the necine base of pyrrolizidine
alkaloids (Graser and Hartmann, 1997).

2.3.1 Translocation, accumulation and ecology

The roots have been shown to be the major, if not exclusive, sites of
pyrrolizidine alkaloid synthesis, where it occurs preferentially at the root
apex, thus coinciding with the sites of active growth. HSS could be local-
ized in defined groups of root cells comprising endodermis and cortex cells
(Moll et al., 2002). Senecionine-N-oxide is produced as a stable product with-
out significant turnover. Pyrrolizidine alkaloids are mobile, being, at least
in part, translocated via the phloem into newly growing aerial tissues, with
the highest concentration in the inflorescences, where alkaloid concentra-
tions are 30-fold higher than in the leaves. As soon as root growth stops,
synthesis of pyrrolizidine alkaloids ceases. Transport occurs via the phloem,
and subsequent vacuolization of the pyrrolizidine alkaloids as salts has been
demonstrated. Recent experiments have shown a role for pyrrolizidine alka-
loids as part of the plant defence against predation (Wink, 1993; Hartmann
and Witte, 1995; Hartmann, 2007 and references therein).

2.4 Benzylisoquinoline alkaloids

Benzylisoquinolines, of which more than 2500 structures are known, are
found as defence chemicals within the families of the superorder Mag-
noliids (comprising Piperales, Laurales and Magnoliales with the fam-
ilies Annonaceae, Eupomatiaceae, Aristolochiaceae, Magnoliaceae, Lau-
raceae, Monimiaceae), Nelumbonaceae and Ranunculales (i.e. Berberidaceae,



36 Biochemistry of Plant Secondary Metabolism

Ranunculaceae, Menispermaceae and Papaveraceae). This highly clustered
distribution in two main groups is of interest from a chemotaxonomic point of
view (but see Chapter 6), as there are few exceptions, the most notable being
the Erythrina alkaloids that occur throughout the genus Erythrina (Fabaceae).
This group of families contains such alkaloids as colchicine (a microtubule
disrupter and gout suppressant), berberine (an antimicrobial against eye and
intestinal infections), morphine (a narcotic analgesic), codeine (a narcotic
analgesic and antitussive) and sanguinarine (an antimicrobial used in oral
hygiene).

The benzylisoquinolines are formed from two molecules of the aromatic
amino acid, tyrosine. In the past ten years, this pathway has been probed at
the enzyme and gene level. The recent linking of the phloem-specific expres-
sion of tyrosine/Dopa decarboxylase (TYDC) genes with the biosynthesis of
the isoquinoline alkaloids in the opium poppy, Papaver somniferum (Facchini
and De Luca, 1994, 1995, 2008; Liscombe and Facchini, 2008), and the asso-
ciation with alkaloid accumulation as part of the plant defence mechanism
(Wink, 1993; Facchini et al., 1996) are of particular interest in furthering our
knowledge of the location of alkaloid biosynthesis.

As a result of research over the past 20 years (Facchini, 2001; Ziegler et al.,
2006; Sato et al., 2007; Zenk and Juenger, 2007; Liscombe and Facchini, 2008;
Ziegler and Facchini, 2008), it is now clear that the first committed step in the
biosynthesis of isoquinoline is the formation of (S)-norcoclaurine (Fig. 2.5).
This alkaloid is an important precursor of a variety of pathways that lead to
a series of diverse structures within this alkaloid group.

Plant cell cultures established from various isoquinoline-bearing plants
have provided useful systems for the study of biosynthetic pathways at the
enzyme level. Excellent progress has been made in unravelling the route to
(S)-norcoclaurine and the sequences leading to some of the more important
groups of isoquinolines. Only recently, as a result of investigations into the
enzymes of the biosynthetic pathways to morphine, berberine and sanguinar-
ine, have the early steps of the pathway been fully elucidated. These studies
have also helped to improve our understanding of the localization at the sub-
cellular level of both enzymes and products (Zenk, 1990; Kutchan and Zenk,
1993; Kutchan, 1995, 1996; Facchini, 2001; Ziegler et al., 2006; Sato et al., 2007;
Zenk and Juenger, 2007; Liscombe and Facchini, 2008; Ziegler and Facchini,
2008).

2.4.1 Formation of (5)-norcoclaurine

Investigations of a number of enzymes involved in tyrosine conversion have
suggested that the first committed step in the biosynthesis of benzyliso-
quinolines involves a Pictet-Spengler-type condensation of dopamine with
4-hydroxyphenylacetaldehyde (which derived from tyrosine) to give (5)-
norcoclaurine, a compound that has proved to be pivotal in the formation of
all benzylisoquinoline alkaloids (Fig. 2.5). The condensation step is catalysed
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by (S)-norcoclaurine synthase (NCS), which has been isolated and character-
ized from Thalictrum flavum (Samanani et al., 2004) (TENCS) and Coptis japonica
(Minani et al., 2007) (CJNCS). Only TYDC have been purified and character-
ized so far. Interestingly, homologue genes for TYDC and NCS have been
detected in Arabidopsis or rice, which do not produce isoquinoline alkaloids,
suggesting a much wider occurrence of alkaloid genes than hitherto assumed

(see Chapter 7 for more examples).

(5)-Reticuline is readily formed from (S)-norcoclaurine as a result of a se-
ries of hydroxylations and methylations. From intermediates observed in
vivo and enzyme studies, it may be concluded that (S)-norcoclaurine is
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stereospecifically metabolized to (S)-reticuline via (S)-coclaurine (by
6-hydroxy-O-methyltransferase, 60MT, Morishige et al., 2000), (S)-N-
Methylcoclaurine (by coclaurine N-methyltransferase, CNMT; Choi et al.,
2002) and (S)-3'-hydroxy-N-methylcoclaurine (by a P450 hydroxylase). The
final step to (S)-reticuline is catalysed by 4-O-methyltransferase (Morishige
et al., 2000). The order in which the various hydroxylations and methyla-
tions occur is substantiated by the distribution of radioactivity in the ben-
zylisoquinoline alkaloids of Berberis stolonifera cell cultures after feeding [U-
14C]tyrosine (Zenk, 1990; Kutchan and Zenk, 1993). The sequence of three
methylation and one hydroxylation steps has been determined at the protein
and gene levels (Stadler and Zenk, 1990; Pauli and Kutchan, 1998; Sato et al.,
2007; Liscombe and Facchini, 2008). The methyltransferases involved show
relaxed substrate specificity (Sato et al., 2007). Except for CYT80B1, which is
membrane bound, all other enzymes are cytosolic. Minami et al. (2008) suc-
ceeded to express the genes of reticuline biosynthesis (NCS, CNMT, 40MT)
(Fig. 2.5) to produce reticuline in recombinant E. coli and S. cerevisiae.

When coclaurine and N-methylcoclaurine are combined by CYP80A1
(berbamunine synthase), dimeric bisbenzoylisoquinoline alkaloids are gen-
erated (Kraus and Kutchan, 1995), among the several with pronounced bio-
logical activities, such as berbamine and tubocurarine.

(5)-Reticuline is the precursor for aporphine alkaloids (Fig. 2.1). Minami
et al. (2008) succeeded to express the genes of magnoflorine biosynthesis
(NCS, CNMT, 40OMT, CYP80G2) to produce corytuberine and magnoflorine
in recombinant E. coli and S. cerevisiae.

(S)-Reticuline is also the precursor for the biosynthesis of benzophenanthri-
dine (e.g. sanguinarine, marcarpine), protoberberine, berberine, palmatine)
and morphinan alkaloids (morphine, codeine) (see next few paragraphs).

2.4.2 Biosynthesis of tetrahydroberberine alkaloids

The enzymatic route to berberine was one of the first to be completely
elucidated, with all (four) of the participating enzymes isolated and
characterized (Dittrich and Kutchan, 1991; Tkezawa et al., 2003). The con-
version of (S)-reticuline to (S)-scoulerine by the berberine bridge enzyme
may be considered as the first committed step in the production of the
tetrahydroprotoberberines and the whole range of alkaloidal types that are
derived from this basic skeleton (Fig. 2.6). The berberine bridge enzyme ([S]-
reticuline:oxygen oxidoreductase [methylene bridge-forming]; E.C. 1.5.3.9.)
catalyses the stereospecific conversion of the N-methyl group of (S)-reticuline
into the berberine bridge carbon, C-8 of scoulerine (Dittrich and Kutchan,
1991). In Eschscholzia californica, this enzyme is found to be elicitor-inducible,
which implies that regulation of transcription of this enzyme may regulate
benzophenanthridine alkaloid accumulation. Complementary deoxyribonu-
cleic acid encoding the berberine bridge enzyme, overexpressed in insect cell
culture, contained covalently attached flavin adenine dinucleotide (FAD) in
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Figure 2.6 Biosynthesis of berberine from (S)-reticuline in Berberis species and Coptis
japonica. BBE, berberine bridge enzyme; SCMT, (S)-scoulerine-9-O-methyltransferase;
CAS, (8)-canadine synthase; STOX, tetrahydroberberine oxidase; COX, enzyme found in
Coptis japonica.

the molecular cofactor to protein ratio of 1:1.03 (Kutchan and Dittrich, 1995).
Translation of the nucleotide sequence of bbel confirmed the presence of a
signal peptide that directs the enzyme into the endoplasmic reticulum and
then into the smooth vesicles, in which it accumulates. Elicitor-induced tran-
scription of bbel and other inducible genes along the benzophenanthridine
alkaloid pathway should help to elucidate the complex defence response
signal transduction chain that exists in plants. Minami et al. (2008) succeeded
to express the genes of scoulerine biosynthesis (NCS, CNMT, 4OMT and BBE)
(Figs. 2.5 and 2.6) to produce scoulerine in recombinant E. coliand S. cerevisiae.

The next enzyme in the sequence has been shown to be (5)-scoulerine-9-O-
methyltransferase (SCMT), which catalyses the conversion of (S)-scoulerine
to (S)-tetrahydrocolumbamine (Fujiwara et al., 1993). Subsequently, a methy-
lene bridge is formed to yield (S)-canadine utilizing the enzyme (S)-canadine
synthase (CAS), a specific methylenedioxy bridge-forming enzyme (Rueffer
and Zenk, 1994). By molecular cloning and characterization, the methylene-
bridge-forming enzyme from cultured Coptis japonica cells was shown to be
CYP719 that belongs to a novel P450 family which is not present in Arabidopsis
(Ikezawa et al., 2003).

(S)-canadine can act as a substrate for the tetrahydroberberine oxidase
(STOX) enzyme isolated from Berberis and may be converted by this enzyme
to berberine (Zenk, 1995); however, the oxidase found in Coptis japonica (COX)
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is specific for (S)-canadine (Okada et al., 1988; Rueffer and Zenk, 1994). These
two oxidases differ, in that STOX contains a flavin and produces 1 mole each
of H,O, and water per mole of substrate consumed, whereas COX has a
cofactor requirement for iron and produces 2 moles of H,O, per mole of
substrate utilized (Okada et al., 1988) (Fig. 2.6). It would appear that either
enzyme may be used to oxidize canadine, the type of oxidase being species-
dependent. Hence, there is reason not to generalize metabolic pathways,
unless enzymatic steps have been elucidated for each species.

The formation of the methylenedioxy bridge in Berberis has been found to be
caused by the demethylating activity of a peroxidase (POD) found within the
vesicle. It was also found that the cytochrome P450-requiring enzyme (cana-
dine synthase) from microsomes of Berberis, Thalictrum and Coptis species
formed the methylene bridge in (S)-tetrahydrocolumbamine (Ikezawa et al.,
2003), but not in the quaternary alkaloid columbamine (Galneder et al., 1988;
Zenk, 1995). Because of the substrate specificity of canadine synthase, the
berberine pathway is considered to be that presented in Fig. 2.5 (Rueffer and
Zenk, 1994). Columbamine, once proposed as an alternative route to berber-
ine, is however converted to palmatine by a specific methyltransferase first
isolated from Berberis wilsoniae cell cultures (Rueffer and Zenk, 1985; Ikezawa
et al., 2003).

A unique C-O phenolic coupling cytochrome P450 enzyme CYP80A1
(berbamunine synthase), isolated from Berberis stolonifera cell cultures, catal-
yses the oxidation of three different chiral benzyltetrahydroisoquinolines,
namely, (S)-coclaurine, (R)-N-methylcoclaurine and (S)-N-methylcoclaurine,
leading to the formation of three distinct dimeric products, namely,
(R,S)berbamunine, (R,S)-2'-norberbamunine and (R,R)-guattegaumerine
(Stadler and Zenk, 1993). Molecular cloning of the cDNA encoding for berba-
munine synthase, utilizing cell suspension cultures of Berberis stolonifera, has
allowed heterologous expression in a functional form in insect cell cultures.
This oxidase was accumulated in an active form in insect cell microsomes and
accepted electrons from the endogenous NADPH-cytochrome P450 reductase
(Kraus and Kutchan, 1995).

Important to our understanding of the mechanisms of secondary
metabolism was the discovery that all of these enzymes from (S)-scoulerine to
the production of berberine (especially BBE and STOX) are firmly associated
with vesicles that are thought to be derived from the endoplasmic reticu-
lum. These vesicles appear to be specific sites for the formation of quaternary
protoberberine alkaloids. Because of their positive charge, the alkaloids are
prevented from leaving the vesicles, and there is some evidence to suggest
that they end up in the vacuole when the vesicle membrane fuses with the
tonoplast (Bock et al., 2002). Tertiary tetrahydrobenzylisoquinolines, such as
(S)-scoulerine, are able to diffuse freely out of the vesicle to undergo further
modifications (Zenk, 1989). BBE was seen in idioblasts that were not con-
nected to the laticifer system, indicating that protobererine and morphinan
pathways are strictly separated in plants (Bock et al., 2002).
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Genes of protoberberine biosynthesis are abundantly expressed in rhi-
zomes of Thalictrum flavum, but were also active in roots and other organs
(Samanani et al. 2005). In roots, transcripts were localized in the immature
endodermis and root pericycle. In rhizomes transcripts were found in the
protoderm of leaf primordial. As known from other plants, these data show
that the sites of synthesis are not identical with the sites of accumulation. In
many instances, a long-distance transport must occur. If this is the case, alka-
loids have to pass several biomembranes. ABC-transporters and H"-alkaloid
antiporters can be involved (see Chapter 1).

2.4.3 Route to the protopine and benzophenanthridine
alkaloids

Another important route stems from the formation of the N-methylated moi-
eties of the (5)-tetrahydroprotoberberines, which serve as precursors for the
protopine, benzophenanthridine, tetrahydrobenzazepines (rhoeadines) and
spirobenzylisoquinoline alkaloids (Kutchan and Zenk, 1993; Liscombe and
Facchini, 2008; Ziegler and Facchini, 2008) (Fig. 2.7).

Microsomal, cytochrome P450-dependent enzymes isolated from the cells
of E. californica convert (S)-scoulerine to (S)-stylopine by the introduction of
methylenedioxy bridges (Bauer and Zenk, 1991). This conversion is catal-
ysed by P450-dependent synthases (chalanthifoline and stylopine synthase)
(Facchini, 2001; Ikezawa et al., 2007). The subsequent N-methylation requires
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S-adenosyl-L-methionine:(S)-tetrahydro-cis-N-methyltransferase, and this
enzyme has been isolated from the cell cultures of a variety of plants found
within the Berberidaceae, Fumariaceae, Menispermaceae, Papaveraceae and
Ranunculaceae (Rueffer et al., 1990).

The route to protopine requires oxidation at C-14 of the tetrahydropro-
toberberine molecule (Rueffer and Zenk, 1987b; Kutchan and Zenk, 1993).
The enzyme responsible for this oxidation is a microsomal cytochrome P450-
NADPH-dependent enzyme that hydroxylates (stereo- and regiospecifically)
C-14 of (S)-cis-N-methyltetrahydroprotoberberines, and has been found in
a number of cell cultures developed from plants of the Fumariaceae and
Papaveraceae. Some of the best activity was observed using cell cultures
of Fumaria officinalis and F. cordata. The protopines may be further metabo-
lized to produce benzazepine and benzophenanthridine alkaloids. Protopine
has been found to be a central intermediate in the biosynthesis of the ben-
zophenanthridine, sanguinarine and also the more highly oxidized alkaloids,
such as macarpine (Schumacher and Zenk, 1988). Essential to this conversion
is hydroxylation of the tetrahydroprotoberberine skeleton at C-6, and it is this
that leads to C-6/N bond fission followed by intramolecular cyclization. Im-
portant to these events is the fact that, as acid salts, protopines are not simple
N-protonated structures. The absence of carbonyl absorption indicates the
closure of the ten-membered ring (as shown in Fig. 2.6).

The microsomal enzyme that catalyses the hydroxylation of protopine
(PRH, protopine hydroxylase) has been isolated from E. californica and is
strictly dependent on NADPH as a reducing factor and on molecular oxygen.
Studies with inhibitors have suggested that the enzyme is a cytochrome P450-
linked monooxygenase. The enzyme was also found to be specifically present
only in plant species that produce benzophenanthridine alkaloids in culture
(Kutchan and Zenk, 1993). The dihydro moieties are readily converted to
benzophenanthridine alkaloids by an oxidase (Arakawa et al., 1992). This lat-
ter enzyme, together with a 12-O-methyltransferase (Kammerer et al., 1994),
converts dihydrosanguinarine, dihydrochelirubine and dihydromacarpine to
sanguinarine, chelirubine and macarpine, respectively.

Dihydrobenzophenanthridine oxidase (DBOX) responds to elicitors im-
plicated in signal transducer mechanisms leading to acquired resistance to
pathogens in plants (Ignatov et al., 1996). Sanguinarine can be converted
back to dihydrosanguinarine by sanguinarine reductase (SanR). The route
to the benzophenanthridine alkaloids is now clearly defined at the enzyme
level (Liscombe and Facchini, 2008). In contrast to the berberine pathway, the
enzymes of benzophenanthridine biosynthesis are located in the cytosol.

2.4.4 Biosynthesis of the morphinan alkaloids

About ten chemical steps are required in the pathway leading from tyrosine to
morphine. Almost all steps have been characterized at the enzyme level and
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Figure 2.8 Biosynthesis of morphine via the conversion of (S)-reticuline to
(R)-reticuline, salutaridine and thebaine. SalS, salutaridine synthase; SalR, salutaridine
reductase; THS, thebaine synthase; COR, codeinone reductase.

nine genes have been cloned by now (Ziegler et al., 2006; Zenk and Juenger,
2007; Liscombe and Facchini, 2008).

The role of reticuline as an intermediate in the biosynthesis of the mor-
phinan alkaloids (Fig. 2.8) was demonstrated by the isolation both of (S)-
and (R)-reticuline from the opium poppy. An excess of the (S)-reticuline over
the (R)-isomer was found in opium (poppy latex) obtained from the mature
plant, in contrast to the roughly equal amounts of these two isomers that
occur in poppy seedlings. Both isomers were found to be incorporated into
morphine, the major alkaloid isolated from opium, although incorporation of
the (R)-isomer was slightly more efficient. (R)-Reticuline is firmly established
in P. somniferum as the precursor of the morphinan-type alkaloids (Loefer and
Zenk, 1990). (S)-Reticuline, however, is the central intermediate in isoquino-
line alkaloid biosynthesis. It has been postulated that (R)-reticuline is formed
from (S)-reticuline by isomerization. This inversion of configuration can be
explained by the intermediate formation of the 1,2-dehydroreticulinium ion
originating from (S)-reticuline, followed by stereospecific reduction to yield
the (R) counterpart. The 1,2-dehydroreticulinium ion is efficiently incorpo-
rated into opium alkaloids and its role as a precursor of the morphinan-type
alkaloids has been unequivocally established (De-Eknamkul and Zenk, 1990,
1992).

The conversion of (S)-reticuline to 1,2-dehydroreticuline has been accom-
plished using a novel oxidase isolated from cell cultures of plants of the
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Berberidaceae. This enzyme, (S)-tetrahydroprotoberberine oxidase, has pre-
viously been shown to catalyse, in the presence of oxygen, the dehydro-
genation of (S)-tetrahydroprotoberberine (Zenk, 1995). This flavoprotein is
compartmentalized in a specific vesicle and can stereospecifically oxidize
(S)-benzylisoquinolines to their corresponding 1,2-dehydro analogues. Al-
though this enzyme more efficiently oxidizes the tetrahydroprotoberberines,
it has been shown to occur in P. somniferum roots and leaves (Zenk, 1995).
The question to be answered is whether, in vivo, this is the enzyme primar-
ily responsible for the conversion of (S)-reticuline to its iminium ion. The
conversion of 1,2-dehydroreticuline to (R)-reticuline was brought about by
crude cell preparations from young seedlings of P. somniferum in the presence
of NADPH at pH 8.5. The purified enzyme stereospecifically transfers the
pro-S-hydride from NADPH to C-1 of the 1,2-dehydroreticuline. The reac-
tion is highly substrate-specific, with no evidence for the reverse reaction. No
activity was found either in plants that do not normally synthesize the mor-
phinans or in cell cultures of the genus Papaver, i.e. P. somniferum, P. rhoeas, P.
bracteatum, P. feddei and P. dubium, in which the plants do normally synthesize
morphinans. The formation of (R)-reticuline in this manner enables a narrow
range of Papaver species to form the morphinandienone alkaloids, morphine,
codeine and thebaine, which also possess the (R) configuration at the chiral
centre.

The next step in the pathway to morphine is the intramolecular conden-
sation of (R)-reticuline in a regio- and stereoselective manner to salutaridine,
a morphinandienone (De-Eknamkul and Zenk, 1990, 1992). The natural
occurrence of salutaridine was confirmed by the isolation of the compound
from extracts of opium. The enzyme responsible for this reaction has
recently been found to be a highly selective microsomal-bound cytochrome
P450-dependent enzyme (salutaridine synthase, SAS) isolated from young
poppy capsules (Gerardy and Zenk, 1993; Zenk et al., 1995). The conversion
of salutaridine to salutaridinol with the (7S) configuration (Lotter et al., 1992)
(Fig. 2.7) by a salutaridine NADPH-7-oxidoreductase (SalR) isolated from
P. somniferum has taken the elucidation of the morphinan pathway a step
further (Gerardy and Zenk, 1992, 1993). Salutaridinol possesses the correct
configuration for an allylic syn-displacement of the activated C-7 hydroxyl by
the phenolic C-4 hydroxyl to produce thebaine. A highly substrate-specific
enzyme that transfers the acetyl moiety from acetyl coenzyme A (AcCoA)
to the 7-OH group of salutaridinol has been discovered and purified to
homogeneity (acetylcoenzyme A: salutaridinol-7-O-acetyltransferase, SalAT)
(Grothe et al., 2001). Subsequently, the salutaridine-7-O-acetate that is formed
spontaneously closes, at a cellular pH of 8-9, to produce the oxide bridge be-
tween C-4 and C-5 and thus produce thebaine (Lenz and Zenk, 1994, 1995a);
this step is also catalysed by thebaine synthase (Liscombe and Facchini,
2008).

The sequences from thebaine via various intermediates to morphine, al-
though known from !*C-labelling studies, have recently been explored at
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the enzyme level (Fig. 2.8). Cell cultures of P. somniferum and Mahonia ner-
vosa will convert thebaine to codeine, thus proving that these cells have the
enzymes necessary for enolether cleavage (Wilhelm and Zenk, 1997). An
NADPH-requiring codeinone-reducing enzyme (COR) has now been iso-
lated and characterized from cell cultures of P. somniferum. Using capsule
tissue of differentiated P. somniferum plants and applying similar isolation
procedures, two isoenzymes were isolated. These cytosolic codeinone re-
ductases (NADPH/NADP™) convert codeinone to codeine. Finally, codeine
is demethylated to morphine (Lenz and Zenk, 1995b; Unterlinner et al.,
1999) (Fig. 2.8). These recent findings mean that most of the enzymes of
the metabolic route to morphine have now been isolated. Thebaine can also
be demethylated in two steps via oripavine and morphinone to morphine
(Liscombe and Facchini, 2008).

The genes of morphine biosynthesis are expressed in all organs of P. som-
niferum. Highest expression occurs in stems and flower buds (Unterlinner
et al., 1999; Grothe et al., 2001; Facchini and De Luca, 2008). Most of the genes,
except COR, can be induced by elicitor treatment and wounding, indicat-
ing that these alkaloids are part of the defence system. Seven genes (60OMT,
CNMT, CYP80B, 40MT, BBE, SalAT, COR) are localized in sieve elements in
supporting companion cells of P. somniferum (Bird et al., 2003; Facchini and St.
Pierre, 2005; Facchini and De Luca, 2008; Liscombe and Facchini, 2008). An-
other study demonstrated 4OMT and SalAT in phloem parenchyma cells and
CORin laticifers, which are the site of opium accumulation (Weid et al., 2004).
According to recent studies, alkaloid biosynthetic enzymes are assembled in
companion cells and subsequently transported to sieve elements (Facchini
and De Luca, 2008; Liscombe and Facchini, 2008). A summary of the intricate
cellular compartmentation and cellular distribution of the enzymes involved
in benzoisoquinoline alkaoids is provided by Facchini and De Luca (2008)
and Ziegler and Facchini (2008).

2.4.5 Alkaloid production in transgenic organisms

When the first genes of secondary metabolism became isolated, one could
start to dream of assembling complete pathways and to express them in vitro,
in appropriate culture systems (Wink, 1989). This dream might become true
in the near future, because by now genes for complete pathways have been
cloned and characterized. In the pathway from norcoclaurine to berberine
and even to morphine, most of the genes were successfully and function-
ally expressed in microbial systems (Dittrich and Kutchan, 1991; Pauli and
Kutchan, 1998; Morishige et al., 2000; Facchini, 2001; Ikezawa et al., 2003;
Samanani et al., 2004, Minami et al., 2007, 2008). In the next steps, the corre-
sponding genes need to be organized in a sort of minichromosome, which
is regulated by a common promotor, similar to the situation in Streptomyces,
where the genes of biosynthesis are clustered. Also the use of transgenes for
individual biotransformation steps might be biotechnologically interesting.
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Minami et al. (2008) succeeded to express the genes of scoulerine and mag-
noflorine biosynthesis (NCS, CNMT, 4OMT, BBE) to produce scoulerine and
the aporphine alkaloid magnoflorine in recombinant E. coli and S. cerevisiae.

A few of the enzymes (SalR, 60MT) have been purified and characterized
by X-ray crystallography (Ziegler and Facchini, 2008).

The heterologous expression of biosynthetic genes in alkaloid-producing
and non-producing plants provides an interesting research platform. Also, the
specific inactivation of defined steps in alkaloid biosynthesis by RNAi offers
a fantastic tool to better understand the formation, transport and storage,
and function of alkaloids. Some of these approaches have been discussed in
Marasco and Schmidt-Dannert (2007), Oksman-Caldentey et al. (2007), Sato
et al. (2007), Verpoorte et al. (2007) and Wu and Chappell (2008).

2.5 Monoterpene indole alkaloids (MIA)

The monoterpene indole alkaloids, of which more than 3000 structures have
been described, have been mainly isolated from three tropical plant families,
Loganiaceae, Apocynaceae and Rubiaceae, all of the Gentianales. The indole
alkaloids are rich in biologically active constituents, some of which are used
as therapeutic agents in medicine, for example, vinblastine and vincristine.
These dimeric alkaloids, used in the treatment of leukaemia and Hodgkin's
disease and present in small amounts in Catharanthus roseus (Apocynaceae),
have led to extensive investigation of this plant and cell cultures derived
from it. However, the formation of neither vincristine or vinblastine nor
vindoline, the major alkaloid of C. roseus, was unequivocally found in cell
cultures (De Luca, 1993). Cell cultures of C. roseus, however, do produce many
other indole alkaloids and have proved to be very useful for biochemical
studies at the enzyme and gene levels (Meijer et al., 1993b). Reviews discussing
the biosynthesis of monoterpene indole alkaloids include Facchini (2001),
Ruppert et al. (2005), Rischer et al. (2006), Oksman-Caldentey et al. (2007),
Stockigt et al. (2007), Zenk and Juenger (2007), Facchini and De Luca (2008)
and Murata et al. (2008).

2.5.1 Biosynthesis of indole alkaloid precursors

Indole alkaloids are derived from tryptophan, which is formed in the shiki-
mate pathway. In the case of the terpenoid indoles, tryptophan is usually first
converted to tryptamine by the enzyme tryptophan decarboxylase (TDC)
(Fig. 2.9). This enzyme occurs in the cytosol and has been detected in all
parts of the developing seedling and in cell cultures of C. roseus (De Luca,
1993). It appears to be a pyridoxoquinoprotein, as two molecules of pyridoxal
phosphate and two molecules of covalently bound pyrroloquinoline quinone
were found per enzyme molecule (Pennings et al., 1989). A tdc cDNA clone has
been isolated by immunoscreening of a C. roseus cDNA expression library (De
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strictosidine synthase; STG, strictosidine glucosidase; POD, peroxidase.

Luca, 1993). Its identity was confirmed by expression in E. coli and N. tabacum
(De Luca, 1993; Songstad et al., 1990). TDC is capable of decarboxylating both
L-tryptophan and L-tyrosine in vivo. The tdc occurred as a single copy in C.
roseus and the protein, when isolated, was found to be similar to that found in
parsley and the fruitfly, except that it was found to lack 13 N-terminal amino
acids compared with TDC from these sources. This suggested a processing
of TDC protein in C. roseus and Camptotheca acuminata, from which it has also
been isolated (Goddijn, 1992). However, this cleaved form acts as a functional
enzyme and confirms that TDC is a cytosolic enzyme (De Luca, 1993; Stevens
et al., 1993). The 13 N-terminal amino acids present in other TDC probably
function as a signal peptide for membrane insertion or translocation.
Expression of tdc appears to be highly regulated at the transcriptional
level. In plants, the highest steady-state tdc mRNA levels were observed in
roots (Pasquali et al., 1992). In seedlings, the appearance of the tdc mRNA
was shown to be under developmental control (Roewer et al., 1992), since
the gene was UV-inducible, downregulated by auxin and induced by fungal
elicitors (Goddijn et al., 1992; Pasquali et al., 1992). The short half-life of tdc
mRNA (1 h) is another indication that the gene may represent an important
regulatory point in alkaloid biosynthesis. TDC protein also has a short
half-life (21 h) in vivo, and in developing seedlings protein degradation and
transcriptional regulation seem to be important controlling factors (Fernan-
dez et al., 1989). Finally, feedback regulation by tyramine could be another
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mechanism of regulatory control at the level of TDC (Eilert et al., 1987). The
tdc cDNA driven by the strong cauliflower mosaic virus 355 promoter was
introduced into C. roseus using Agrobacterium tumefaciens. Overexpression
did not appear to result in an increase in alkaloid accumulation but enhanced
the TDC protein level, TDC activity and tyramine content. Therefore, TDC
is not the only rate-limiting step in alkaloid biosynthesis.

Tryptamine condenses with the monoterpene, seco-loganin, which is
derived from geraniol or nerol in the MEP pathway (starting with
glyceraldehydes-3-phosphate and pyruvate; see Chapter 5) by hydroxyla-
tion at C-10 with retention of configuration (Fretz and Woggon, 1986; Fretz
et al., 1989; Facchini and De Luca, 2008). The enzyme responsible for this lat-
ter reaction is a membrane-bound cytochrome P450-requiring hydroxylase,
which was first characterized from C. roseus and found with low activity in
cell cultures of that plant. Plant cell cultures have been used for further inves-
tigation of this enzyme, which appears to have a regulatory effect on alkaloid
production; its activity pattern being more closely related to the pattern of in-
dole alkaloid accumulation than that of TDC. Meijer and co-workers (1993a)
found that the NADPH:cytochrome P450 reductase is probably encoded by
a single copy gene in the C. roseus genome, indicating that all cytochrome
P450 enzyme activity in this plant is dependent on the same reductase en-
zyme. Steady-state mRNA levels for this reductase observed in C. roseus were
highest in the flowers, much lower in leaves and stems and intermediate in
roots.

In cell cultures, the expression of the reductase mRNA, like the tdc and stric-
tosidine synthase (sts) genes, was found to be induced by elicitors and down-
regulated by auxins. G10H was found to be localized in provacuolar mem-
branes and not in the endoplasmic reticulum like many other cytochrome
P450 enzymes. Interestingly, this enzyme is inhibited by the end product,
alkaloid catharanthine, but not by vindoline and vinblastine. Therefore, feed-
back regulation may also operate in vivo, provided that the catharanthine and
G10H are within the same cellular compartment (Facchini and De Luca, 2008).

A regulatory role for geraniol-10-hydroxylase (G10H; CYP76B6) was first
proposed by Schiel and co-workers (1987), who observed an increase in the
activity of this enzyme when cells were placed in an alkaloid-producing
medium. The distribution of G10H in Catharanthus was reported by Burlat
et al. (2004). The intermediate accumulation of tryptamine and its later in-
corporation into indole alkaloids, such as ajmalicine, indicated that the co-
ordination of the two precursor pathways for monoterpene indole alkaloid
formation are not synchronized (Schiel ef al., 1987). The most recent studies
have suggested that loganic acid is synthesized from 10-hydroxynerol via
7-deoxyloganic acid by a route involving 10-oxogeraniol, 7-deoxyloganetic
acid (Ziegler and Facchini, 2008). The methyltransferase (LAMT) required
for the formation of seco-loganic acid from loganic acid has been partially
purified from young C. roseus seedlings (Meijer et al., 1993b and references
therein; Facchini and De Luca, 2008).
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2.5.2 Formation of (S)-strictosidine

Stereospecific condensation between tryptamine and seco-loganin in a
Mannich-like reaction is carried out by the enzyme (S)-strictosidine syn-
thase and results in the formation of the glucoalkaloid, (S)-strictosidine, from
which most monoterpene indole alkaloids are derived (Figs. 2.1 and 2.9).

Isolation of the stereospecific strictosidine synthase (STS) and formation of
strictosidine with the 3a-(S) configuration proved conclusively that this was
the natural precursor of the terpenoid indole alkaloids. Strictosidine occurs
naturally in Rhazya stricta and the synthase has been isolated from a number
of other species: Amsonia salicifolia, A. tabernaemontana, Catharanthus pusillus,
C. roseus, Rauvolfia verticillata, R. vomitoria, R. serpentina, Rhazya orientalis and
Voacanga africana. The enzyme has been purified to homogeneity from R.
serpenting (Hampp and Zenk, 1988). A comparison of the activity of STS from
C. roseus roots, the only portion of the plant to contain ajmalicine, with that
present in plant cell cultures producing the same alkaloid demonstrated that
the plant cell cultures are far more metabolically active (Ziegler and Facchini,
2008).

STS has a number of isoforms, but the physiological significance of this
is not yet obvious (Pfitzner and Zenk, 1989). However, it has been demon-
strated that sts occurs as a single copy gene in C. roseus, indicating that the
reported isoforms of STS result from posttranslational modification of a single
precursor (Pasquali et al., 1992).

The cDNA for STS has now been expressed in an enzymatically active form
in E. coli, Saccharomyces cereviseae and cell cultures of the insect Spodoptera
frugiperda (Kutchan, 1989; Kutchan et al., 1991). Modified cDNA encoded STS
from C. roseus has been introduced into tobacco plants. Transgenic tobacco
plants expressing this construct had 3-22 times greater STS activity than
C. roseus plants. Ultrastructural immunolocalization demonstrated that STS
is a vacuolar protein in C. roseus and is correctly targeted to the vacuole
in transgenic tobacco (McKnight et al., 1991). Comparison of the terminal
amino acid sequence of purified STS with the protein sequence deduced
from sts mRNA indicated that the primary translation product contained a
signal peptide of 31 amino acids, which appeared to be essential for vacuolar
targeting (Pasquali et al., 1992; McKnight et al., 1991).

2.5.3 Deglucosylation of strictosidine

Deglucosylation of strictosidine, a key reaction in the formation of the many
types of indole alkaloids, is carried out by a specific glucosidase, strictosidine-
B-D-glucosidase (SGD) (Fig. 2.9). The protein and cDNA have been isolated
from C. roseus and a number of other indole alkaloid-containing plants of the
Apocynaceae. The specific glucosidase is involved in an essential initial reac-
tion that leads to a complex sequence of events and a series of highly reactive
intermediates. When glucose is split off, the hemiacetal opens and exposes
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an aldehyde group, which can react with the secondary amine function to
form a Schiff base. Allylic isomerization, i.e. moving the double bond of the
vinyl side chain into conjugation with the iminium, leads to dehydrogeissis-
chizine and cathenamine. Overexpression of STS and SGD in yeast leads to
the formation of cathenamine (Geerlings et al., 2001).

Geissoschizine, which is formed from these reactive intermediates, is con-
verted via geissoschizine dehydrogenase to 4,21-dehydrogeissoschizine. The
enzyme that removes the 21la-hydrogen of geissoschizine in an NADP™-
dependent reaction has been partially purified from C. roseus cell suspension
cultures. This enzyme is not thought to be directly involved in ajmalicine
production, rather it ensures that geissoschizine is fed back into the pathway.
However, geissoschizine and 4,21-dehydrogeissoschizine are key substances
in the formation of the Corynanthean (ajmalicine), Sarpagan (ajmaline), Ibo-
gan (catharanthine) and Aspidosperma (vindoline) alkaloids (Stockigt et al.,
1992; Meijer et al., 1993b; Zenk and Juenger, 2007; Facchini and De Luca, 2008).

2.5.4 Formation of corynanthe-type alkaloids

Ajmalicine, 19-epi-ajmalicine and tetrahydroalstonine are formed from 4,21-
dehydrogeissoschizine via cathenamine (Fig. 2.9). The enzymatic synthesis
of these corynanthe-type alkaloids has been investigated using C. roseus cell
suspension cultures, and the enzymes involved have been reviewed by De
Luca (1993) and Ziegler and Facchini (2008). Ajmalicine can be oxidized by
POD to serpentine. This reaction may take in the vacuole.

2.5.5 Formation of sarpagan-type alkaloids

Ajmaline is an antiarrhythmic alkaloid from Rauvolfia serpentina. Vinorine and
ajmaline and the related alkaloid glucoside, raucaffricine, are also formed via
a series of enzymatic steps from 4,21-dehydrogeissoschizine (Fig. 2.10). The
complete pathway leading to ajmaline has been characterized by J. Stockigt
and co-workers at the enzymic and partly gene levels (review: Ruppert et al.,
2005). Four enzymes, among them STS, could be crystallized and the X-ray
structures could be described in detail (Stockigt et al., 2007). The knowledge
of the active centre in the key enzymes may allow a rational enzyme design,
leading to enzymes with new affinities (McCoy and O’Connor, 2006; Zenk
and Juenger, 2007).

The step from 4,21-dehydrogeissoschizine (keto form) to the sarpagan
structure has been verified at the enzyme level; recent studies have shown that
the sarpagine bridge in polyneuridine aldehyde (PNA) (Fig. 2.10) is formed
by a microsomal enzyme that requires NADPH and oxygen. Inhibition stud-
ies have indicated a cytochrome P450-dependent monooxygenase (Schmidt
and Stockigt, 1995). From structural similarities and the next enzyme in the
sequence, it has been proven that PNA is one of the stable intermediates at the
beginning of this route. The enzyme that acts on the aldehyde has been well
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characterized from R. serpentina cells and is the specific methylesterase, PNA
esterase; the product of the reaction, polyneuridine acid, is highly unstable
and decarboxylates to give 16-epi-vellosimine (Stockigt et al., 1992; Ruppert
et al., 2005), which has the correct stereo-requirement for the formation of the
ajmaline-type bond (Schmidt and Stockigt, 1995).

The next step in the sequence to ajmaline is catalysed by the enzyme, vi-
norine synthase. Vinorine, a constituent of Rauwolfia cell cultures, is an acety-
lated indolenine alkaloid. Vinorine synthase has a requirement for AcCoA as
cosubstrate. The acetyl unit has a stabilizing effect on the indolenine structure.
Vinorine is hydroxylated to vomilenine (21-OH-vinorine) by a cytochrome
P450-dependent hydroxylase (Falkenhagen and Stockigt, 1995). This inter-
mediate product is then converted to ajmaline via a series of enzymatic reac-
tions. First of the sequence is the reduction by an NADPH-requiring reduc-
tase to 1,2-dihydrovomilenine, followed by further reduction, also NADPH
requiring, to 17-acetylnorajmaline. Deacetylation proceeds with the aid of
acetylesterase (specific for the 2B(R) configuration) to give norajmaline (Polz
et al., 1986; Facchini and De Luca, 2008). It has high substrate selectivity
and exclusively accepts acetylated ajmaline derivatives with the naturally
occurring 2B(R) configuration. The highest enzyme activities were observed
in leaves and cell suspension cultures of the tribe Rauvolfieae, which are
known to synthesize ajmaline and its congeners. Finally, N-methylation oc-
curs to complete the sequence with the production of ajmaline (Fig. 2.10).

In R. serpentina cell cultures, vomilenine is converted to its glycoside, rau-
caffricine, and this has a very significant effect on ajmaline production. In
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R. serpentina cell cultures, raucaffricine levels amounted to 1.2 g/L medium,
whereas ajmaline levels reached only 0.3 g/L medium (Schiibel et al., 1986). It
is interesting to note that raucaffricine is a typical constituent of R. caffra, but
has not been isolated from other Rauvolfia species. However, in Rauvolfia cell
cultures the compound is found in all species tested, with a maximum yield
in R. serpentina. In other words, under these growth conditions, the pathway
to ajmaline appears to have become deregulated.

2.5.6 Formation of aspidosperma-type alkaloids

Studies performed with C. roseus seedlings have suggested that the route
from tabersonine to vindoline proceeds by the sequence shown in Fig. 2.11.
More than 30 enzymes appear to be involved (van der Heijden et al., 2004;
Facchini and De Luca, 2008; Ziegler and Facchini, 2008).

Tabersonine is hydroxylated at C-16, followed by methylation and hy-
dration of the 2,3 double bond, N(1)-methylation, hydroxylation at C-4 and
4-O acetylation. Hydroxlation of tabersonine at C-16 requires a cytochrome
P450-mediated monooxygenase (T16H with CYP71D12). This enzyme was
found to be located in the endoplasmic reticulum, was at maximal activity
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in seedlings at day 9 postimbibition and was induced by light. The leaf-
specific distribution of this enzyme in the mature plant is consistent with the
localization of the other enzymes (St-Pierre and De Luca, 1995). The methyl-
transferase (OMT) required for the formation of 16-methoxytabersonine
from tabersonine and desacetoxyvindoline from 16-methoxy-2,3-dihydro-3-
hydroxytabersonine (160MT) have now been isolated and partially purified
(Fahn and Stockigt, 1990; Dethier and De Luca, 1993; Facchini and De Luca,
2008). These first two steps in vindoline biosynthesis appear to comprise the
only enzymes also found in plant cell cultures. Substrate-specificity stud-
ies confirm that hydroxylation at C-3 and N-methylation is required prior to
hydroxylation at position 4 to convert desacetoxyvindoline to deacetylvindo-
line (De Luca, 1993). The C-4 hydroxylation of 2,3-dihydro-3-hydroxy-N(1)-
methyltabersonine (desacetoxyvindoline) to the 3,4-dihydroxy derivative,
deacetylvindoline by desacetoxyvindoline-4-hydroxylase (D4H), utilizes an
enzyme that has an absolute requirement for 2-oxyglutarate. Enzymatic ac-
tivity was enhanced by ascorbate, establishing that the enzyme involved is a
2-oxyglutarate-dependent dioxygenase. This enzyme is specific for position
4 of various alkaloid substrates and has recently been cloned and character-
ized (Vazquez-Flotaet al., 1997). The appearance of 4-hydroxylase activity was
shown to be developmentally regulated and is inducible by light treatment
of seedlings.

The final step in the formation of vindoline is the acetylation of 4-O-
deacetylvindoline by a 4-O-acetyltransferase (DAT). This enzyme has been
purified to homogeneity from C. roseus leaves (De Luca, 1993; Facchini and
De Luca, 2008).

A summary of studies with heterologuous expression of MIA genes is
given in Marasco and Schmidt-Dannert (2007).

2.5.6.1 Developmental control and tissue specificity
Seedlings grown in the dark produced an early accumulation of taberson-
ine as a major alkaloid. Transfer of 5-day-old seedlings to the light resulted
in the rapid loss of vindoline precursors followed by a more gradual dis-
appearance of tabersonine and the subsequent enhancement of vindoline
accumulation. Although light enhanced vindoline biosynthesis, it was not
essential (Aerts and De Luca, 1992). The time course of induction indicated
that an increase of TDC coincided with tabersonine accumulation, whereas
increase of AcCoA:deacetylvindoline-O-acetyltransferase activity coincided
with vindoline accumulation. Results with young seedlings suggested that
the enzymes of the tabersonine biosynthetic pathway occur in all plant parts,
whereas the last five steps in vindoline biosynthesis are restricted to aerial
parts of the plant, and that the whole pathway to vindoline biosynthesis is
developmentally regulated (De Luca, 1993). Vindoline accumulation is light
dependent and influenced by jasmonate (Vazquez-Flota and De Luca, 1998).
Further investigations of some of the enzymes involved in vindoline pro-
duction, using young seedlings of C. roseus, showed that while TDC, STSSTS,
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N-methyltransferase (NMT) and O-acetyltransferase (DAT) activities ap-
peared early in seedling development, TDC activity was highly regulated
and peaked over a 48-h period, achieving a maximum by day 5 postimbibi-
tion. Both TDC and STS were present in all tissues of the seedlings. NMT and
DAT enzyme activities were induced after TDC and STS had peaked, and
these activities could only be found in hypocotyls and cotyledons. TDC, STS
and NMT did not require light for induction and DAT enzyme activity in-
creased approximately tenfold after light treatment of dark-grown seedlings
(De Luca, 1993). TDC, STS and DAT were found to be cytoplasmic enzymes,
but NMT was found in the chloroplasts associated with the thylakoid. The
participation of the chloroplast in this pathway suggests that the indole alka-
loid intermediates enter and exit the compartment during vindoline synthesis
(De Luca, 1993). Furthermore, both enzymes and substrates require substan-
tial intra- and intercellular translocations (Burlat ef al., 2004). A hypothesis for
the compartmentation of terpenoid indole alkaloid biosynthesis in C. roseus
was given in a paper by Meijer and co-workers (1993b) (Fig. 2.12). More elab-
orate models of the complex interactions of different tissues were presented
by Murata ef al. (2008) and Facchini and De Luca (2008) (Fig. 2.13).
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Figure 2.12 A hypothetical view of compartmentation of indole alkaloid biosynthesis
in Catharanthus roseus. Enzymes located with dashed arrows are hypothetical and circles
indicate membrane associated enzymes (after Meijer et al., 1993b). G10H,
geraniol-10-hydroxylase; NMT, S-adenosyl-L-methionine:11-methoxy
2,16-dihydro-16-hydroxytabersonine N-methyltransferase; DAT, acetylcoenzyme A:
deacetylvindoline 17-O-acetyltransferase; OHT, 2-oxyglutarate-dependent dioxygenase;
SSBG, strictosidine-(B)-glucosidase; SSS, strictosidine synthase.
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Figure 2.13 Putative localization and intercellular trafficking of monoterpene indole
alkaloids in Catharanthus roseus. (After Facchini and De Luca, 2008; Murata et al., 2008.)

Using cDNA-AFLP, transcript profiling of most known genes involved in
TIA biosynthesis were studied in C. roseus in response to elicitation (Rischer
et al., 2006). A total of 417 differentially expressed transcript tags were dis-
covered; the majority represented new sequence information and 37% were
not similar to any known plant gene. In addition, a metabolic network was
established linking metabolites and gene expression profiles (Rischer et al.,
2006; Oksman-Caldentey et al., 2007).

2.5.7 Dimeric indole alkaloids

Catharanthine and vindoline condense to form the dimeric alkaloids, vin-
cristine and vinblastine (Fig. 2.11) (for a discussion of this earlier work see
Meijer et al., 1993b). Catharanthine has to undergo ring opening and ring
closure and hydroxylation during this procedure which is thought to be
catalysed by a POD (Dewick, 2002). Whilst these dimeric alkaloids are not
produced in unorganized cell cultures, they have been found to occur in
multiple shoot cultures (Miura et al., 1988). Cell-free extracts from C. roseus
will convert [2-1C]tryptophan and seco-loganin to vindoline (Kutney, 1987).
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Furthermore, the same cell-free extracts will also couple vindoline and catha-
ranthine to yield the dimeric 3’,4'-anhydrovinblastine, which forms the natu-
ral dimeric alkaloids, leurosine, catharine and vinblastine (Fig. 2.11) (Kutney,
1987). The enzyme, which apparently brings about the coupling appears to
be a POD (Endo et al., 1986; Goodbody et al., 1988). A commercial method
for production of vincristine depends on the efficient conversion of 3',4'-
anhydrovinblastine to vinblastine, which is yet to be achieved.

2.6 Ergot alkaloids

The fungus, Claviceps purpurea, normally lives on rye and other cereals, con-
tains alkaloids of a type that is derived, like other indole alkaloids, from
tryptophan and, because it is important as a medicinal agent, it has been ex-
tensively studied. The interaction between a fungus and host plants appears
to be symbiotic, as the plants take advantage from the neurotoxic alkaloids
to defend themselves against herbivores and, as a sort of payment, feed the
fungus with nutrients (Markert et al., 2008 and references therein).

The naturally occurring ergot alkaloids can be divided into two classes
on the basis of their chemical structure: the lysergic acid derivatives and
the clavine alkaloids. They all possess the tetracyclic ergoline system. In
addition to the sclerotia of Claviceps, other fungi and several higher plants
can contain ergot alkaloids; some examples of fungi are Aspergillus fumigatus,
Rhizopus arrizus, Penicillium roqueforti and Sclerotium dephinii, and some
examples of higher plants are Rivea corymbosa and Ipomoea tricolor. The
alkaloids from these sources are restricted to low yields and, therefore, for
practical purposes Claviceps remains the only commercial source. C. purpurea
in submerged culture is now used to obtain ergotamine and ergocryptine
commercially. The ergot alkaloids found in plants are apparently produced
by an endophytic fungus that infects the plants (Steiner et al., 2006) (for a
wider discussion, see Chapter 7).

The formation of ergot alkaloids from L-tryptophan is well-known
(Herbert, 1989; Groeger and Floss, 1998; Markert et al., 2008). L-
Tryptophan condenses with dimethylallylpyrophosphate (DMAPP) to give
v,v-dimethylallyltryptophan (DMAT), which is modified via chanoclavine I
to give agroclavine and finally elymoclavine (Fig. 2.14). Lysergic acid may be
formed from this last alkaloid.

The amide portion of the alkaloid may be a smaller peptide or simple
alkylamide, the basic skeleton being called an ergopeptide. Peptidic ergot
bases contain lysergic acid and an amide portion is reduced to a tricyclic ring
system. In the clavine alkaloids, the carboxyl group at C-17 is converted to a
group with a lower oxygen state (Fig. 2.14).

The enzyme responsible for the first step in the biosynthesis of these alka-
loids is DMAT synthase. This enzyme, which brings about the condensation
of L-tryptophan with DMAPP, has been isolated from C. purpurea cultures,
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Figure 2.14 Biosynthesis of agroclavine and elymoclavine in Claviceps purpurea
cultures.

purified and characterized. The mechanism by which the enzyme works
has been probed using a set of analogues of DMAPP and L-tryptophan; it
was concluded that the reaction was an electrophilic aromatic substitution
similar to that catalysed by farnesylpyrophosphate synthase. There is a feed-
back mechanism operative, with inhibition of the enzyme by elymoclavine
(Shibuya et al., 1990; Gebler and Poulter, 1992; Gebler et al., 1992). The DMAT
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formed is methylated using the methyl group of S-adenosylmethionine; the
activity of the enzyme in cultures roughly parallels that of other ergoline
enzymes and has been isolated, purified and characterized. This is, therefore,
the second pathway-specific step; however, further reactions are required in
the isoprenoid side chain before C-ring formation can take place. DMAT syn-
thase has been cloned from Claviceps, Neotyphodium and Aspergillus; the gene
appears to be clustered with other genes of ergot alkaloid biosynthesis in the
genome of Claviceps (Tydzynski et al., 2001; Haarmann et al., 2005; Fleetwood
et al., 2007).

In the conversion of N-methyl-DMAT to give chanoclavine I, there is a
potential gap in existing knowledge. The oxygen atoms of both elymoclavine
and chanoclavine I are derived from molecular oxygen (Kobayashi and Floss,
1987). Chanoclavine aldehyde was found as a natural constituent of a blocked
mutant strain of C. purpurea, which strongly suggested that it was an inter-
mediate on the route to the tetracyclic ergolines. Conformation at the en-
zyme level is required to validate this hypothesis. Elegant experiments with
radio-labelled precursors suggested that two cis—trans isomerizations occur
during the conversion of N-methyl-DMAT, by ring closure, to agroclavine.
The most recent experiments on the formation of the C-ring utilizing deuter-
ated intermediates suggest that the incorporation of N-methyl-DMAT into
chanoclavine I is via a mechanism that involves C-10 hydroxylation, followed
by 1,4-dehydration and epoxidation at C-7, the terminal double bond of the
resulting diene (Fig. 2.14). The epoxide can then cyclize with simultaneous
decarboxylation and attack of the resulting C-5 anion on C-10 followed by
epoxide ring opening to give chanoclavine I. Whether the decarboxylation
occurs in concert with ring closure, as seems most plausible, or as a separate
step remains to be determined (Kozikowski et al., 1993).

Chanoclavine I cyclase catalyses the conversion of chanoclavine I and/or
chanoclavine I aldehyde to agroclavine and/or elymoclavine. A requirement
for NAD or NADP has been observed. The enzyme’s appearance and decline
in cultures resembled that of DMAT synthase. The conversion of agroclavine
to elymoclavine has been achieved with a cell-free preparation. This enzyme,
a microsomal hydroxylase, is NADPH requiring and the lack of inhibition by
ethylenediamine tetra-acetic acid (EDTA) and cyanide suggests a cytochrome
P450 monooxygenase. The enzyme had great activity during maximum alka-
loid production (Kim et al., 1981).

Elymoclavine is the precursor of lysergic acid, although the exact mecha-
nism of formation is still unclear. It is assumed that a double-bond shift from
A3 to A%10 occurs at the aldehyde stage and this was confirmed with feeding
experiments with the enol acetate of lysergic aldehyde (Fig. 2.15). To form the
amide alkaloids, it is suggested that activation of lysergic acid as lysergyl-
CoA is required, but this remains controversial. A particulate fraction isolated
from an ergotamine-producing strain of C. purpurea converted elymoclavine
to paspalic acid. NADPH was required as was cytochrome P450. A partic-
ulate system has also been isolated that converts elymoclavine directly to
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Figure 2.15 Formation of ergotamine alkaloids from elymoclavine.

ergotamine (Maier et al., 1988), suggesting that under normal circumstances
paspalic acid is not a free intermediate (Fig. 2.15). This is also borne out by
the fact that 80, is incorporated equally into the carbonyl oxygen of lysergic
acid and the oxygen attached to the a-carbon of the alanine of ergotamine.
The peptide ergot alkaloids have rather complex structures (Fig. 2.15). The
formation of the modified peptide portion of ergotamine involves the conver-
sion of the a-amino acid alanine into the corresponding a-hydroxy-a-amino
acid moiety, which then reacts with the carboxyl group of proline to give the
unique cyclol structure (Fig. 2.15). This transformation is thought to occur
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after the formation of the entire lysergyl-tripeptide, i.e. ergotamine (lysergyl-
alanyl-phenylalanyl-proline), ergocornine (lysergyl-valyl-valyl-proline) and
ergocryptine (lysergylalanyl-aminobutyryl-proline).

There are many gaps in our knowledge of the biosynthesis of these alka-
loids, despite elegant research using radio-labelled precursors. There is now
a real need for more of the enzymes of these sequences to be isolated, so
that improvements to commercial production may be effected. Real progress
came to the field by cloning of DMAT synthase and other pathway genes
(Tydzynski et al., 2001; Haarman et al., 2005; Fleetwood et al., 2007).

2.7 Acridone alkaloid biosynthesis

Acridone alkaloids comprise a relatively small group of alkaloids that are
found solely in some Rutaceae genera. Some 100 examples of this alkaloid
group have been isolated and these include the monomeric acridones and the
acridone—coumarin dimers (acrimarines) isolated from Citrus plants; some
binary alkaloids have recently been isolated and described (Takamura et al.,
1995).

The monomeric acridone alkaloids are derived from anthranilic acid and
acetate via a polyketide. First studies, in which ['3C]-acetate was utilized
by cell cultures of Ruta graveolens, indicated that the C-ring of the acridone
nucleus was acetate derived. Further research revealed that anthranilic acid
is specifically incorporated into the A-ring of rutacridone (Baumert et al.,
1982).

Cell-free extracts of R. graveolens convert anthranilic acid into N-
methylanthranilate utilizing S-adenosyl-L-methionine and a methyltrans-
ferase, which has recently been isolated and partially purified from R.
graveolens cell cultures (Maier ef al., 1995). This is the first committed step in
the biosynthesis of the rutacridones. The formation of N-methylanthraniloyl-
CoA from anthranilate utilizing a CoA-ligase (Baumert et al., 1985, 1992)
made it possible to study the enzyme that catalyses the condensation of
N-methylanthraniloyl-CoA with malonyl-CoA. The product of this reac-
tion, 1,3-dihydroxy-N-methylacridone, leads directly to the more complex
acridones, such as rutacridone (Fig. 2.16) (Baumert et al., 1994). This enzyme
has been purified to homogeneity from R. graveolens. Complementary
deoxyribonucleic acid has been isolated from clones harbouring acridone
synthase and is introduced into E. coli, where high acridone synthase activity
was expressed. An insert of roughly 1.4 kb encoded the complete acridone
synthase and, although this enzyme expressed no chalcone synthase activity,
alignments at both DNA and protein levels corroborated a high degree of
homology to chalcone synthase (Junghanns et al., 1995).

Synthesized 1,3-dihydroxy-N-methylacridone is readily incorporated into
rutacridone by cell-free extracts of Ruta graveolens (Maier et al., 1993). It has
been hypothesized that the final step in the biosynthesis of these alkaloids
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Figure 2.16 Biosynthesis of rutacridone in Ruta graveolens. SAM,
S-adenosyl-L-methionine; SAH, S-adenosyl-L-homocysteine.

requires mevalonic acid (Baumert ef al., 1982). The enzyme involved in this
step is yet to be elucidated.

The Ruta alkaloids are usually found in idioblasts and early experiments
using fluorescent microscopy, and Ruta graveolens showed heavy deposits of
acridone alkaloids in the xylem (Wink and Roberts, 1998).

2.8 Purine alkaloids

The biosynthetic pathway from primary metabolism to caffeine is considered
to start with the methylation of xanthosine, yielding 7-methylxanthosine.
After deribosylation, the resulting 7-methylxanthine is further methylated to
theobromine and finally to caffeine (Schulthess and Baumann, 1995; Ashihara
and Suzuki, 2004; Ziegler and Facchini, 2008). The N-7-methyltransferase re-
quired for the methylation of xanthosine, the key enzyme in caffeine biosyn-
thesis, has recently been isolated (Waldhauser et al., 1997a). The enzymes
responsible for the N-3 and N-1 methylations of 7-methylxanthosine to yield
theobromine and caffeine, respectively, have also been isolated. The changes
in levels of these enzymes, as well as of theobromine and caffeine, during
leaf expansion indicated that each methylation in the sequence required a
separate enzyme and these have now been partially separated (Waldhauser
et al., 1997b) (Fig. 2.17). The results suggest a role for these purine alkaloids in
defence mechanisms that are strongly correlated with leaf emergence and ex-
pansion. In tea (Camellia sinensis) the final two methyltransferase steps are car-
ried out by a bifunctional enzyme ‘caffeine synthase’ (Ashihara and Crozier,
1999). The three methyltransferases (i.e. 7-methylxanthosine synthase, theo-
bromine synthase and caffeine syntahse) have been cloned and recombinantly
expressed in E. coli (for a review see Marasco and Schmidt-Dannert, 2007).
The genes of the three synthases were combined and expressed in E. coli
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Figure 2.17 Biosynthesis of theobromine and caffeine in Coffea arabica. SAM,
S-adenosyl-L-methionine; SAH, S-adenosyl-L-homocysteine.

and in tobacco in order to produce caffeine (Uefuji et al., 2003). RNAi has
been used to downregulate caffeine production in coffee plants (Ogita et al.,
2004). XMT and DXMT have been characterized by X-ray crystallography
(McCarthy and McCarthy, 2007).

Caffeine and related purines are uncharged under physiological conditions
and, due to their dual hydrophilic and lipophilic character, easily penetrate
cell-, tissue- and organ-related barriers. In Coffea arabica, compartmentation
of purine alkaloids, e.g. caffeine, depends exclusively on the physical chem-
istry of their vacuolar complexation with chlorogenic acid (Waldhauser and
Baumann, 1996).

The purine is synthesized and stored in large quantities in the seed. Di-
rectly after germination, caffeine remains in the cotyledons surrounding the
endosperm and does not migrate to the hypocotyl or root. In older seedlings,
caffeine accumulation continues during leaf expansion, and in the mature
plant the fruits actively synthesize purine alkaloids as they mature (Aerts
and Baumann, 1994).

2.9 Taxol

The novel diterpenoid, taxol (Fig. 2.18), is now well established as a potent
chemotherapeutic agent, showing excellent activity against a range of cancers,
including ovarian and breast cancers. The limited supply of the drug from the
original source, the bark of the Pacific yew (Taxus brevifolia), prompted inten-
sive efforts to develop alternative means of production from constituents in
needles and plant cell culture. Total synthesis is not yet commercially viable
and semi-synthesis of taxol and its analogue, taxotere, based on the avail-
ability of baccatin III (Fig. 2.18) and other taxane metabolites available from
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renewable natural sources (such as needles of T. baccata), has been developed
as an interim measure. In considering future routes to these constituents
through biotechnology, it is important to understand the pathway for taxol
biosynthesis, the enzymes catalysing the sequence of reactions, especially the
slow steps, and the genes encoding the proteins.

2.9.1 Biosynthesis of taxanes

Early work on taxanes has shown that there are several natural taxanes in
which the structures analogous to the taxol C-13 side chain are esterified to

Enz
(\:B/

Figure 2.19 Stereochemical mechanism for the cyclization of geranylgeranyl
diphosphate (1) via 1S5-verticilline (2), as a transient intermediate, to
taxa-4(5),11(12)-diene (3).
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the 5-hydroxyl group of the diterpene moiety. This, together with the fact
that the curvature of the molecule brings the C-13 hydroxyl group into close
proximity with the C-5 position, led to the hypothesis that the side chain is first
attached to the 5(4) position and is then transferred to the C-13 oxygen by
intramolecular transesterification (Gueritte-Voegelein et al., 1987). The side
chain at C-13 has been found to be derived from phenylalanine by way
of B-phenylalanine and phenylisoserine. Recent experiments with tritium
and carbon-14-labelled baccatin III and the side-chain precursors showed
baccatin III to be a precursor of taxol but cast serious doubt on Potier’s
transesterification theory (Fleming et al., 1994).

The first committed step in the formation of taxol has been shown to in-
volve the cyclization of geranylgeranyl diphosphate to taxa-4(5),11(12)-diene
(Fig. 2.19). The formation of this endocyclic diterpene olefin isomer as a pre-
cursor of taxol was unexpected, since the exocyclic isomer, taxa-4(20),11(12)-
diene, had been predicted as the initial product of the taxol pathway on the
basis of metabolite concurrence. The cyclization of geranylgeranyl diphos-
phate variously labelled with tritium was accomplished using a partially
purified taxadiene synthase from T. brevifolia stems. From this reaction in-
volving the taxadiene synthase, a stereochemical mechanism has been pro-
posed involving the initial cyclization of geranylgeranyl diphosphate to a
transient veticillyl cation intermediate, with the transfer of the C11 a-proton
to C7 to initiate transannular B/C-ring closure to the taxenyl cation, followed
by deprotonation at C5 to yield the taxa-4(5),11(12)-diene product directly
(Fig. 2.19) (Lin ef al., 1996). The taxane skeleton is further functionalized in
a series of eight hydroxylations by CYP P450 enzymes, three CoA-mediated
acylations (side chains) by specific transferases (Jennewein and Croteau, 2001;
Walker and Croteau, 2001) (Fig. 2.20).

Concurrently, Eisnreich and co-workers (1996), using cell cultures of Taxus
chinensis that produce the diterpene, 2a,5a,108,14B-tetra-acetoxy4(20),11-
taxadiene (taxuyunnanine C) (Fig. 2.19), in 2.6% (dry weight) yield, have
suggested that the taxane carbon skeleton is not of mevalonoid origin. Ex-
periments with 13C-labelled glucose and acetate showed the following: (1)
the four isopreneoid moieties of taxuyunnanine C have virtually identical la-
belling patterns, (2) a two-carbon unit and a three-carbon unit are diverted to
the taxoid intermediate from glucose, (3) the connectivity of the three-carbon
unit is disrupted by a skeletal rearrangement, but can still be diagnosed
unequivocally by the analysis of long range *C-13C coupling and (4) ex-
ogenous acetate contributes to the acetyl side chains of taxuyunnanine C,
but not to the taxane ring system. Biosynthesis via the mevalonate pathway
could explain neither the observed contribution of a three-carbon fragment
from glucose to the diterpene nor the label distribution in the isoprenoid
moieties.

The assembly of the isoprenoid moiety from a three-carbon fragment
and a two-carbon fragment from glucose is reminiscent of the alternative
isoprenoid pathway reported by Rohmer and co-workers (1993) in the
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Figure 2.20 Biosynthetic pathway from taxa-4,11-dien to paclitaxel.

eubacterium, Zymomonas mobilis. These authors proposed that the isoprenoid
moiety is assembled by condensation of a triose phosphate-type compound
with activated acetaldehyde derived from the decarboxylation of pyruvate. A
subsequent skeletal rearrangement has been proposed to disrupt the connec-
tivity of the three-carbon unit. However, whilst the data on taxuyunnanine C
from [U-3Cg]-glucose yielded direct proof of the occurrence of an intramolec-
ular rearrangement in the biosynthesis of isoprenoid precursors, it remains
open as to whether the taxoid precursor is assembled from a triose phosphate-
type compound and activated acetaldehyde. Thus, the ultimate precursor(s)
of the isoprenoid unit in T. chinensis is as yet unknown. Hopefully, as the
biosynthetic route to taxol is further clarified, this will allow new methods of
production to become available.

The genes encoding several of the hydroxylation and acylation steps
have been cloned and functionally expressed in E. coli (for a summary, see
Marasco and Schmidt-Dannert, 2007). Whereas it was possible to produce
the main skeleton, taxadiene, in recombinant bacteria and yeast in good
yield, the later steps of taxol biosynthesis appear to be more difficult to
achieve in recombinant systems at present (Jennewein et al., 2005; Dejong et al.
2006).

In 1993, Stierle et al. (1993) had isolated Taxomyces andreanae, an endophytic
fungus of Pacific yew, and could show that it was able to produce taxol (for
a discussion, see Chapter 7).
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Figure 2.21 Structures of betanidin and a typical anthocyanidin, cyanidin,
accumulating as various glycosylated structures and their acylated forms. Both
compounds exhibit similar Amax values. Occurrence of these two classes of pigments
mutually excludes each other. The betalains are exclusively found in most families of the
plant order Caryophyllales, whereas the anthocyanins are ubiquitously distributed in the
other families of the Angiosperms.

2.10 Betalains

Betalains constitute a class of taxonomically important water-soluble ‘chro-
moalkaloids’, the red—violet betacyanins and the yellow betaxanthins. They
are characteristic of all families of the plant order, Caryophyllales, with the
exception of the Caryophyllaceae and the Molluginaceae. Members of these
two families accumulate anthocyanins, occurring ubiquitously in all other
Angiosperms (Steglich and Strack, 1990). Fig. 2.21 presents structural schemes
of betanidin and a typical anthocyanidin, cyanidin, exhibiting similar light
absorption characteristics. Both are the aglycones of various glycosylated
structures and their acylated forms.

A well-known example of the occurrence of betalains in higher plants is
that of the roots of red beet (Beta vulgaris (L.) subsp. vulgaris). Unexpectedly,
betalains were also detected in some higher fungi (Steglich and Strack, 1990),
e.g. the fly agaric (Amanita muscaria). Whereas the anthocyanin-analogous
functions of these pigments in plant flower and fruit coloration are obvious,
their role in pigmentation of vegetative tissues and their occurrence in higher
fungi are unknown. In a recent review, Clement and Mabry (1996) indicated
the lack of knowledge about the possible importance of anthocyanins and
betalains beyond their role in pollination and seed dispersal, but as yet there
are no arguments for alternative functions of betalains. Gain and loss of the
anthocyanin and betalain pathways remain a mystery (Clement et al., 1994).
Both pathways may have diverged prior to the origin of flower pigmen-
tation (Mabry, 1973), or the ability to produce betalains may have evolved



Biosynthesis of Alkaloids and Betalains 67

subsequent to the loss of anthocyanin formation (Ehrendorfer, 1976). How-
ever, the possibility that both classes of pigments may have occurred con-
currently in some ancestral plants cannot be excluded (Clement and Mabry,
1996, and references therein).

Betalains have received much attention from the food industry as natural
colour additives (Adams et al., 1976; Pourrat et al., 1983). The betacyanins
from red beet are used for colouring ice cream, jam and fruit conserves.
Earlier interest in betacyanins came from their use in colouring red wine,
although this was prohibited by law in 1892 due to the use of the apparently
harmful pokeberry, Phytolacca americana, extract (Dreiding, 1961).

Research on betalains has received a significant impetus from recent de-
velopments in chromatography, spectroscopy, biochemistry and techniques
of molecular biology. This has led to a rapid increase in our knowledge about
new structures as well as key steps in their biosynthesis. Some new structural
features of betalains from plants are reviewed below, resulting primarily from
advances in work on their biosynthesis, whilst still being aware of the validity
of earlier hypotheses.

2.10.1 Structures

In contrast to the rapid progress in clarifying the structure of anthocyanins
early this century, it was only in the 1960s that the nature of betalains
was elucidated, mainly by chemical methods. This led to the identification
of betanidin by Wyler and co-workers (1963) and of indicaxanthin by
Piattelli and co-workers (1964). Both groups of pigments were shown to
be immonium derivatives of betalamic acid with cyclo-Dopa (betacyanins)
and amino acids/amines (betaxanthins). Since then, rapid development of
sophisticated techniques in chromatography and spectroscopy has led to
the identification of the most complex betanidin conjugates (polyacylated
oligoglycosides) known so far from higher plants, such as the betacyanins
from Bougainvillea bracts (Heuer et al., 1994). Nine betacyanins were iden-
tified from red-violet bracts as gomphrenin I (betanidin 6-O-glucoside) and
derivatives of bougainvillein-v (betanidin 6-O-sophoroside), i.e. mono- and
diglucosylsophorosides, which are acylated with 4-coumarate and caffeate
(mono- and diesters). Fig. 2.22 shows the structure of the most complex
betanidin conjugate isolated from Bougainvillea bracts (for recent reviews
concerning betalain structures and methods of structural elucidation,
see Steglich and Strack, 1990; Strack et al.,, 1993; and Strack and Wray,
1994a).

It has only recently been discovered that acylated betacyanins exhibit
intramolecular co-pigmentation that may also lead to stabilization of the
chromophor, betanidin (Schliemann and Strack, 1998), a phenomenon which
is well-known for anthocyanins (Brouillard and Dangles, 1993). Esterification
of the sugar moieties of betanin (betanidin 5-O-glucoside), gomphrenin I
and bougainvillein-v with hydroxycinnamates leads to bathochromic shifts
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Figure 2.22 Structure of the most complex betanidin conjugate known so far from
higher plants, isolated from Bougainvillea bracts.

of light absorption (Heuer et al., 1992, 1994). Nuclear magnetic resonance
(NMR) spectroscopic analyses showed 'H chemical shift differences between
gomphrenin I, bougainvillein-v and their respective acylated derivatives
(Heuer et al., 1992, 1994), as well as between betanin and lampranthin II
(6'-O-E-feruloylbetanin) (Heuer et al., 1992), indicating molecular association
(stacking) of the aromatic acids to betanidin. The attachment of the acylglu-
cosides at C-6 of the cyclo-Dopa moiety of betanidin enhances the observed
bathochromic shift, which possibly results from a more rigid conformation.
This is most interesting when considering the different colours of the
red-violet acylated 5-O-glucosides of Bougainvillea ‘Mrs Butt’ (Piattelli and
Imperato, 1970a) and the violet-red acylated 6-O-glucosides from B. glabra
(Piattelli and Imperato, 1970b).

An important factor for intramolecular association and, in particular, for
structural stabilization is the site of linkage of the hydroxycinnamates to the
glycosyl moiety of betacyanins, which has to allow sufficient conformational
flexibility on the betanidin skeleton. The binding of the feruloyl residue at
the glucuronosyl moiety of a disaccharide in celosianin II apparently leads
to a higher flexibility of the acylglycoside moiety, which may effectively
protect the aldimine bond against hydrolytic attack (Schliemann and Strack,
1998).
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2.10.2 Biosynthesis

Betalain-producing plants are unable to convert dihydroflavonols via flavan-
34-cis-diols to anthocyanidins, whereas the dehydrogenation reactions of
dihydroflavonols to flavonols still exist. On the other hand, the formation of
flavan-3,4-cis-diols (leucoanthocyanidins) seems to be possible, as indicated
by the occurrence of leucocyanidin in Carpobrotus edulis (Kimler et al., 1970).
The lack of the last enzymatic step in the formation of anthocyanidins is,
therefore, characteristic of betalain-producing plants, i.e. a dioxygenase-type
anthocyanidin synthase with a 2-hydroxylase activity towards leucoantho-
cyanidins, possibly including two dehydratase reactions. These plants instead
express a different dioxygenase activity, catalysing a 4,5-extradiol ring cleav-
age of Dopa to 4,5-seco-Dopa, which subsequently cyclizes to betalamic acid
in a spontaneous reaction.

Figure 2.23 presents a scheme of the betalain pathway. The initial key re-
actions were essentially deduced from feeding experiments with isotopically
labelled tyrosine and Dopa (Horhammer et al., 1964; Minale et al., 1965; Garay
and Towers, 1966), and support the early suggestion of Wyler and co-workers
(1963) that both the cyclo-Dopa and the betalamic acid moieties of betacyanins
are derived from Dopa. By using [*C,'N]-labelled tyrosine, Liebisch and co-
workers (1969) unambiguously proved that the entire C4C3N-skeleton of this
amino acid was incorporated.

Based on genetic studies (cross-breeding) with Portulaca grandiora, Trezzini
and Zryd (1990) postulated that only three loci are responsible for betalain
biosynthesis. While two loci control the biosynthesis of cyclo-Dopa and beta-
lamic acid, the third controls the transport of betalamic acid into the vacuole.
They proposed that the formation of betanidin (condensation of cyclo-Dopa
with betalamic acid) proceeds in the cytoplasm and the formation of betaxan-
thins (condensation of betalamic acid with an amino acid /amine) takes place
spontaneously in the plant vacuole (Trezzini, 1990).

Some of the proposed biosynthetic reactions have only recently been
proved by enzymatic studies. It has been suggested that the first enzyme
in betalain biosynthesis was a phenol oxidase complex, catalysing both the
conversion of tyrosine to Dopa and the dehydrogenation of the latter to a
o-quinone (Constabel and Haala, 1968; Stobart and Kinsman, 1977; Endress,
1979; Elliott, 1983). This suggestion has been supported by Steiner and
co-workers (1996, 1999). They showed that the formation of the cyclo-Dopa
moiety of betanidin is catalysed by a tyrosinase in a two-step enzymatic
reaction: hydroxylation of tyrosine followed by oxidation of the product,
Dopa, yielding Dopaquinone (Steiner et al., 1999). The final formation of
cyclo-Dopa proceeds via a non-enzymatic ring closure. The enzyme involved
in these reactions has been partially purified from betacyanin-producing
callus cultures of Portulaca grandiora. It has been characterized as a tyrosinase
(EC 1.14.18.1/EC 1.10.3.1) by inhibition experiments with copper-chelating
agents (diethyldithiocarbamate and phenylthiocarbamide) and detection
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Figure 2.23 Biosynthesis of betalains, involving two ‘early’ enzymes, the tyrosinase
(1A, hydroxylating activity; 1B, oxidizing activity) and the Dopa 4,5-dioxygenase (2), and
one ‘late’ enzyme activity, glucosylating cyclo-Dopa and/or betanidin (3). Reactions 4 and
5 are considered to proceed spontaneously.
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of concomitant o-diphenol oxidase activity (Steiner et al., 1999). This is in
agreement with Joy and co-workers (1995), who isolated two cDNA clones en-
coding polyphenol oxidases from a suspension culture of Phytolacca americana
producing betalains. By northern analyses of RNA from various organs of
P. americana plants, they demonstrated that spatial and temporal expressions
correlated well with high rates of betalain accumulation in ripening fruits.

The hydroxylating activity of the P. grandiora tyrosinase showed an opti-
mal pH of 5.7 and was specific for L-tyrosine, exhibiting reaction velocities
with L-tyrosine and D-tyrosine in a ratio of 1:0.2. Other possible monopheno-
lic substrates were not accepted. The enzyme appeared to be a monomer
with a molecular mass of about 53 kDa. Mueller and co-workers (1996)
characterized the respective enzyme from the fly agaric. This tyrosinase
was apparently not specific for L-tyrosine, but also accepted tyramine, 4-
hydroxyphenylpropionate and phenol. The enzyme exhibited maximum ac-
tivity at approximately pH 6.0 and appeared to be a heterodimer of two
subunits with molecular masses of 27 and 30 kDa, which is unusual for ty-
rosinases. These enzyme activities are unique examples of the involvement
of a tyrosinase in the biosynthesis of low molecular weight natural prod-
ucts, such as betalains. The role of tyrosinase in the formation of Dopa as
an end product, which accumulates in various plant tissues (Teramoto and
Komamine, 1988), or as an intermediate metabolite, e.g. in the biosynthesis
of benzylisoquinoline alkaloids (Rueffer and Zenk, 1987a), has been demon-
strated. However, the most obvious function of tyrosinase in plants is to
initiate polymerization of the oxidation product of cyclo-Dopa, Dopachrome,
analogous to the formation of melanin in the skin of animals. A similar func-
tion might be ascribed to their involvement in plant defence reactions against
insects and microbial pathogens, but this has yet to be demonstrated.

The second early enzymatic key reaction in the biosynthesis of betalains
is the extradiol ring cleavage of Dopa, leading to betalamic acid. It has been
established (Fischer and Dreiding, 1972; Impellizzeri and Piattelli, 1972) that
there is a 4,5-extradiol cleavage of Dopa followed by closure of the dihy-
dropyridine ring by a condensation between the amino and keto groups. An
alternative 2,3-cleavage of Dopa could lead, through a dihydroazepine ring
closure, to muscaflavin of the fly agaric (Fig. 2.24). Indeed, the postulated
Dopa dioxygenase activities have been isolated from the fly agaric (Girod
and Zryd, 1991; Terradas and Wyler, 1991a) and shown to catalyse the extra-
diol cleavage leading to betalamic acid and the minor pigment, muscaflavin.
In addition, the expected intermediates, 2,3- and 4,5-seco-Dopa, were identi-
fied in dioxygenase enzyme assays (Terradas and Wyler, 1991a) as well as in
Amanita muscaria and Hygrocybe conica extracts (Terradas and Wyler, 1991b).

The gene encoding the fly agaric Dopa dioxygenase was cloned (Hinz
et al., 1997) and expressed in E. coli (Mueller et al., 1997a). The recombinant
enzyme catalysed both the 4,5- and the 2,3-extradiol cleavage of Dopa. This
was an unexpected result in the light of previous suggestions that the two
ring cleavages were catalysed by two different enzymes (Girod and Zryd,
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Figure 2.24 Enzymatic Dopa extradiol cleavages leading through spontaneous
dihydropyridine ring closure to betalamic acid or dihydroazepine ring closure to
muscaflavin. The Dopa dioxygenase from higher fungi catalyses both ring cleavages, the
putative plant enzyme exclusively the 4,5-ring cleavage.

1991; Terradas and Wyler, 1991a). The cDNA clone encoding the fly agaric
Dopa dioxygenase was introduced into white petals of Portulaca grandiora,
using particle bombardment (Mueller et al., 1997b). Expression of the clone
complemented the betalain pathway in some cells of these petals, indicating
that the Dopa extradiol cleavage is the pivotal reaction in betalain biosynthe-
sis. The Dopa dioxygenase activity from betalain-producing higher plants has
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not yet been demonstrated and attempts to detect the plant enzyme by using
antibodies directed against the fly agaric dioxygenase have failed (Mueller
et al., 1997a). The authors concluded that the dioxygenases involved in beta-
lain formation in fungi and in plants are different in structure and probably
do not share a common evolutionary origin.

Based on the conclusions of Trezzini and Zryd (1990) following their cross-
breeding experiments with the model system Portulaca grandiora, only two
enzymes are necessary for the biosynthesis of the betacyanin aglycone, be-
tanidin and the betaxanthins, i.e. tyrosinase and Dopa dioxygenase gener-
ating cyclo-Dopa and betalamic acid, respectively. According to this model,
the subsequent formation of betanidin and betaxanthins (imine formation)
should proceed spontaneously, which can easily be demonstrated under in
vitro conditions (Terradas and Wyler, 1991a). This has been confirmed by
recent results from a two-step in vitro assay (Schliemann et al., 1998). By com-
bining the Dopa dioxygenase from the fly agaric with the tyrosinase from
Portulaca grandiora, the formation of betanidin from Dopa was demonstrated
(Schliemann et al., 1998).

Support for the existence of an analogous in vivo reaction, at least in the
case of betaxanthin formation, came from amino acid feeding experiments
with hairy roots and seedlings of Beta vulgaris (Hempel and Bbhm, 1997).
Administration of various amino acids led to the appearance of the corre-
sponding betaxanthins, irrespective of the S- or R-isomers applied. Following
this study, extensive feeding experiments were carried out using S- and R-
isomers of proteinogenic and nonproteinogenic amino acids with hairy roots
of Beta vulgaris (yellow cultivar) (N. Kobayashi, W. Schliemann, D. Strack,
unpublished); these confirmed the lack of amino acid specificity and stere-
oselectivity in betaxanthin formation. Furthermore, feeding of 2-aminoindan
2-phosphonic acid (AIP), a specific inhibitor of phenylalanine ammonialyase
(PAL; EC 4.3.1.5) (Zont and Amrhein, 1992), led to an endogenous increase
of the phenylalanine level and thereby to the formation of the betaxanthin
derived from phenylalanine. In addition, by feeding of cyclo-Dopa to Beta vul-
garis seedlings (yellow cultivar), it could be shown that the normally yellow
coloured hypocotyls turned red due to the formation of betanidin. The yellow
colour of these hypocotyls originates mainly from high concentrations of be-
talamic acid (N. Kobayashi, W. Schliemann, D. Strack, unpublished), which
obviously reacts with cyclo-Dopa taken up by the seedlings. In summary, these
results indicate that indeed the condensation of betalamic acid with amino
acids (including cyclo-Dopa) or amines in plants is a spontaneous rather than
an enzyme-catalysed reaction. However, this hypothesis still awaits proof.
Further studies should prove the spontaneous betaxanthin formation in the
plant vacuole, controlled at the site of transport of betalamic acid into the vac-
uole, as well as the betanidin formation in the plant cytoplasm, as postulated
by Trezzini and Zryd (1990).

Considering the complexity of betacyanin structures (Heuer et al., 1994), the
‘final enzymes’ involved in betacyanin biosynthesis, i.e. glucosyltransferases
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and acyltransferases, might be as diverse as those in anthocyanin biosyn-
thesis (Strack and Wray, 1994b). Glucosylation of betanidin can proceed at
the cyclo-Dopa moiety (C-5 and C-6 hydroxyl groups). Feeding experiments
using cyclo-Dopa and its 5-O-glucoside, as well as betanidin, have indicated
two possible levels of sugar attachment in the formation of betacyanins,
glucosylation of betanidin (Sciuto et al., 1972) or glucosylation of cyclo-Dopa
prior to condensation with betalamic acid (Sciuto et al., 1974). The latter has
been supported by the identification of free cyclo-Dopa 5-O-glucoside in
betacyanin-accumulating red beet roots (Wyler ef al., 1984). However, the
first description of a glucosyltransferase involved in betalain biosynthesis
demonstrated, at least for cell cultures of Dorotheanthus bellidiformis, that
betanidin is the acceptor for glucose attachment via uridine diphosphate
(UDP)-glucose (Heuer and Strack, 1992; Heuer et al., 1996). There are two
different regiospecific glucosyltransferases, the UDP-glucose:betanidin 5-O-
and 6-O-glucosyltransferases (5-GT and 6-GT), leading to betanin (betanidin
5-O-glucoside) and gomphrenin I (betanidin 6-O-glucoside), respectively.
Both enzymes have been purified to near homogeneity and characterized
(Vogt et al., 1997).

Further glycosylations of betanin and gomphrenin I as well as acy-
lations, mainly with hydroxycinnamates, lead to complex polyacylated
oligoglyco sides of betanidin. Enzymes responsible for acylation of
amaranthin (betanidin 5-O-glucuronosylglucoside) to form celosianin I
(4-coumaroylamaranthin) and celosianin II (feruloylamaranthin) have been
characterized from Chenopodium rubrum cell cultures (Bokern et al., 1992). The
formation of betacyanins acylated with ferulate has been demonstrated to
proceed via 1-O-feruloylglucose in eight members from four different fami-
lies within the Caryophyllales (Bokern et al., 1992). In addition, the respective
1-O-acylglucosides regularly co-occur with the acylated betacyanins (Strack
et al., 1990). It has not yet been possible to demonstrate the acceptance of the
alternative acyldonors, hydroxycinnamoyl-coenzyme A thioesters, in beta-
cyanin acylation. The 1-O-hydroxycinnamoylglucose-dependent acylation
is presumably the only mechanism of acylation in betacyanin-producing
plants. In contrast, most studies on the acyltransferases involved in flavonoid
biosynthesis, including anthocyanins, report the acceptance of the coenzyme
A ester, e.g. in the acylation of anthocyanins in Silene dioica (Kamsteeg et al.,
1980), Matthiola incana (Teusch et al., 1987), Ajuga reptans (Callebaut et al.,
1996) and Gentiana triora (Fujiwara et al., 1997). However, the acceptance of
a 1-O-acylglucoside has been demonstrated, i.e. the formation of cyanidin
hydroxycinnamoyltriglycoside in Daucus carota (GlaBgen and Seitz, 1992).

Unexpectedly, purified betanidin glucosyltransferases from D. bellidiformis,
besides betanidin regioselectively, also accepted highly active flavonoids
(Vogt et al., 1997). The 5-GT preferentially catalysed the transfer of glucose
to the C-4" hydroxyl function of flavonoids (flavonols, flavones, anthocyani-
dins) with B-ring ortho-dihydroxyl groups, with quercetin as the preferred
substrate. The 6-GT instead catalysed the glycosylation of the C-3 hydroxyl
function of flavonoids (flavonols, anthocyanidins), with cyanidin as the
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preferred substrate. The speculation of Vogt and co-workers (1997) that these
betanidin glucosyltransferases might be phylogenetically related to flavonoid
glucosyltransferases concerns the basic question on the phylogenetic origin of
betanidin biosynthesis. The question to be addressed is as follows: are 5-GT
and 6-GT phylogenetically derived from quercetin 4-0- and cyanidin 3-O-
glucosyltransferases, respectively? The latter implies — in agreement with the
hypothesis of Ehrendorfer (1976) — that the biosynthesis of the betacyanins
appeared later than the flavonoid pathway in the evolution of higher plants.
The discovery of enzymes able to accept substrates of the mutually exclusive
anthocyanin and betalain pathways may shed new light on the evolution of
both classes of pigments.

Detection of Dopa 4,5-dioxygenase in higher plants and clarification of
the level of glucosylation, at betanidin and/or cyclo-Dopa, are the last two
steps in betalain biosynthesis to be confirmed. Molecular studies are still
needed to elucidate the evolutionary mechanisms of the mutual exclusion of
the two pathways (Stafford, 1994), one leading to the ubiquitously occurring
anthocyanins and the other to the rare betalains.

2.11 Conclusions

These examples of alkaloid biosynthesis serve to indicate how isolation of
the enzymes of whole pathways has clarified our understanding of alkaloid
biosynthesis and enabled investigations to take place at the molecular level.
The pathways leading to Nicotiana, tropane, isoquinoline and monoterpene
indol alkaloids have been analysed both at the enzymic and genetic levels.
There is still a need to investigate systems of vesicular transport and alka-
loid sequestration. In many instances, little is known about sites of alkaloid
synthesis, location of sequestration and means of translocation, although the
isolation and heterologous expression of an increasing number of genes are
producing a new insight into this area. Investigations with plant cell cultures
have suggested that, in many plants, alkaloid production is developmentally
regulated and this may account for the lack of production of some alkaloids
in cell culture. This must be a major area of study in the future if commercial
exploitation is to take place. Several genes of biosynthetic pathways have
been cloned during the past two decades; this provides a possibility to pro-
duce valuable alkaloids in recombinant microorganisms. The formation of
reticuline and magnoflorine in recombinant E. coli and S. cerevisiae can be
seen as a proof of the concept (Hawkins and Smolke, 2008; Keasling, 2008;
Minami et al., 2008; Schafer and Wink, 2009).

References

Adams, J.P,, von Elbe, ].H. and Amundson, C.H. (1976) Production of a betacyanine
concentrate by fermentation of red beet juice with Candida utilis. ]. Food Sci., 41,
78-81.



76 Biochemistry of Plant Secondary Metabolism

Aerts, R.J. and Baumann, T.W. (1994) Distribution and utilisation of chlorogenic acid
in Coffea seedlings. |. Exp. Bot., 45, 457-503.

Aerts, RJ. and De Luca, V. (1992) Phytochrome is involved in light-regulation of
vindoline biosynthesis in Catharanthus. Plant Physiol., 100, 1029-32.

Ansarin, M. and Woolley, ].G. (1993) The obligatory role of phenyllactate in the biosyn-
thesis of tropic acid. Phytochemistry, 32, 1183-7.

Ansarin, M. and Woolley, J.G. (1994) The rearrangement of phenyllactic acid in the
biosynthesis of tropic acid. Phytochemistry, 35, 935-9.

Arakawa, H., Clark, W.G., Psenak, M. and Coscia, C.J. (1992) Purification and
characterization of dihydrobenzophenanthridine oxidase from elicited Sanguinaria
canadensis cell cultures. Arch. Biochem. Biophys., 299, 1-7.

Asano, N., Nash, R.J., Molyneux, R.J. and Fleet, G.W. (2000) Sugar-mimic glycosidase
inhibitors: natural occurrence, biological activity and prospects for therapeutic ac-
tion. Tetrahedron Asymmetry, 11, 1645-80.

Ashihara, H. and Crozier, A. (1999) Biosynthesis and catabolism of caffeine in low-
caffeine containing species of Coffea. |. Agric. Food Chem., 47, 3425-31.

Ashihara, H. and Suzuki, T. (2004) Distribution and biosynthesis of caffeine in plants.
Front. Biosci., 9, 1864-76.

Bauer, W. and Zenk, M.H. (1991) Two methylenedioxy bridge forming cytochrome
P,s0-dependent enzymes are involved in (S)-stylopine biosynthesis. Phytochemistry,
30, 2953-61.

Baumert, A., Kuzovkina, N. and Groger, D. (1985) Activation of anthranilic acid and
N-methylanthranilic acid by cell-free extracts from Ruta graveolens tissue cultures.
Planta Med., 50, 125-7.

Baumert, A., Kuzovkina, N.I, Krauss, G., Hieke, M. and Groger, D. (1982) Biosynthesis
of rutacridone in tissue cultures of Ruta graveolens (L.). Plant Cell Rep., 1, 168-71.
Baumert, A., Maier, W., Groger, D. and Deutzmann, R. (1994) Purification and prop-
erties of acridone synthase from cell suspension cultures of Ruta graveolens (L.). Z.

Naturforsch., 49¢, 26-32.

Baumert, A., Porzel, A., Schmidt, J. and Groger, D. (1992) Formation of 1,3-dihydroxy-
N-methylacridone from N-methylanthranoyl-CoA and malonyl-CoA by cell cul-
tures of Ruta graveolens. Z. Naturforsch., 47c, 365-8.

Biastoff, S. and Drager, B. (2007) Calystegines. The Alkaloids, 64, 49-102.

Bird, D.A., Franceschi, V.R. and Facchini, P.J. (2003) A tale of three cell-types: alkaloid
biosynthesis is localised to sieve elements in opium poppy. Plant Cell, 15, 2626-35.

Bock, A., Wanner, G. and Zenk, M.H. (2002) Immunocytological localisation of two
enzymes involved in berberine biosynthesis. Planta, 216, 57-63.

Bokern, M., Heuer, S. and Strack, D. (1992) Hydroxycinnamic acid transferases in
the biosynthesis of acylated betacyanins: purification and characterization from
cell cultures of Chenopodium rubrum and occurrence in some other members of the
Caryophyllales. Bot. Acta, 105, 146-51.

Bottcher, F.,, Adolph, R.-D. and Hartmann, T. (1993) Homospermidine synthase, the
first pathway-specific enzyme in pyrrolizidine alkaloid biosynthesis. Phytochem-
istry, 32, 679-89.

Bottcher, E.,, Ober, D. and Hartmann, T. (1994) Biosynthesis of pyrrolizidine alkaloids:
putrescine and spermidine are essential substrates of enzymatic homospermidine
formation. Can. J. Chem., 72, 80-5.

Brouillard, R. and Dangles, O. (1993) Flavonoids and flower colour, in The Flavonoids:
Advances in Research Since 1986 (ed. J.B. Harborne). Chapman & Hall, London,
pp- 565-88.



Biosynthesis of Alkaloids and Betalains 77

Burlat, V., Oudin, A., Courtois, M., Rideau, M. and St. Pierre, B. (2004) Co-expression
of three MEP pathway genes and geraniol-10-hydroxylase in internal phloem
parenchyma of Catharanthus roseus implicates multicellular location of interme-
diates during the biosynthesis of monoterpene indole alkaloids and isoprenoid-
derived primary metabolites. Plant J., 38, 131-41.

Callebaut, A., Terahara, N. and Decleire, M. (1996) Anthocyanin acyltransferases in
cell cultures of Ajuga reptans. Plant Sci., 118, 109-18.

Chesters, N.C.J.E., O'Hagan, D. and Robins, R.J. (1994) The biosynthesis of tropic acid
in plants: evidence for the direct rearrangement of phenyllactate to tropate. J. Chem.
Soc. Perkin Trans., 1, 1159-62.

Chesters, N.C.J.E., O’'Hagan, D. and Robins, R.J. (1995a) The biosynthesis of tropic acid:
the (R)-d-phenyllactyl moiety is processed by the mutase involved in hyoscyamine
biosynthesis in Datura stramonium. ]. Chem. Soc. Chem. Commun., 127-8.

Chesters, N.C.J.E., O'Hagan, D., Robins, R.J., Kastelle, A. and Floss, H.G. (1995b)
The biosynthesis of tropic acid: the stereochemical course of the mutase involved
in hyoscyamine biosynthesis in Datura stramonium. J. Chem. Soc. Chem. Commun.,
129-30.

Chesters, N.C.J.E., Walker, K., O'Hagan, D. and Floss, H.G. (1996) The biosynthesis
of tropic acid: a re-evaluation of the stereochemical course of the conversion of
phenyllactate to tropate in Datura stramonium. ]. Am. Chem. Soc., 118, 925-6.

Choi, K.-B., Morishige, T., Shitan, N., Yazaki, K. and Sato, F. (2002) Molecular cloning
and characterization of coclaurine N-methyltransferase from cultured cells of Coptis
japonica. ]. Biol. Chem. 277, 830-35.

Clement, J.S. and Mabry, T.J. (1996) Pigment evolution in the Caryophyllales: a sys-
tematic overview. Bot. Acta, 109, 360-7.

Clement, J.S., Mabry, T.J.,, Wyler, H. and Dreiding, A.S. (1994) Chemical review
and evolutionary significance of the betalains, in Caryophyllales, Evolution and Sys-
tematics (eds H.-D. Behnke and T.J. Mabry). Springer-Verlag, Berlin Heidelberg,
pp- 247-61.

Constabel, F. and Haala, G. (1968) Recherches sur la formation de pigments dans les
tissus de betterave fourragere cultivé in vitro. Colloques Nationaux Centre National de
la Recherche Scientifique, Paris, pp. 223-9.

De Luca, V. (1993) Enzymology of indole alkaloid biosynthesis, in Methods in Plant
Biochemistry (ed. PJ. Lea), Vol. 9. Academic Press, London, pp. 345-67.

De-Eknamkul, W. and Zenk, M.H. (1990) Enzymic formation of (R)-reticuline from
1,2-dehydroreticuline in the opium poppy plant. Tetrahedron Lett., 34, 4855-8.

De-Eknamkul, W. and Zenk, M.H. (1992) Purification and properties of 1,2-
dehydroreticuline reductase from Papaver somniferum seedlings. Phytochemistry, 31,
813-21.

Dejong, .M., Liu, Y.L., Bollon, A.P. (2006) Genetic engineering of Taxol biosynthesis
in Saccharomyces cerevisiae. Biotechnol. Bioeng., 93, 212-24.

Dethier, M. and De Luca, V. (1993) Partial purification of a N-methyltransferase in-
volved in vindoline biosynthesis in Catharanthus roseus. Phytochemistry, 31, 663-78.

Dewick, PM. (2002) Medicinal Natural Products. A Biosynthetic Approach, 2nd edn.
Wiley, New York.

Dittrich, H. and Kutchan, TM. (1991) Molecular cloning, expression and induc-
tion of berberine bridge enzyme, an enzyme essential to the formation of
benzophenanthridine alkaloids in the response of plants to pathogenic attack. Proc.
Natl. Acad. Sci. USA, 88, 9969-73.

Drager, B. (2004) Chemistry and biology of calystegines. Nat. Prod. Rep., 21, 211-23.



78 Biochemistry of Plant Secondary Metabolism

Drager, B. (2005) Tropinone reductases, enzymes at the branch points of tropane
alkaloid metabolism. Phytochemistry, 67, 327-37.

Drager, B., Funck, C., Hohler, A., Mrachatz, G., Portsteffen, A., Schaal, A. and
Schmidt, R. (1994) Calystegines as a new group of tropane alkaloids in Solanaceae.
Plant Cell Tiss. Org. Cult., 38, 235-40.

Drager, B., Portsteffen, A., Schaal, A., McCabe, P.H., Peerless, A.C.]. and Robins, R.J.
(1992) Levels of tropinone reductase activities influence the spectrum of tropane
esters found in transformed root cultures of Datura stramonium. Planta, 188, 581-6.

Drager, B. and Schaal, A. (1994) Tropinone reduction in Atropa belladonna root cultures.
Phytochemistry, 35, 1441-7.

Dreiding, A.S. (1961) The betacyanins, a class of red pigments in the Centrosper-
mae, in Recent Developments in the Chemistry of Natural Phenolic Compounds (ed. ].B.
Harborne). Pergamon, Oxford, pp. 194-211.

Ehrendorfer, F. (1976) Closing remarks: systematics and evolution of centrospermous
families. Plant Syst. Evol., 126, 99-106.

Eilert, U., De Luca, V., Constabel, F. and Kurz, W.G.W. (1987) Elicitor-mediated induc-
tion of tryptophan decarboxylase and strictosidine synthase activities in suspension
culture of Catharanthus roseus. Arch. Biochem. Biophys., 254, 491-7.

Eisnreich, W., Menhard, B., Hylands, P.J. and Zenk, M.H. (1996) Studies on the biosyn-
thesis of taxol: the taxane carbon skeleton is not of mevalonoid origin. Proc. Natl.
Acad. Sci. USA, 93, 6431-6.

Elliott, D.C. (1983) The pathway of betalain biosynthesis: effect of cytokinin on en-
zymic oxidation and hydroxylation of tyrosine in Amaranthus tricolor seedlings.
Physiol. Plant, 59, 428-37.

Endo, T., Goodbody, A., Vukovic, . and Misawa, M. (1986) Enzymes from Catharanthus
roseus cell suspension cultures that couple vindoline and catharanthine to form 3',4'-
anhydrovinblastine. Phytochemistry, 27, 2147-9.

Endress, R. (1979) Mogliche beteiligung einer phenylalaninhydroxylase and einer
tyrosinase bei der Betacyan-Akkumulation in portulaca kallus. Biochem. Physiol.
Pflanzen, 174, 17-25.

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

Facchini, PJ. and De Luca, V. (1994) Differential and tissue specific expression of a
gene family for tyrosine/dopa decarboxylase in opium poppy. J. Biol. Chem., 269,
26684-90.

Facchini, PJ. and De Luca, V. (1995) Phloem specific expression of tyrosine/dopa
decarboxylase genes and the biosynthesis of isoquinoline alkaloids in opium poppy.
The Plant Cell, 7, 1811-21.

Facchini, PJ. and De Luca, V. (2008) Opium poppy and Madagascar periwinkle: model
non-model systems to investigate alkaloid biosynthesis in plants. The Plant |., 54,
763-84.

Facchini, PJ., Johnson, A.G., Poupart, J. and De Luca, V. (1996) Uncoupled defense
gene expression and antimicrobial alkaloid accumulation in elicited opium poppy
cell cultures. Plant Physiol., 111, 687-97.

Facchini, PJ. and St. Pierre, B. (2005) Synthesis and trafficking of alkaloid biosynthesis
enzymes. Curr. Opin. Plant Biol., 8, 657-66.

Fahn, W. and Stockigt, J. (1990) Purification of acetyl-CoA: 17-O-deacetylvindoline
17-O-acetyltransferase from Catharanthus roseus leaves. Plant Cell Rep., 8, 613-6.



Biosynthesis of Alkaloids and Betalains 79

Falkenhagen, H. and Stockigt, J. (1995) Enzymic biosynthesis of vomilenine, a key
intermediate of the ajmaline pathway, catalysed by a novel cytochrome Pjs-
dependent enzyme from plant cell cultures of Rauwolfa serpentina. Z. Naturforsch.,
50c, 45-53.

Fecker, L.E, Hillebrandt, S., Rfigenhagen, C., Herminghaus, S., Landsmann, J. and
Berlin, J. (1992) Metabolic effects of a bacterial lysine decarboxylase gene expressed
in hairy root culture of Nicotiana glauca. Biotech. Lett., 14, 1035—40.

Fernandez, J.A., Owen, T.G., Kurz, W.G.W. and De Luca, V. (1989) Immunological
detection and quantitation of tryptophan decarboxylase in developing Catharanthus
roseus seedlings. Plant Physiol., 91, 79-84.

Fischer, N. and Dreiding, A.S. (1972) Biosynthesis of betalaines. On the cleavage of
the aromatic ring during the enzymatic transformation of dopa into betalamic acid.
Helv. Chim. Acta, 55, 649-58.

Fleetwood, D.J., Scott, B., Lane, G.A., Tanaka, A. and Johnson, R.D. (2007) A complex
ergovaline gene cluster in Epichloe endophytes of grasses. Appl. Environ. Microbiol.,
73,2571-9.

Fleming, PE., Knaggs, A.R., He, X-G., Mocek, U. and Floss, H.G. (1994) Biosynthesis
of taxoids, mode of attachment of the side chain. J. Am. Chem. Soc., 116, 4137-8.

Fretz, H. and Woggon, W.-D. (1986) Regioselectivity and deuterium isotope effects in
geraniol hydroxylation by the cytochrome P45y monooxygenase from Catharanthus
roseus (L.). G. Don. Helv. Chim. Acta, 69, 1959-70.

Fretz, H., Woggon, W-D. and Voges, R. (1989) The allylic oxidation of geraniol catal-
ysed by cytochrome Pus5p proceeding with retention of configuration. Helv. Chim.
Acta, 72, 391-400.

Friesen, J.B. and Leete, E. (1990) Nicotine synthase: an enzyme from Nicotiana species
which catalyses the formation of (S)-nicotine from nicotinic acid and 1-methyl-A’-
pyrrolinium chloride. Tetrahedron Lett., 31, 6295-8.

Fujiwara, H., Takeshita, N., Terano, Y., Fitchen, ]J.H., Tsujita, T., Katagiri, Y., Sato, F.
and Yamada, Y. (1993) Expression of (S)-scoulerine 9-O-methyltransferase in Coptis
japonica plants. Phytochemistry, 34, 949-54.

Fujiwara, H., Tanakan, Y., Fukui, Y., Nakao, Y., Ashikari, T. and Kusumi, T. (1997)
Anthocyanin 5-aromatic acyltransferase from Gentiana triflora: purification, charac-
terization and its role in anthocyanin biosynthesis. Eur. |. Biochem., 249, 45-51.

Galneder, E., Rueffer, M., Wanner, G., Tabata, M. and Zenk, M.H. (1988) Alternative
final steps in berberine biosynthesis in Coptis japonica cell cultures. Plant Cell Rep.,
7,1-4.

Garay, A.S. and Towers, G.H.N. (1966) Studies on the biosynthesis of amaranthin.
Can. . Bot., 44, 231-6.

Gebler, J.C. and Poulter, C.D. (1992) Purification and characterisation of dimethylal-
lyltryptophan synthase from Claviceps purpurea. Arch. Biochem. Biophys., 296, 308-13.

Gebler, J.C., Woodside, A.B. and Poulter, C.D. (1992) Dimethylallyltryptophan syn-
thase: an enzyme catalysed electrophilic aromatic substitution. J. Am. Chem. Soc.,
114, 7354-60.

Geerlings, A., Redondo, FJ., Contin, A. (2001) Biotransformation of tryptamine and se-
cologanin into plant terpenoid indole alkaloids by transgenic yeast. Appl. Microbiol.
Biotechnol., 56, 420—4.

Gerardy, R. and Zenk, M.H. (1992) Formation of salutaridine from (R)-reticuline by
a membrane-bound cytochrome P,50 enzyme from Papaver somniferum. Phytochem-
istry, 32, 79-86.



80 Biochemistry of Plant Secondary Metabolism

Gerardy, R. and Zenk, M.H. (1993) Purification and characterization of salutaridine:
NADPH-7-oxidoreductase. Phytochemistry, 34, 125-32.

Girod, P-A. and Zryd, ].-P. (1991) Biogenesis of betalains: purification and partial
characterization of Dopa 4,5-dioxygenase from Amanitamuscaria. Phytochemistry,
30, 169-74.

Glapgen, W.E. and Seitz, H.U. (1992) Acylation of anthocyanins with hydroxycinnamic
acids via 1-O-acylglucosides by protein preparations from cell cultures of Daucus
carota (L.). Planta, 186, 582-5.

Goddijn, O.J.M. (1992) Regulation of terpenoid indole alkaloid biosynthesis in Catha-
ranthus roseus: the tryptophan decarboxylase gene. Ph.D. Thesis, Leiden University.

Goddijn, O.J.M., DeKam, R.J., Zanetti, A., Schilperoot, R.A. and Hoge, J.H.C. (1992)
Auxin downregulates transcription of the tryptophan decarboxylase gene from
Catharanthus roseus. Plant Mol. Biol., 18, 1113-20.

Goldmann, A., Milat, A.-L., Ducrot, P-H., Lallemand, J.-Y., Maille, M., Lepingle, A.,
Charpin, I. and Tepfer, D. (1992) Tropane derivatives from Calystegia sepium. Phyto-
chemistry, 29, 2125-7.

Goodbody, A.E., Endo, T., Vukovic, J., Kutney, ].P,, Choi, L.S.L. and Misawa, M. (1988)
Enzymic coupling of catharanthine and vindoline to form 3',4-anhydrovinblastine
by horseradish peroxidase. Planta Med., 54, 136—40.

Goossens, A., Hakkinen, S.T., Laakso, 1., Seppanen-Laasko, T., Biondi, S. deSutter, V.,
Lammertyn, F., Nuutila, A.M., Soderlund, H., Zabeau, M. Inze, D. and Oksman-
Caldentey, K.-M. (2003) A functional genomics approach toward the understanding
of secondary metabolism in plant cells. Proc. Natl. Acad. Sci USA, 100, 8595-600.

Graser, G. and Hartmann, T. (1997) Biosynthetic incorporation of the aminobutyl
group of spermine into pyrrolizidine alkaloids. Phyfochemistry, 45, 1591-2.

Graser, G. and Hartmann, T. (2000) Biosynthesis of spermidine, a direct precursor of
pyrrolizidine alkaloids in root cultures of Senecio vulgaris L. Planta, 211, 239-45.
Groeger, D. and Floss, H.G. (1998) Biochemistry of ergot alkaloids. The Alkaloids, 50,

171-218.

Grothe, T., Lenz, R. and Kutchan, T.M. (2001) Molecular characterisation of the
salutaridinol-7-O-acetyltransferase involved in morphine biosynthesis in opium
poppy Papaver somniferum. J. Biol. Chem., 276, 30717-23.

Gueritte-Voegelein, F., Guernard, D. and Potier, P. (1987) Taxol and derivatives: a
biogenetic hypothesis. J. Nat. Prod., 50, 9-18.

Haarmann, T., Machada, C., Luebbe, Y., Correia, T., Schardl, C.I., Panaccione, D.G. and
Tudzynski, P. (2005) The ergot alkaloid gene cluster in Claviceps purpurea: extension
of the cluster sequence and intra specis evolution. Phytochemistry, 66, 1312-20.

Hakkinen, S.T., Tilleman, S., Swiatek, A., deSutter, V., Rischer, H., Vanhoutte, 1., van
Onckelen, H., Hilson, P, Inze, D., Oksman-Caldentey, K.-M., Goossens, A. (2007)
Functional characterisation of genes involved in pyridine alkaloid biosynthesis in
tobacco. Phytochemistry, 68, 2773-85.

Hampp, N. and Zenk, M.H. (1988) Homogeneous strictosidine synthase from cell
suspension cultures of Rauvolvia serpentina. Phytochemistry, 27, 3811-5.

Hartmann, T. (1991) Alkaloids, in Herbivores: Their Interactions with Secondary Plant
Metabolites (eds G.A. Rosenthal and M.R. Berenbaum), 2nd edn. Academic Press,
San Diego, CA.

Hartmann, T. (1994) Senecio species: biochemistry of the formation of pyrrolizidine
alkaloids in root cultures, in Biotechnology in Agriculture and Forestry (ed. Y.P.S. Bajaj),
Vol. 26. Springer-Verlag, Berlin Heidelberg, pp. 339-55.



Biosynthesis of Alkaloids and Betalains 81

Hartmann, T. (2007) From waste products to ecochemicals: fifty years research of plant
secondary metabolism. Phytochemistry, 68, 2831-46.

Hartmann, T. and Witte, L. (1995) Chemistry, biology and chemoecology of the
pyrrolizidine alkaloids, in Alkaloids, Chemical and Biological Perspectives (ed. S.W.
Pelletier), Vol. 9. Pergamon, Oxford, pp. 155-233.

Hashimoto, T. and Yamada, Y. (1994) Alkaloid biogenesis: molecular aspects. Annu.
Rev. Plant Physiol. Plant Mol. Biol., 45, 257-85.

Hashimoto, T. and Yamada, Y. (2003) New genes in alkaloid metabolism and transport.
Curr. Opin. Biotechnol., 14, 163-8.

Hawkins, KM. and Smolke, C.D. (2008) Production of benzylisoquinoline alkaloids
in Saccharomyces cerevisiae. Nat. Chem. Biol., 4, 564-73.

Heim, W.G., Sykes, K.A., Hildreth, S.B., Sun, J., Lu, RH. and Jelesko, ]J.G. (2007)
Cloning and characterisation of a Nicotiana tabacum methylputrescine oxidase tran-
script. Phytochemistry, 68, 454-63.

Hempel, J. and Bbhm, H. (1997) Betaxanthin pattern of hairy roots from Beta vulgaris
var. lutea and its alteration by feeding of amino acids. Phytochemistry, 44, 847-52.
Herbert, R.B. (1989) The Biosynthesis of Secondary Metabolites, 2nd edn. Chapman &

Hall, London.

Heuer, S., Richter, S., Metzger, ].W., Wray, V., Nimtz, M. and Strack, D. (1994) Beta-
cyanins from bracts of Bougainvillea glabra. Phytochemistry, 37, 761-7.

Heuer, S. and Strack, D. (1992) Synthesis of betanin from betanidin and UDP-glucose
by a protein preparation from cell suspension cultures of Dorotheanthus bellidiformis
(Burin. f.) N.E.Br. Planta, 186, 626-8.

Heuer, S., Vogt, T., Bohm, H. and Strack, D. (1996) Partial purification and charac-
terization of UDP-glucose:betanidin 5-O- and 6-O-glucosyltransferases from cell
suspension cultures of Dorotheanthus bellidiformis (Burin. f.) N.E.Br. Planta, 199,
244-50.

Heuer, S., Wray, V., Metzger, ].W. and Strack, D. (1992) Betacyanins from flowers of
Gomphrena globosa. Phytochemistry, 31, 1801-7.

Hibi, N., Fujita, T., Hatano, M., Hashimoto, T. and Yamada, Y. (1992) Putrescine
N-methyltransferase in cultured roots of Hyoscyamus albus. Plant Physiol., 100,
826-35.

Hibi, N., Higashiguchi, S., Hashimoto, T. and Yamada, Y. (1994) Gene expression in
tobacco low-nicotine mutants. Plant Cell, 6, 723-35.

Hinz, U.G,, Fivaz, J., Girod, P.-A. and Zryd, J.-P. (1997) The gene coding for the dioxy-
genase involved in betalain biosynthesis in Amanita muscaria and its regulation.
Mol. Gen. Genet., 256, 1-6.

Horhammer, L., Wagner, H. and Fritsche, W. (1964) Zur biosynthese der betacyane I.
Biochemische Zeitschrift, 339, 398-400.

Ignatov, A., Clark, W.G,, Cline, S.D., Psenak, M., Krueger, R.J. and Coscia, C.J. (1996)
Elicitation of dihydrobenzophenanthridine oxidase in Sanguinaria canadensis cell
cultures. Phytochemistry, 43, 1141-4.

Ikezawa, N., Iwasa, K. and Sato, F. (2007) Molecular cloning and characterisation
of methylenedioxy brifge-forming enzymes involved in stylopine biosynthesis in
Eschscholzia californica. FEBS ., 274, 1019-1035.

Ikezawa, N., Tanaka, M., Nagayoshi, M., Shinkyo, R., Sakaki, T., Inouye, K,
Sato, F. (2003) Molecular cloning and characterisation of CYP719, a methylene-
bridge forming enzyme that belongs to a novel P450 family, from cultured Coptis
japonica cells. J. Biol. Chem., 278, 38557-65.



82 Biochemistry of Plant Secondary Metabolism

Impellizzeri, G. and Piattelli, M. (1972) Biosynthesis of indicaxanthin in Opuntia ficus-
indica fruits. Phytochemistry, 11, 2499-502.

Jennewein, S. and Croteau, R. (2001) Taxol: bioynthesis, molecular genetics, and
biotechnological applications. Appl. Microbiol. Biotechnol., 57, 13-19.

Jennewein, S., Park, H., Dejong, ]. M. (2005) Coexpression in yeast of Taxus cytochrome
P450 reductase with cytochrome P450 deoendent oxygenases involved in taxol
biosynthesis. Biotechnol. Bioeng., 89, 13595-600.

Joy, RW,, Sugiyama, M., Fukuda, H. and Komamine, A. (1995) Cloning and charac-
terization of polyphenol oxidase cDNAs of Phytolacca americana. Plant Physiol., 107,
1083-9.

Junghanns, K.T., Kneusel, R.E., Baumert, A., Maier, W., Groger, D. and Matern, U.
(1995) Molecular cloning and heterologous expression of acridone synthase from
elicited Ruta graveolens (L.) cell suspension cultures. Plant Mol. Biol., 27, 681-92.

Kaiser, H., Richter, U., Keiner, R., Brabant, A., Hause, B. and Drager, B. (2006) Im-
munolocalisation of two tropinone reductases in potato (Solanum tuberosum L.)
root, stolon, and tuber sprouts. Planta, 225, 127-37.

Kammerer, L., De-Eknamkul, W. and Zenk, M.H. (1994) Enzymic 12-hydroxylation
and 12-O-methylation of dihydrochelirubine in dihydromacarpine formation by
Thalictrum bulgaricum. Phytochemistry, 36, 1409-16.

Kamsteeg, J., Van Brederode, J., Hommels, C.H. and Van Nigtevecht, G. (1980) Identi-
fication, properties and genetic control of hydroxycinnamoyl-coenzyme A: antho-
cyanidin 3-thamnosyl (1—6) glucoside, 4-hydroxycinnamoyl transferase isolated
from petals of Silene dioica. Biochem. Physiol. Pfanzen, 175, 403-11.

Kanegae, T., Kajiya, H., Amano, Y., Hashimoto, T. and Yamada, Y. (1994) Species-
dependent expression of the hyoscyamine 6B-hydroxylase gene in the pericycle.
Plant Physiol., 105, 483-90.

Katoh, A., Shoji, T. and Hashimoto, T. (2007) Molecular cloning of N-methylputrescine
oxidase from tobacco. Plant Cell Physiol., 48, 550—4.

Keasling, J. (2008) From yeast to alkaloids. Nat. Chem. Biol., 4, 524-5.

Kim, I.-S., Kim, S.-U. and Anderson, ].A. (1981) Microsomal agroclavine hydroxylase
of Claviceps species. Phytochemistry, 20, 2311-14.

Kimler, L., Mears, J., Mabry, T.J. and Rosler, H. (1970) On the question of the mutual
exclusiveness of betalains and anthocyanins. Taxon, 19, 875-8.

Kobayashi, M. and Floss, H.G. (1987) Biosynthesis of ergot alkaloids: origin of the
oxygen atoms in chanoclavine I and elymoclavine. . Org. Chem., 52, 4350-2.

Kozikowski, A.P,, Chen, C., Wu, ]J.-P, Shibuya, M., Kim, C.-G. and Floss, H.G. (1993)
Probing alkaloid biosynthesis: intermediates in the formation of ring C. J. Am. Chem.
Soc., 115, 2482-8.

Kraus, PEX. and Kutchan, T.M. (1995) Molecular cloning and heterologous expres-
sion of a ¢cDNA encoding berbamunine synthase, a C-O phenol-coupling cy-
tochrome P5y from the higher plant Berberis stolonifera. Proc. Natl. Acad. Sci. USA, 92,
2071-5.

Kutchan, T.M. (1989) Expression of enzymatically active cloned strictosidine syn-
thase from the higher plant Rauvolfia serpentina in Escherichia coli. FEBS Lett., 257,
127-30.

Kutchan, T.M. (1995) Alkaloid biosynthesis: the basis for metabolic engineering of
medicinal plants. The Plant Cell, 7, 1059-70.

Kutchan, T.M. (1996) Heterologous expression of alkaloid biosynthetic genes: a review.
Gene, 179, 73-81.



Biosynthesis of Alkaloids and Betalains 83

Kutchan, T.M. and Dittrich, H. (1995) Characterisation and mechanism of berberine
bridge enzyme, a covalently flavinylated oxidase of benzophenanthridine alkaloid
biosynthesis in plants. J. Biol. Chem., 270, 24475-81.

Kutchan, TM., Dittrich, H., Bracher, D. and Zenk, M.H. (1991) Enzymology and
molecular biology of alkaloid biosynthesis. Tetrahedron, 47, 5945-54.

Kutchan, TM. and Zenk, M.H. (1993) Enzymology and molecular biology of ben-
zophenanthridine alkaloid biosynthesis. J. Plant Res. (Special Issue), 3, 165-73.

Kutney, J.P. (1987) Studies in plant tissue culture: the synthesis and biosynthesis of
indole alkaloids. Heterocycles, 25, 617—40.

Leete, E. (1990) Recent developments in the biosynthesis of tropane alkaloids. Planta
Med., 56, 339-52.

Lenz, R. and Zenk, M.H. (1994) Closure of the oxide bridge in morphine biosynthesis.
Tetrahedron Lett., 35, 3897-900.

Lenz, R. and Zenk, M.H. (1995a) Acetyl coenzyme A: salutaridinol-7-O-
acetyltransferase from Papaver somniferum cell cultures. J. Biol. Chem., 270, 31091-6.

Lenz, R. and Zenk, M.H. (1995b) Purification and properties of codeinone reductase
(NADPH) from Papaver somniferum plant cell cultures and differentiated plants.
Eur. . Biochem., 233, 132-9.

Liebisch, H.-W., Matschiner, B. and Schdtte, H.R. (1969) Beitrage zur Physiologie and
Biosynthese des Betanins. Z. Pfanzenphys., 61, 269-78.

Lin, X., Hezari, M., Koepp, A.E., Floss, H.G. and Croteau, R. (1996) Mechanism of taxa-
diene synthesis, a diterpene cyclase that catalyzes the first step of taxol biosynthesis
in Pacific yew. Biochemistry, 35, 2968-77.

Liscombe, D.K. and Facchini, PJ. (2008) Evolutionary and cellular webs in benzyliso-
quinoline alkaloid biosynthesis. Curr. Opin. Biotechnol., 19, 173-80.

Loefer, S. and Zenk, M.H. (1990) The hydroxylation step in the biosynthetic pathway
leading from norcoclaurine to reticuline. Phytochemistry, 29, 3499-503.

Lotter, H., Gollsitzer, ]. and Zenk, M.H. (1992) Revision of the configuration at C-7 of
salutaridinol I, the natural intermediate in morphine biosynthesis. Tetrahedron Lett.,
33, 2443-6.

Mabry, T.J. (1973) Is the order Centrospermae monophyletic? in Chemistry in Botanical
Classification (eds G. Bends and J. Santesson). Academic Press, London, pp. 275-85.

Maier, W.D., Baumert, A. and Groger, D. (1995) Partial purification and character-
isation of S-adenosyl-L-methinione:anthranilic acid N-methyltransferase. J. Plant
Physiol., 145, 1-6.

Maier, W., Baumert, A., Schumann, B., Furukawa, H. and Groger, D. (1993) Synthesis
of 1,3-dihydroxy-N-methylacridone and its conversion to rutacridone by cell-free
extracts of Ruta graveolens cell cultures. Phytochemistry, 32, 691-8.

Maier, W., Schumann, B. and Groger, D. (1988) Microsomal oxygenases involved in
ergoline alkaloid biosynthesis of various Claviceps strains. J. Basic Microbiol., 28,
83-93.

Marasco, E.K. and Schmidt-Dannert, C. (2007) Biosynthesis of plant natural products
and characterization of plant biosynthetic pathways in recombinant microorgan-
isms, in Applications of Plant Metabolic Engineering (eds R. Verpoorte, A.W. Alfer-
mann and T.S. Johnson). Springer, Heidelberg, pp. 1-43.

Markert, A., Steffan, N, Ploss, K., Hellwig, S., Steiner, U. Drewke, C., Li, S.-M., Boland,
W. and Leistner, E. (2008) Biosynthesis and accumulation of ergoline alkaloids in a
mutualistic association between Ipomoea asarifolia (Convolvulaceae) and a Clavicip-
italean fungus. Plant Physiol., 147, 296-305.



84 Biochemistry of Plant Secondary Metabolism

McCarthy, A. and McCarthy, J.G. (2007) The structure of two N-methyltransferases
from the caffeine biosynthetic pathway. Plant Physiol., 144, 879-89.

McCoy, E. and O’Connor, S.E. (2006) Directed biosynthesis of alkaloid analogues in
the medicinal plant Catharanthus roseus. |. Am. Chem. Soc., 128, 14276-7.

McKnight, T.D., Bergey, D.R., Burnett, R.J. and Nessler, C.L. (1991) Expression of
enzymatically active and correctly targeted strictosidine synthase in transgenic
tobacco plants. Planta, 185, 148-52.

McLauchlan, W.R., McKee, R.A. and Evans, D.M. (1993) The purification and im-
munocharacterisation of N-methylputrescine oxidase from transformed root cul-
tures of Nicotiana tabacum (L.) cv SC58. Planta, 191, 440-5.

Meijer, A.H., De Wall, A. and Verpoorte, R. (1993a) Purification of the cytochrome Pj5o
enzyme, geraniol 10-hydroxylase, from cell cultures of Catharanthus. ]. Chromatogr.,
635, 237-49.

Meijer, A.H., Verpoorte, R. and Hoge, ] H.C. (1993b) Regulation of enzymes and genes
involved in terpenoid indole alkaloid biosynthesis in Catharanthus roseus. . Plant
Res. (Special Issue), 3, 145-64.

Minale, L., Piattelli, M. and Nicolaus, R.A. (1965) Pigments of Centrospermae-IV. On
the biogenesis of indicaxanthin and betanin in Opuntia ficus-indica Mill. Phytochem-
istry, 4, 593-7.

Minami, H., Dubouzet, E., Iwasa, K. and Sato, F. (2007) Functional analysis of norco-
claurine synthase in Coptis japonica. |. Biol. Chem., 282, 6274-82.

Minami, H., Kim, J.-S., Ikezawa, N., Takemura, T., Katayama, T., Kumagai, H. and
Sato, F. (2008) Microbial production of plant benzoquinoline alkaloids. Proc. Natl.
Acad. Sci. USA, 105, 7393-8.

Miura, Y., Hirata, K., Kurano, N., Miyamoto, K. and Uchida, K. (1988) Formation of
vinblastine in shoot cultures of Catharanthus roseus. Planta Med., pp. 18-20.

Moll, S., Anke, S., Kahmann, U., Hansch, R., Hartmann, T., Ober, D. (2002) Cell specific
expresssion of homospermidine synthase, the entry enzyme of the pyrrolizidine
alkaloids in Senecio vernalis in comparison to its ancestor deoxyhypusine synthase.
Plant Physiol., 130, 47-57.

Morishige, T., Tsyjita, T. Yamada, Y. (2000) Molecular characterization of S-adenosyl-
L-methionine: 3'hydroxyl-N-methylcoclaurine 4'-O-methyltransferase involved in
isoquinoline alkaloid biosynthesis in Coptis japonica. ]. Biol. Chem., 275, 23398
405.

Mothes, K., Schiitte, H.R. and Luckner, M. (1985) Biochemistry of Alkaloids. Verlag
Chemie, Weinheim.

Mueller, L.A., Hinz, U., Uzé, M., Sautter, C. and Zryd, J.-P. (1997b) Biochemical com-
plementation of the betalain biosynthetic pathway in Portulaca grandiora by a fungal
3,4-dihydroxyphenylalanine dioxygenase. Planta, 203, 260-63.

Mueller, L.A., Hinz, U. and Zryd, J.-P. (1996) Characterization of a tyrosinase from
Amanita muscaria involved in betalain biosynthesis. Phytochemistry, 42, 1511-5.

Mueller, L.A., Hinz, U. and Zryd, J.-P. (1997a) The formation of betalamic acid and
muscafiavin by recombinant Dopa-dioxygenase from Amanita. Phytochemistry, 44,
567-69.

Murata, J., Roepke, J., Gordon, H. and De Luca, V. (2008) The leaf epidermone of
Catharanthus roseus reveals its biochemical specialization. The Plant Cell, 20, 524-42.

Nakajima, K. and Hashimoto, T. (1999) Two tropinone reductases that catalyse oppo-
site stereospecific reductions in tropane alkaloid biosynthesis are localized in plant
root with different cell-specific patterns. Plant Cell Physiol., 40, 1099-107.



Biosynthesis of Alkaloids and Betalains 85

Nakajima, K., Hashimoto, T. and Yamada, Y. (1993) ¢cDNA encoding tropinone
reductase-II from Hyoscyamus niger. Plant Physiol., 103, 1465-6.

Nakajima, K., Hashimoto, T. and Yamada, Y. (1994) Opposite stereospecificity of two
tropinone reductases is conferred by the substrate-binding sites. J. Biol. Chem., 269,
11695-8.

Nakajima, K., Yamashita, A., Akama, H., Nakatsu, T., Kato, H., Hashimoto, T., Oda,
J. and Yamada, Y. (1998) Crystal structures of two tropinone reductases: different
reaction stereospecificities in the same protein fold. Proc. Natl. Acad. Sci. USA, 95,
4876-81.

Ober, D. (2005) Seeing double- gene duplication and diversification in plant secondary
metabolism. Trends Plant Sci., 10, 444-9.

Ober, D. and Hartmann, T. (1999) Homospermidine synthase, the first pathway-
specific enzyme of pyrrolizidine alkaloid biosynthesis, evolved from deyoxyhy-
pusine synthase. Proc. Natl. Acad. Sci. USA, 96, 14777-82.

Ogita, S., Uefuji, H. Morimoto, M. (2004) Application of RNAi to confirm theobromine
as a new intermeiate for caffeine biosynthesis in coffee plants with potential for
construction of decaffeinated varieties. Plant Mol. Biol., 54, 931-41.

Okada, N., Shinmyo, A., Okada, H. and Yamada, Y. (1988) Purification and char-
acterisation of (S)-tetrahydroberberine oxidase from cultured Coptis japonica cells.
Phytochemistry, 27, 979-82.

Oksman-Caldentey, K.-M., Hakkinen, S.T. and Rischer, H. (2007) Metabolic engi-
neering of the alkaloid biosynthesis in plants: functional genomic approaches, in
Applications of Plant Metabolic Engineering (eds R. Verpoorte, A.W. Alfermann and
T.S. Johnson). Springer, Heidelberg, pp. 109-43.

Pasquali, G., Goddijn, O.].M., DeWaal, A., Verpoorte, R., Schilperoot, R.A., Hoge,
JJH.C. and Memelink, J. (1992) Coordinated regulation of two indole alkaloid
biosynthetic genes from Catharanthus roseus by auxin and elicitors. Plant Mol. Biol.,
18, 1121-31.

Pauli, HH. and Kutchan, T.M. (1998) Molecular cloning and functional heterolo-
gous expression of two alleles encoding (S)-N-methylcoclaurine 3'-hydroxylase
(CYP80B1), a new methyl jasmonate-inducible cytochrome p-450 dependent
monooxygenase of benzylisoquinoline biosynthesis. Plant |., 13, 793-801.

Pelletier, S.W. (1983-1996) Alkaloids: Chemical and Biological Perspectives, Vols 1-11.
Pergamon, Oxford.

Pennings, E.J.M., Groen, B.W., Duine, ]J.A. and Verpoorte, R. (1989) Tryptophan de-
carboxylase from Catharanthus roseus is a pyridoxo-quinoprotein. FEBS Lett., 255,
97-100.

Pfitzner, UM. and Zenk, M.H. (1989) Homogeneous strictosidine synthase isoen-
zymes from cell suspension cultures of Catharanthus roseus. Planta Med., 55,
525-30.

Piattelli, M. and Imperato, F. (1970a) Betacyanins from Bougainvillea. Phytochemistry,
9, 455-8.

Piattelli, M. and Imperato, F. (1970b) Pigments of Bougainvillea glabra. Phytochemistry,
9, 2557-60.

Piattelli, M., Minale, L. and Prota, G. (1964) Isolation, structure and absolute configu-
ration of indicaxanthin. Tetrahedron, 20, 2325-9.

Polz, L., Schiibel, H. and Stockigt, J. (1986) Characterisation of 2B(R)-17-O-
acetylajmalan: acetylesterase a specific enzyme involved in the biosynthesis of
the Rauwolfa alkaloid ajmalicine. Z. Naturforsch., 42¢, 333—42.



86 Biochemistry of Plant Secondary Metabolism

Portsteffen, A., Drager, B. and Nahrstedt, A. (1992) Two tropinone reducing enzymes
from Datura stramonium transformed root cultures. Phytochemistry, 31, 1135-8.

Portsteffen, A., Drager, B. and Nahrstedt, A. (1994) The reduction of tropinone in
Datura stramonium root cultures by two specific reductases. Phytochemistry, 37,
391-400.

Pourrat, H., Lejeune, B., Regerat, F. and Pourrat, A. (1983) Purification of red beetroot
dye by fermentation. Biotech. Lett., 5, 381-4.

Rabot, S., Peerless, A.C.J. and Robins, R.J. (1995) Tigloyl-CoA:pseudotropine acyl
transferase: a novel enzyme of tropane alkaloid biosynthesis. Phytochemistry, 39,
315-22.

Rhodes, M.J.C., Robins, RJ., Aird, E.L.H., Payne, ., Parr, A.]. and Walton, N.J. (1989)
Regulation of secondary metabolism in transformed root cultures, in Primary and
Secondary Metabolism of Plant Cell Cultures. II (ed. W.G.W. Kurz). Springer-Verlag,
Berlin Heidelberg, pp. 58-72.

Rhodes, M.].C., Robins, R.J., Parr, A.J. and Walton, N.J. (1990) Secondary metabolism
in transformed root cultures, in Secondary Products from Plant Tissue Culture (eds
B.V. Charlwood and M.J.C. Rhodes). Oxford University Press, Oxford, pp. 201-25.

Richter, U., Rother, G., Fabian, A.-K., Rahfeld, B. and Drager, B. (2005) Overexpres-
sion of tropinone reductases alters alkaloid composition in Atropa belladonna root
cultures. J. Exp. Bot., 56, 645-52.

Rischer, H., Oresic, M., Seppanen-Laakso, T. Katajamaa, M., Lammertyn, E,
Ardiles-Diaz, W., von Montagu, M.C.E., Inze, D., Oksman-Caldentey, K.-M. and
Goosens, A. (2006) Gene-to-metabolite networks for terpenoid indole alkaloid
biosynthesis in Catharanthus roseus cells. Proc. Natl. Acad. Sci. USA, 103, 5614-9.

Roberts, M.E. and Wink, M. (1998) Alkaloids: Biochemistry, Ecological Functions and
Medical Applications. Plenum, New York.

Robins, R.J., Abraham, T., Parr, A J., Eagles, J. and Walton, N.J. (1997) The biosynthesis
of tropane alkaloids Datura stramonium: the identity of the intermediate between
N-methylpyrrolinium salt and tropinone. J. Am. Chem. Soc., 119, 10929-34.

Robins, R.J., Bachmann, P. and Woolley, J.G. (1994b) Biosynthesis of hyoscyamine
involves an intramolecular rearrangement of littorine. J. Chem. Soc. Perkin Trans. I,
615-9.

Robins, R.J., Chesters, N.C.J.E., O'Hagan, D., Parr, A ]J., Walton, N.J. and Woolley, J.G.
(1995) The biosynthesis of hyoscyamine: the process by which littorine rearranges
to hyoscyamine. J. Chem. Soc. Perkin Trans., 1, 481-5.

Robins, R.J., Hamill, J.D., Parr, A.]., Smith, K., Walton, N.J. and Rhodes, M.].C. (1987)
Potential use of nicotinic acid as a selective agent for isolation of high-nicotine-
producing lines of Nicotiana rustica hairy root cultures. Plant Cell Rep., 6, 122—6.

Robins, R.J. and Walton, N.J. (1993) The biosynthesis of tropane alkaloids, in The
Alkaloids (ed. G.A. Cordell), Vol. 44. Academic Press, Orlando, pp. 115-87.

Robins, R.J., Woolley, ].G., Ansarin, M., Eagles, ]. and Goodfellow, B.J. (1994a) Phenyl-
lactic acid but not tropic acid is an intermediate in the biosynthesis of tropane
alkaloids in Datura and Brugmansia transformed root cultures. Planta, 194, 86-94.

Roewer, I.A., Cloutier, N., Nessler, C.L. and De Luca, V. (1992) Transient induction
of tryptophan decarboxylase (TDC) and strictosidine synthase (SS) genes in cell
suspension cultures of Catharanthus roseus. Plant Cell Rep., 11, 86-9.

Rohmer, M., Knani, M., Simonin, P, Sutter, B. and Sahmn, H. (1993) Isopreniod biosyn-
thesis in bacteria: a novel pathway for the early steps leading to isopentenyl diphos-
phate. Biochem. J., 295, 517-24.



Biosynthesis of Alkaloids and Betalains 87

Rueffer, M. and Zenk, M.H. (1985) Berberine synthase, the methylenedioxy group-
forming enzyme in berberine synthase. Tetrahedron Lett., 26, 201-2.

Rueffer, M. and Zenk, M.H. (1987a) Distant precursors of benzylisoquinoline alkaloids
and their enzymatic formation. Z. Naturforsch., 42¢, 319-22.

Rueffer, M. and Zenk, M.H. (1987b) Enzymatic formation of protopines by a mi-
crosomal cytochrome P59 system of Corydalis vaginans. Tetrahedron Lett., 28, 5307—
310.

Rueffer, M. and Zenk, M.H. (1994) Canadine synthase from Thalictrum tuberosum
cell cultures catalyses the formation of the methylenedioxy bridge in berberine
synthesis. Phytochemistry, 36, 1219-23.

Rueffer, M., Zumstein, G. and Zenk, M.H. (1990) Partial purification and properties
of S-adenosyl-L-methionine:(S)-tetrahydroprotoberberine-cis-N-methyltransferase
from suspension-cultured cells of Eschscholtzia and Corydalis. Phytochemistry, 29,
3727-33.

Ruppert, M., Xueyan, M. and Stockigt, J. (2005) Alkaloid biosynthesis in Rauvolfia-
cDNA cloning of the major enzymes of the ajmaline pathway. Curr. Org. Chem., 9,
1431-44.

Samanani, N., Liscombe, D.K., Facchini, PJ. (2004) Molecular cloning and characteri-
sation of norcoclaurine synthase, an enzyme catalysing the first committed step in
benzylisoquinoline biosynthesis. Plant ., 40, 302-13.

Samanani, N., Park, S.-U., Facchini, PJ. (2005) Cell type-specific localisation of tran-
scripts encoding nine consecutive enzymes involved in protoberberine alkaloid
biosynthesis. Plant Cell, 17, 915-26.

Sato, F, Inai, K. and Hashimoto, T. (2007) Metabolic engineering in alkaloid biosyn-
thesis: case studies in tyrosine and putrescine derived alkaloids, in Applications of
Plant Metabolic Engineering (eds R. Verpoorte, A.W. Alfermann and T.S. Johnson).
Springer, Heidelberg, pp. 145-73.

Schafer, H. and Wink, M. (2009) Medicinally important secondary metabolites in
recombinant microorganisms or plants: Progress in alkaloid biosynthesis. Biotech-
nological Journal 4, 1684-703.

Schiel, O., Witte, L. and Berlin, J. (1987) Geraniol-10-hydroxylase activity and its
relation to monoterpene indole alkaloid accumulation in cell suspension cultures
of Catharanthus roseus. Z. Naturforsch., 42c, 1075-81.

Schliemann, W., Steiner, U. and Strack, D. (1998) Betanidin formation from dihydrox-
yphenylalanine in a model assay system. Phytochemistry, 49, 1593-8.

Schliemann, W. and Strack, D. (1998) Intramolecular stabilization of acylated beta-
cyanins. Phytochemistry, 49, 585-8.

Schmidt, D. and Stockigt, J. (1995) Enzymic formation of the sarpagan-bridge: a key
step in the biosynthesis of sarpagine-ajmalicine-type alkaloids. Planta Med., 61,
254-8.

Schiibel, H., Stockigt, J., Feicht, R. and Simon, H. (1986) Partial purification and char-
acterisation of raucaffricine 3-D-glucosidase from plant cell suspension cultures of
Rauwolfia serpentina Benth. Helv. Chim. Acta, 69, 538—47.

Schulthess, B.H. and Baumann, T.W. (1995) Stimulation of caffeine biosynthesis in
suspensioncultured coffee cells and the in situ existence of 7-methylxanthosine.
Phytochemistry, 38, 1381-6.

Schumacher, H.-M. and Zenk, M.H. (1988) Partial purification and characterization of
dihydrobenzophenanthridine oxidase from Eschscholtzia californica cell suspension
cultures. Plant Cell Rep., 7, 43-6.



88 Biochemistry of Plant Secondary Metabolism

Sciuto, S., Oriente, G. and Piattelli, M. (1972) Betanidin glucosylation in Opuntia dillenii.
Phytochemistry, 11, 2259-62.

Sciuto, S., Oriente, G., Piattelli, M., Impellizzeri, G. and Amico, V. (1974) Biosynthesis
of amaranthin in Celosia plumosa. Phytochemistry, 13, 947-51.

Seigler, D.S. (1998) Plant Secondary Metabolism. Kluwer, Norwell.

Shibuya, M., Chou, H.-M., Fountoulakis, M., Hassam, S., Kim, S.-U., Kobayashi, K.,
Otsuka, H., Rogalska, E., Cassady, ].M. and Floss, H.G. (1990) Stereochemistry
of the isoprenylation of tryptophan catalysed by 4-(y,y-dimethylallyl)tryptophan
synthase from Claviceps, the first pathway-specific enzyme in ergot alkaloid biosyn-
thesis. J. Am. Chem. Soc., 112, 297-304.

Shoji, T., Winz, R., Iwase, T., Nakajima, K., Yamada, Y. and Hashimoto, T. (2002) Ex-
pression patterns of two tobacco isoflavone reductase-like genes and their possible
roles in secondary metabolism of tobacco. Plant Mol. Biol., 50, 427-40.

Siminszky, B., Gavilano, L., Brown, S.W., Dewey, R.E. (2005) Conversion of nicotine
to nornicotine in Nicotiana tabacum is mediated by CYP82E4, a cytochrome P450
mono-oxygenase. Proc. Natl. Acad. Sci. USA, 102, 14919-24.

Songstad, D.D., De Luca, V., Brisson, N., Kurz, W.G.W. and Nessler, C.L. (1990) High
levels of tryptamine accumulation in transgenic tobacco expressing tryptophan
decarboxylase. Plant Physiol., 94, 1410-3.

Stadler, R. and Zenk, M.H. (1990) A revision of the generally accepted pathway for
the biosynthesis of tetrahydroisoquinoline alkaloid reticuline. Liebigs Ann. Chem.,
555-62.

Stadler, R. and Zenk, M.H. (1993) The purification and characterization of a unique
cytochrome P45y enzyme from Berberis stolonifera plant cell cultures. J. Biol. Chem.,
268, 823-31.

Stafford, H.A. (1994) Anthocyanins and betalains: evolution of the mutually exclusive
pathways. Plant Sci., 101, 91-8.

Steglich, W. and Strack, D. (1990) Betalains, in The Alkaloids, Chemistry and Pharmacology
(ed. A. Brossi). Academic Press, London, pp. 1-62.

Steiner, U., Schliemann, W. and Strack, D. (1996) Assay for tyrosine hydroxylation
activity of tyrosinase from betalain-forming plants and cell cultures. Anal. Biochem.,
238, 72-5.

Steiner, U., Ahimsa-Muller, M. A., Markert, A., Kucht, S., Gross, J., Kauf, N., Kuzma,
M., Zych, M., Lamshoft, M., Furmanowa, M., Knoop, V., Drewke, C. and Leistner,
E. (2006) Molecular characterization of a seed transmitted clavicipitaceous fungus
occurring on dicotyledoneous plants (Convolvulaceae). Planta, 224, 533-44.

Steiner, U., Schliemann, W., Bohm, H. and Strack, D. (1999) Tyrosinase involved in
betalain biosynthesis of higher plants. Planta, 208, 114-24.

Stevens, L.H., Blom, T.J.M. and Verpoorte, R. (1993) Subcellular localisation of tryp-
tophan decarboxylase, strictosidine synthase and strictosidine glucosidase in cell
suspension cultures of Catharanthus roseus and Tabermaemontana divaricata. Plant Cell
Rep., 12, 572-6.

Stierle, A., Strobel, G., Stierle, D. (1993) Taxol and taxane production by Taxomyces
andreanae, an endophytic fungus of Pacific yew. Science, 260, 214-16.

Stobart, A.K. and Kinsman, L.T. (1977) The hormonal control of betacyanin synthesis
in Amaranthus caudatus. Phytochemistry, 16, 1137-42.

Stockigt, J., Lansing, A., Falkenhagen, H., Endreb, S. and Ruyter, C.M. (1992) Plant
cell cultures: a source of novel phytochemicals and enzymes, in Plant Tissue Culture
and Gene Manipulation for Breeding and Formation of Phytochemicals (eds K. Oono, T.
Hirabayashi, S. Kikuchi, H. Handa and K. Kajiwara). Niar, Japan, pp. 277-92.



Biosynthesis of Alkaloids and Betalains 89

Stockigt, J., Panjikar, S., Ruppert, M., Barleben, L., Ma, X., Loris, E. and Hill, M.
(2007) The molecular architecture of the major enzymes from ajmaline biosynthetic
pathway. Phytochem. Rev., 6, 15-34.

St-Pierre, B. and De Luca, V. (1995) A cytochrome, P50 monooxygenase, catalyses the
first step in the conversion of tabersonine to vindoline in Catharanthus roseus. Plant
Physiol., 109, 131-9.

Strack, D., Marxen, N., Reznik, H. and Thlenfeld, H.-D. (1990) Distribution of be-
tacyanins and hydroxycinnamic acid-glucose esters in flowers of the Ruschieae.
Phytochemistry, 29, 2175-8.

Strack, D., Steglich, W. and Wray, V. (1993) Betalains, in Methods in Plant Biochemistry
(eds PM. Dey and J.B. Harborne), Vol. 8, Alkaloids and Sulphur Compounds (ed. P.G.
Waterman). Academic Press, London, pp. 421-50.

Strack, D. and Wray, V. (1994a) Recent advances in betalain analysis, in Caryophyllales,
Evolution and Systematics (eds H.-D. Behnke and T.J. Mabry). Springer-Verlag, Berlin
Heidelberg, pp. 263-77.

Strack, D. and Wray, V. (1994b) The anthocyanins, in The Flavonoids, Advances in
Research Since 1986 (ed. J.B. Harborne). Chapman & Hall, London, pp. 1-22.

Suzuki, K., Yamada, Y. and Hashimoto, T. (1999) Expression of Atropa belladonna
putrescine N-methyltransferase gene in root pericycle. Plant Cell Physiol., 40,289-97.

Takamura, Y., Matsushita, Y., Nagareya, N., Abe, M., Takaya, J., Juichi, M., Hashimoto,
T., Kan, Y., Takoaka, S., Asakawa, Y., Omura, M., Ito, C. and Furukawa, H. (1995)
Citbismine-A, citbismine-B and citbismine-C, new binary acridone alkaloids from
Citrus plants. Chem. Pharm. Bull., 43, 1340-5.

Teramoto, S. and Komamine, A. (1988) 1-Dopa production in plant cell cultures,
in Biotechnology in Agriculture and Forestry (ed. Y.P.S. Bajaj), Vol. 4, Medicinal and
Aromatic Plants. Springer-Verlag, Berlin, pp. 209-24.

Terradas, F. and Wyler, H. (1991a) 2,3- and 4,5-Secodopa, the biosynthetic interme-
diates generated from L-Dopa by an enzyme system extracted from the fly agaric,
Amanita muscaria L., and their spontaneous conversion to muscaflavin and beta-
lamic acid, respectively, and betalains. Helv. Chim. Acta, 74, 124—40.

Terradas, F. and Wyler, H. (1991b) The seco-Dopas, natural pigments in Hygrocybe
conica and Amanita muscaria. Phytochemistry, 30, 3251-3.

Teuber, M., Azemi, M.E., Namjoyan, F.,, Meier, A.-C., Wodak, A., Brandt, W. and
Drager, B. (2007) Putrescine N-methyltransferases — a structure-function analysis.
Plant Mol. Biol., 63, 787-801.

Teusch, M., Forkmann, G. and Seyffert, W. (1987) Genetic control of hydroxycin-
namoylcoenzyme A: anthocyanidin 3-glycoside-hydroxycinnamoyltransferases
from petals of Matthiola incana. Phytochemistry, 26, 991—4.

Trezzini, G.F. (1990) Génétique des bétalaines chez Portulaca grandiora Hook. Doctoral
Thesis, Lausanne.

Trezzini, G.F. and Zryd, J.-P. (1990) Portulaca grandiflora: a model system for the study
of the biochemistry and genetics of betalain synthesis. Acta Hortic., 280, 581-5.

Tydzynski, P, Correia, T. and Keller, U. (2001) Biotechnology and genetics of ergot
alkaloids. Appl. Microbiol. Biotechnol., 57, 593-605.

Uefuji, H., Ogita, S. Yamaguchi, Y. (2003) Molecular cloning and functional charac-
terisation of three distinct N-methyltransferases involved in caffeine biosynthetic
pathway in coffee plants. Plant Physiol., 132, 372-80.

Unterlinner, B., Lenz, R. and Kutchan, T.M. (1999) Molecular cloning and functional
expression of codeinone reductase: the penultimate enzyme in morphine biosyn-
thesis in opium poppy Papaver somniferum. Plant ]., 18, 465-75.



90 Biochemistry of Plant Secondary Metabolism

Van Der Heijden, R., Jacobs, D.I., Snoeijer, W. (2004) The Catharanthus alkaloids. Phar-
macognosy and biotechnoloy. Curr. Med. Chem., 11, 607-28.

van Wyk B.E. and Wink, M. (2004) Medicinal Plants of the World. BRIZA, Pretoria.

Vazquez-Flota, F. and De Luca, V. (1998) Jasmonate modulates development and light-
dependent alkaloid biosynthesis in Catharanthus roseus. Phytochemistry, 49, 395-402.

Vazquez-Flota, F., De Carolis, E., Alarco, A.-M. and De Luca, V. (1997) Molec-
ular cloning and characterization of desacetoxyvindoline-4-hydroxylase, a
2-oxyglutarate-dependent dioxygenase involved in the biosynthesis of vindoline
in Catharanthus roseus (L.) G. Don. Plant Mol. Biol., 34, 935-48.

Verpoorte, R., Alfermann, A.W. and Johnson, T.S. (2007) Applications of Plant Metabolic
Engineering. Springer, Heidelberg.

Vogt, T., Zimmermann, E., Grimm, R., Meyer, M. and Strack, D. (1997) Are the
characteristics of betanidin glucosyltransferases from cell-suspension cultures
of Dorotheanthus bellidiformis indicative of their phylogenetic relationship with
flavonoid glucosyltransferases? Planta, 203, 349-61.

Waldhauser, S.SM. and Baumann, T.W. (1996) Compartmentation of caffeine
and related purine alkaloid depends exclusively on the physical chemistry of
their vacuolar complex formation with chlorogenic acids. Phytochemistry, 42,
985-96.

Waldhauser, S.5.M., Gillies, EM., Crozier, A. and Baumann, T.W. (1997b) Separation
of N-7-methyltransferase, the key enzyme of caffeine biosynthesis. Phytochemistry,
45, 1407-14.

Waldhauser, S.5.M., Kretschmar, ].A. and Baumann, T.W. (1997a) N-methyltransferase
activities in caffeine biosynthesis: biochemical characterisation and time course
during leaf development of Coffea arabica. Phytochemistry, 44, 853-9.

Walker, K. and Croteau, R. (2001) Taxol biosynthetic genes. Phytochemistry, 58, 1-7.

Walton, N.J. and Belshaw, N.J. (1988) The effect of cadaverine on the formation of
anabasine from lysine in hairy root cultures of Nicotiana hesperis. Plant Cell Rep., 7,
115-8.

Walton, N.J., Robins, R.J. and Rhodes, M.J.C. (1988) Perturbation of alkaloid pro-
duction by cadaverine in hairy root cultures of Nicotiana rustica. Plant Sci., 54,
125-31.

Walton, N.J., Peerless, A.C.]., Robins, R.J., Rhodes, M.].C., Boswell, H.D. and Robins,
D.J. (1994) Purification and properties of putrescine N-methyltransferase from
transformed roots of Datura stramonium (L.). Planta, 193, 9-15.

Weid, M., Ziegler, J. and Kutchan, T.M. (2004) The role of latex and the vascular bundle
in morphine biosynthesis in the opium poppy, Papaver somniferum. Proc. Natl. Acad.
Sci. USA, 101, 13957-4962.

Wildi, E. and Wink, M. (2002) Biotechnology potential of hairy root culture, in Recent
Progress in Medicinal plants, Vol. 4, Biotechnology and Genetic Engineering (eds J.N.
Govil, P. Ananda Kumar and V.K. Singh). Sci Tech Pub. Raleigh, USA, pp. 441-54.

Wilhelm, R. and Zenk, M.H. (1997) Biotransformation of thebaine by cell cultures of
Papaver somniferum and Mahonia nervosa. Phytochemistry, 46, 701-8.

Wink, M. (1989) Genes of secondary metabolism: differential expression in plants and
in vitro cultures and functional expression in genetically transformed microorgan-
isms, in Primary and Secondary Metabolism of Plant Cell Cultures (ed. W.G.W. Kurz).
Springer-Verlag, Berlin, pp. 239-51.

Wink, M. (1993) Allelochemical properties and the raison d’etre of alkaloids, in The
Alkaloids (ed. G. Cordell), Vol. 43. Academic Press, Orlando pp. 1-118.



Biosynthesis of Alkaloids and Betalains 91

Wink, M. (2000) Interference of alkaloids with neuroreceptors and ion channels, in
Bioactive Natural Products (ed. Atta-Ur-Rahman), Vol. 11. Elsevier, Amsterdam, pp.
3-129.

Wink, M. (2007) Molecular modes of action of cytotoxic alkaloids — from DNA interca-
lation, spindle poisoning, topoisomerase inhibition to apoptosis and multiple drug
resistance, in The Alkaloids (ed. G. Cordell), Vol. 64. Elsevier, Amsterdam, pp. 1-48.

Wink, M. (2008) Ecological roles of alkaloids, in Modern Alkaloids (eds E. Fattorusso
and O. Taglialatela-Scafati). Wiley-VCH, Weinheim, pp. 3-24.

Wink, M. (2010) Annual Plant Reviews, Vol. 39: Functions and Biotechnology of Plant
Secondary Metabolites, 2nd ed. Wiley-Blackwell, Oxford.

Wink, M. and Roberts, M.E. (1998) Compartmentation of alkaloid synthesis, transport
and storage, in Alkaloids: Biochemistry, Ecology and Medical Applications (eds M.F.
Roberts and M. Wink). Plenum, New York, pp. 239-62.

Wu, S. and Chappell, J. (2008) Metabolic engineering of natural products in plants;
tools of the trade and challenges for the future. Curr. Opin. Biotechnol., 19, 145-52.

Wyler, H., Mabry, T.J. and Dreiding, A.S. (1963) Uber die konstitution des randen-
farbstoffes betanin: zur struktur des betanidins. Helv. Chim. Acta, 46, 1745-8.

Wyler, H., Meuer, U., Bauer, J. and Stravs-Mombelli, L. (1984) Cyclodopa glucoside
( = (25)-5-(B-D-glucopyranosyloxy)-6-hydroxyindoline-2-carboxylic acid) and its
occurrence in red beet (Beta vulgaris var. rubra L.). Helv. Chim. Acta, 67, 1348-55.

Yun, D.-J.,, Hashimoto, T. and Yamada, Y. (1993) Expression of hyoscyamine 6f3-
hydroxylase gene in transgenic tobacco. Biosci. Biotech. Biochem., 57, 502-3.

Zenk, M.H. (1989) Biosynthesis of alkaloids using plant cell cultures. Rec. Adv. Phy-
tochem., 23, 429-57.

Zenk, M.H. (1990) Plant cell culture: a potential in food biotechnology. Food Biotechnol.,
4, 461-70.

Zenk, M.H. (1995) Chasing the enzymes of biosynthesis, in Organic Reactivity: Physical
and Biological Aspects. (eds B.T. Golding, R.J. Griffin and H. Maskill) The Royal
Society of Chemistry, London, UK, pp. 89-109.

Zenk, M.H., Gerardy, R. and Stadler, R. (1995) Phenol oxidative coupling of ben-
zylisoquinoline alkaloids is catalyzed by regio- and stereo-selective cytochrome
Pys50 linked plant enzymes: salutaridine and berbamunine. . Chem. Soc. Chem. Com-
mun., pp. 1725-27.

Zenk, M.H. and Juenger, M. (2007) Evolution and current status of the phytochemistry
of nitrogenous compounds. Phytochemistry, 68, 2757-72.

Zhang, L., Ding, R., Chai, Y., Bonfill, M., Oksman-Caldentey, K.-M., Xu, T., Pi, Y,,
Wang, Z., Zhang, H., Kai, G., Liao, Z., Sun, X. and Tang, K. (2004) Engineering
tropane biosynthetic pathway in Hyoscyamus niger hairy root cultures. Proc. Natl.
Acad. Sci. USA, 101, 6786-91.

Ziegler, J. and Facchini, PJ. (2008) Alkaloid biosynthesis: metabolism and trafficking.
Annu. Rev. Plant Biol., 59, 735-69.

Ziegler, ]J. Voegtlander, S., Schmidt, J., Kramell, R., Miersch, O., Ammer, C., Gesell, A.
and Kutchan, T.M. (2006) Comparative transcript and alkaloid profiling in Papaver
species identifies a short chain dehydrogenase/reductase involved in morphine
biosynthesis. Plant. J., 48, 177-92.

Zont, J. and Amrhein, N. (1992) Inhibitors of phenylalanine ammonia-lyase: 2-
aminoindan-2-phosphonic acid and related compounds. Liebigs Ann. Chem., 625-8.



Annual Plant Reviews (2010) 40, 182-257 www.interscience.wiley.com
doi: 10.1002/9781444320503.ch4

Annual
Plant

EEYS

BIOSYNTHESIS OF
PHENYLPROPANOIDS AND
RELATED COMPOUNDS

Maike Petersen, Joachim Hans and Ulrich Matern

Institute of Pharmaceutical Biology, Philips-University Marburg, Marburg,
Germany

Abstract: Phenolic compounds are ubiquitous in the plant kingdom. A main path-
way for the formation of these compounds starts with the aromatic amino acids
L-phenylalanine and — to a lesser extent — L-tyrosine. In the general phenyl-
propanoid pathway, these are transformed to coenzyme A-activated 4-coumaric
acid by phenylalanine ammonia-lyase, cinnamic acid 4-hydroxylase and 4-
coumarate CoA-ligase. 4-Coumaroyl-CoA gives rise to a large number of different
natural products, e.g. flavonoids, lignans, coumarins, tannins, hydroxycinnamic
acid esters and amides as well as lignin monomers. This review gives an insight
into recent findings concerning the general phenylpropanoid pathway as well as
the biosyntheses of hydroxycinnamoyl conjugates, phenolic aroma and fragrance
compounds, lignans, coumarins and gallo-/ellagitannins.
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4.1 Introduction

The biosyntheses of phenylpropanoids and the natural compounds derived
thereof are among the most thoroughly investigated biosynthetic pathways
leading to plant natural products. Our knowledge of enzymes, genes and
their transcriptional control has increased dramatically since the last review
in this series (Petersen et al., 1999). Nowadays, research is focused mainly on
the molecular and genetic levels, the elucidation of the regulatory principles
of the biosyntheses and the functions of natural products for their producers.
We are just beginning to understand the importance of natural compounds
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in the interactions of plants with their environment. Upcoming knowledge
concerns the metabolic channelling in biosynthetic pathways (Dixon et al.,
2001; Winkel, 2004; Jorgensen et al., 2005) as well as the regulation of phenolic
biosynthetic pathways on the level of transcription factors (e.g. Vom Endt
et al., 2002) and the structural elucidation of biosynthetic enzymes involved
in natural product biosyntheses (see, e.g. Noel et al., 2005). Furthermore,
interest in the evolutionary origin of secondary metabolic enzymes in en-
zymes from primary metabolism is steadily rising (see the special volumes
of Phytochemistry, 66(11), 2005, and 70 (15-16) 2009 ‘Evolution of Metabolic
Diversity’). This review provides a broad overview of our knowledge of the
biosynthesis and molecular biology of a number of compounds related to
phenylpropanoid metabolism. It is not meant to be comprehensive and the
reader is referred to other recent reviews to get answers for specific questions.
Since the field of flavonoids, isoflavonoids and stilbenes has extended very
much and has been reviewed recently (see, e.g. Dixon et al., 2004; Schijlen
et al., 2004; Williams and Grayer, 2004; Martens and Mithofer, 2005; Andersen
and Markham, 2006; Ververidis et al., 2007a,b), it is not treated in this chapter.
For achievements gained before 1995, the reader is referred to the previous
review published in this series under the same title in 1999 (Petersen et al.,
1999, and the literature cited therein).

4.2 General phenylpropanoid pathway and formation
of hydroxycinnamate conjugates

Phenylpropanoids and their derivatives are compounds containing a C¢Cs-
moiety derived from the amino acid L-phenylalanine (and less frequently
L-tyrosine). Channelling of the amino acids from primary into secondary
metabolism is achieved by the activity of phenylalanine/tyrosine ammonia-
lyases (PAL, TAL). The core reactions of the general phenylpropanoid
pathway are the deamination by PAL, the introduction of a 4-OH group into
the aromatic ring by cinnamate 4-hydroxylase (CAH, C4H) and the activation
of the acid as coenzyme A thioester (catalysed by 4-coumarate CoA-ligase,
4CL) or less frequently as glucose ester. The introduction of further sub-
stituents (see Fig. 4.1) into the aromatic ring has been a hot research topic for
decades but seems to be solved now (see Section 4.2.1.4). Phenylpropanoids
are used as the monomers for lignin and lignan formation and as starters
for the addition of acetate units by polyketide synthases leading to, e.g.,
flavonoids and stilbenes. Hydroxycinnamic acids are found as ‘decorating
units’ in many natural compounds, e.g. flavonoids and anthocyanins. More-
over, hydroxycinnamate derivatives comprise different esters and amides
that are formed with all kinds of molecules as acceptors. Additionally, hy-
droxycinnamic acid moieties are found as phenolic constituents in cutins and
suberins.
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Figure 4.1 Current view of the phenylpropanoid metabolism. PAL, phenylalanine
ammonia-lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-coumarate:CoA-ligase; HCT,
hydroxycinnamoyl-CoA:shikimate/quinate hydroxycinnamoyltransferase; 3-hydroxylase,
4-hydroxycinnamoylshikimate/quinate 3-hydroxylase.

4.2.1 The general phenylpropanoid pathway

4.2.1.1 Phenylalanine ammonia-lyase

Phenylalanine ammonia-lyase (PAL; EC 4.3.1.5) channels phenylalanine into
the general phenylpropanoid pathway by removing the nitrogen as ammonia
while introducing the trans-double bond between C7 and C8 of the side chain
(Fig. 4.1). Mainly in grasses, an enzyme having a higher affinity for tyrosine
(tyrosine ammonia-lyase, TAL) is found. Since its first description by Koukol
and Conn in 1961, PAL ranges among the most and best studied enzymes
in plant secondary metabolism. In many plants, PAL isoforms are encoded
by multi-gene families (see, e.g. Wanner et al., 1995). Members of these fami-
lies are differentially expressed and the encoded PAL isoforms play specific
roles in plant metabolism. The four annotated PAL genes from Arabidop-
sis thaliana have been heterologously expressed and characterized showing
slightly different properties while one isoform showed a very low activity
(Cochrane et al., 2004). Although PAL is generally considered as a soluble
enzyme, varying sub-cellular localizations of different PAL isoforms (cyto-
plasmic — membrane-bound) and association with the ER-bound cinnamate
4-hydroxylase has been postulated, thus enabling an effective channelling of
metabolites through the phenylpropanoid pathway (Rasmussen and Dixon,
1999; Achnine et al., 2004; Sato et al., 2004). Engineering of PAL and C4H
into yeast, however, did not support this view (Ro and Douglas, 2004); here,
however, it must be taken into account that this system is highly artificial. The
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putative organization of enzymes involved in biosynthetic pathways leading
to different phenolic compounds in so-called metabolons has been reviewed
by Winkel (2004) and Jorgensen et al. (2005).

PAL isinduced together with other genes/enzymes of phenolic metabolism
by environmental factors, e.g. pathogen attack or UV light. The involvement
of transcription factors in the coordinated induction of genes leading to spe-
cific compounds has been demonstrated in different plants. In maize, PAL
and the following enzymes leading to anthocyanin formation and vacuolar
storage are induced by a pair of transcription factors, the MYB transcription
factor C1 and R, which belongs to the basic helix-loop-helix (PHLH) factors.
A different MYB factor P also induces PAL, but also the enzymes involved
in the biosynthesis of flavan-4-ols (Grotewold et al., 1998; Mol et al., 1998;
review by Vom Endt et al., 2002). Similar situations are found in other well-
investigated flavonoid/anthocyanin-synthesizing plants. The regulation of
PAL activity on the protein level by phosphorylation has been described by
Bolwell et al. (1996).

PAL is active as a homotetrameric protein without any co-factor. The
electrophilic group necessary for the removal of nitrogen as ammonia is
provided by three amino acids (Ala-Ser-Gly) which autocatalytically form
a 4-methylidene-imidazole-5-one (MIO) group (Langer et al., 2001; Poppe,
2001) as seen in the first crystal structure of a plant PAL (Ritter and Schulz,
2004). This structure also demonstrated the high structural similarity of PAL
to histidine ammonia-lyase (HAL) from the degradation pathway of histidine
to glutamate, which was crystallized from Pseudomonas putida (Schwede
et al., 1999). Therefore, an evolutionary origin of PAL in HAL, which
catalyses a similar deamination reaction, was postulated (Ritter and Schulz,
2004).

4.21.2 Cinnamic acid 4-hydroxylase

The hydroxylation step in the core phenylpropanoid pathway transform-
ing cinnamic acid to 4-coumaric acid is catalysed by cinnamic acid 4-
hydroxylase (C4H, CAH; EC 1.14.13.11; Fig. 4.1) which probably is the
best investigated cytochrome P450 monooxygenase in plant metabolism. Af-
ter extensive biochemical characterization (see review by Werck-Reichhart,
1995) from its time of detection by Nair and Vining (1965), the first cDNA
was isolated in 1993 from Helianthus tuberosus and classified as CYP73A1
(Teutsch et al., 1993). To date, more than 80 members of the CYP73A family
have been listed on the cytochrome P450 homepage of Dr David Nelson
(http://drnelson.utmem.edu/CytochromeP450.html) and all actively ex-
pressed members of the family exert C4H activity. Many assignments, how-
ever, are only based on sequence similarities and not on the determination of
catalytic activities. C4Hs exist as multi-gene families in many species (Lu et al.,
2006). From sequence data, two classes I and II can be distinguished which
are differently abundant in monocotyledonous and dicotyledonous plants
(Ehlting et al., 2006). Heterologous expression of the open reading frames
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(ORFs) encoding C4H is in most cases achieved in Saccharomyces cerevisiae
since this organism, as a eukaryote, has endoplasmic reticulum membranes
to localize cytochrome P450s as well as NADPH:cytochrome P450 reductase
(CPR). Yeast has an own CPR which is able to provide the electrons for the
C4H reaction, but in many cases yeast cells engineered with Arabidopsis CPR
or the species-derived CPR have been used. C4H directly isolated from plant
cells as well as heterologously expressed proteins exert a high substrate speci-
ficity, essentially only accepting t-cinnamic acid as a substrate. Increased C4H
transcript levels and activities are found in correlation with lignification, syn-
thesis of phenolic defence compounds (induction by fungal elicitors and/or
jasmonates) as well as wounding. Promoter analyses have shown regulatory
boxes for binding of transcription factors also involved in the regulation of
other genes of phenolic metabolism (see, e.g. Lu et al., 2006). Down-regulation
of C4H usually resulted in lower C4H activities and a reduced and/or altered
lignin content (Sewalt et al., 1997; Chen et al., 2006). The latter was surprising
since C4H activity is needed for the formation of all lignin monomers, and
an explanation for this observation has not yet been found.

A new method to quantify C4H (as an example for a cytochrome P450) was
established with the help of fluorescence-coupled immunodetection as a sub-
stitute and with a lower detection limit as CO difference spectra (Humphreys
and Chapple, 2004).

An engineered water-soluble C4H (originally from Helianthus tuberosus)
has been expressed and purified from yeast and used for "TH-NMR studies in
order to investigate the active site and the substrate positioning. The initial
placement of the cinnamate parallel to the heme was not able to explain
the exclusive 4-hydroxylation of the substrate and it was suggested that the
substrate has to shift during the catalytic cycle (Schoch et al., 2003).

4.2.1.3 Activation of hydroxycinnamic acids and their derivatives
(Hydroxy)cinnamic acids themselves are metabolically rather inert. In order
to undergo further metabolism, generally activation of the carboxyl group
is necessary. Activation of (hydroxy)cinnamic acids can be achieved by ei-
ther ATP-dependent transfer to coenzyme A (CoA) or UDP-glucose (UDPG)-
dependent transfer to glucose. Enzymes catalysing the former reaction are
named hydroxycinnamic acid:CoA-ligases or 4-coumarate:CoA-ligases (4CL;
Fig. 4.1), although differently substituted hydroxycinnamic acids may be ac-
cepted by the enzymes. Generally, 4-coumaric, caffeic and ferulic acids are
considered good substrates, whereas cinnamic and sinapic acids are poorly
or not at all converted. The coenzyme A thioesters will enter different further
reactions such as reduction to aldehydes and alcohols (monolignols), addi-
tion of acetate units from malonyl-CoA by polyketide synthases leading to
the formation of, e.g., flavonoids, isoflavonoids and stilbenes or acyl transfer
to varying acceptor molecules.

During the reaction of 4CL, the (hydroxy)cinnamic acid is first activated by
AMP (from ATP) and then transferred to coenzyme A. 4CLs share common
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peptide domains and a common reaction mechanism with other members
of the AMP-binding protein family such as firefly luciferases, nonribosomal
peptide synthetases and acyl-CoA synthetases (Cukovic ef al., 2001; Ehlting
et al., 2001). By sequence comparison, two evolutionary ancient sub-groups
(classes I and II) can be distinguished (Ehlting et al., 1999). Usually 4CLs
are encoded by several genes within one organism. However, from the 11
annotated putative 4CL genes from Arabidopsis thaliana, only four proteins
did really catalyse a 4CL reaction accepting different cinnamic acids with
different affinities (Costa et al., 2005). Only one of the enzymes was capable
of effectively activating sinapic acid as previously described by Hamberger
and Hahlbrock (2004) and Lindermayr et al. (2002) for soybean 4CLs. In Pop-
ulus tremuloides, two isoforms of 4CL showed substrate preferences towards
4-coumaric and caffeic acids, respectively (Harding ef al., 2002). Feeding ex-
periments with different plant species performed by Yamauchi ef al. (2003)
suggested that different pathways towards syringyl (S) lignin units may oc-
cur in different plant species. Different cis-regulatory elements in the pro-
moter regions of the four 4CL genes (At4CL1-At4CL4) of Arabidopsis thaliana
were shown to mediate differential regulation through developmental and
wounding signals (Soltani et al., 2006).

Structural investigations on the 4CLs from several plant species helped to
identify the substrate binding motif responsible for the discrimination be-
tween highly and less substituted cinnamic acids (Ehlting et al., 2001; Stuible
and Kombrink, 2001; Lindermayr et al., 2003; Schneider et al., 2003). The
amino acid residues responsible for 4CL catalytic activity were identified by
mutational analysis of At4CL2 from Arabidodpsis thaliana (Stuible et al., 2000).

An unexpected reaction, the synthesis of (di)adenosine polyphosphate by
4CL in the presence of cinnamic acids, was described by Pietrowska-Borek
et al. (2003).

Although 4CLs were believed to be specific for plants, a cinnamic acid
CoA-ligase has recently been cloned from Streptomyces coelicolor A3(2). The
heterologously expressed enzyme predominantly accepted 4-coumarate and
cinnamate and with lower affinity caffeate, while ferulate was not accepted.
Mutations of amino acid residues in the substrate-binding pocket were able
to alter the substrate affinity (Kaneko et al., 2003). This bacterial 4CL gene
was used for the biotechnological production of flavonoids in E. coli (see, e.g.
Miyahisa et al., 2006, and the literature cited therein).

Similar CoA-ligases, but with distinct substrate specificities, seem to be
active in other metabolic pathways. 3-Hydroxybenzoate:CoA-ligase from
Centaurium erythraea involved in xanthone biosynthesis showed very sim-
ilar characteristics to the hydroxycinnamate:CoA-ligase from the same
species, but did not accept hydroxycinnamates (Barillas and Beerhues, 1997).
Three CoA-ligases, namely cinnamate:CoA-ligase, benzoate:CoA-ligase and
4-coumarate:CoA-ligase, were separated in cell extracts from Hypericum
androsaemum attributed to xanthone, benzoic acid and phenylpropanoid
metabolism, respectively (Abd El-Mawla and Beerhues, 2002).
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Transfer of glucose to hydroxycinnamic acids or alcohols can either occur
at aromatic OH groups or at the aliphatic side chain (see, e.g. the review
by Bowles ef al., 2006). The former is usually considered to lead to storage
and transport compounds, e.g. in lignification, whereas the activation of a
hydroxycinnamic acid as a glucose ester parallels the activation as a coen-
zyme A thioester, but is not as abundant (see below). UDP-glucose (UDPG)-
dependent glucosyltransferases forming hydroxycinnamic acid glucose es-
tersin a freely reversible reaction have already been known for a long time (see
Mock and Strack, 1993). Recently, more than 100 secondary metabolite glu-
cosyltransferase genes have been identified in the Arabidopsis genome on the
basis of conserved sequence motifs in the binding region for the sugar
donor (Paquette ef al., 2003). Some of them were shown to also gluco-
sylate xenobiotics. A UDPG:cinnamate glucosyltransferase from Fragaria
ananassa catalyzes the formation of (hydroxy)cinnamoyl glucose esters in-
volved in the formation of aroma compounds (Lunkenbein et al., 2006).
In Brassicaceae a number of sinapate esters (e.g. sinapoylmalate, sinapoyl-
choline) play important roles in defence and as storage compounds. The
transfer of the sinapate moiety to different acceptors is mediated from
sinapoyl-glucose. UDP-glucose:sinapate glucosyltransferase has been exten-
sively characterized, e.g., from the economically important plants Raphanus
sativus and Brassica napus (Nurmann and Strack, 1981; Wang and Ellis,
1998). Genes encoding the enzymes involved in the formation of hydrox-
ycinnamate glucose esters have recently been identified in, e.g., Arabidopsis
thaliana and seeds of Brassica napus (Milkowski et al., 2000a,b; Lim et al.,
2001; Mittasch et al.,, 2007, and the cited literature). The enzyme sinapate
1-glucosyltransferase (EC 2.4.1.120) exclusively forms glucose esters and
prefers sinapate as acceptor, but also takes other hydroxycinnamates. RNAi-
mediated silencing of sinapoyl 1-glucosyltransferase in Brassica napus re-
sulted in the reduction of a number of sinapate esters (Baumert et al.,
2005). The formation of these esters is catalysed by serine carboxypeptidase-
like acyltransferases (see below). A hydroxycinnamate glucosyltransferase
from tomato usually transferring the glucose to the aromatic OH group
(EC 2.4.1.126) was reported to additionally form glucose esters with some
other substrates (Fleuriet and Macheix, 1980). Similarly, a glucosyltransferase
with a very broad substrate specificity (e.g. glucoside formation with stil-
benes, flavonoids, coumarins and glucose esters of hydroxycinnamic and
hydroxybenzoic esters) was found in grapes (Hall and De Luca, 2007).
Hydroxycoumarins as well as hydroxycinnamic acids were glucosylated
by salicylic acid-inducible enzymes from tobacco (Fraissinet-Tachet et al.,
1998).

A cross-talk between the two activation pathways of hydroxycinnamic
acids by CoA or glucose was shown in an Arabidopsis mutant with hyper-
fluorescence: upon reduction of UDP-glucose:sinapate glucosyltransferase
activity a part of the sinapic acid was activated as CoA thioester and directed
into flavonoid biosynthesis (Sinlapadech et al., 2007).
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Hydroxycinnamic acid esters, e.g. chlorogenic acid, can act as ‘activated’
hydroxycinnamoyl donors as well, and thus represent an activated form of
a hydroxycinnamic acid. This will be exemplified in more detail in Sections
4214and 4.2.2.

4214 Establishing the caffeoyl substitution pattern:

hydroxycinnamoyl-

CoA shikimate/quinate hydroxycinnamoyltransferase and

4-coumaroylshikimate/quinate 3-hydroxylase
For decades the introduction of the 3- or meta-hydroxyl group into 4-
coumaroyl derivatives has been an open question and several enzyme types
have been proposed to be involved in this reaction (see Petersen ef al., 1999
and Ehlting et al., 2006 for an overview). The importance for one or the other
of these previously described 3-hydroxylation enzymes in specific biosyn-
thetic pathways or in specific plants remains to be newly elucidated. The
3-hydroxylation of a 4-coumaroyl moiety at the ester stage had been de-
scribed for the biosynthesis of chlorogenic acid or caffeoylshikimate (Heller
and Kihnl, 1985; Kiihnl et al., 1987) as well as for rosmarinic acid biosynthesis
(Petersen, 1997). The importance of 4-coumaroyl esters (4-coumaroylquinate
and -shikimate) for the formation of caffeoyl moieties for many, if not all,
phenolic pathways was detected in 2001 and 2002 independently by four
groups (Schoch et al., 2001; Anterola et al., 2002; Franke et al., 2002a; Nair et al.,
2002). The 4-coumaroyl esters of shikimate and quinate are hydroxylated by
a cytochrome P450 monooxygenase of the CYP98 family; the enzyme thus
should be named 4-coumaroylshikimate/quinate 3-hydroxylase (C3H).

The formation of the 4-coumaroyl ester as well as — putatively — the re-
transfer of the newly established caffeoyl moiety to coenzyme A is catalysed
by a hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyltrans-
ferase (Fig. 4.1) of the BAHD superfamily of acyltransferases (Hoffmann
et al., 2003). Older reports had already shown that enzymes transferring
hydroxycinnamoyl moieties to shikimate and/or quinate might show more
or less pronounced substrate specificities (Rhodes et al., 1979; Ulbrich and
Zenk, 1979, 1980). The cDNA isolated by Hoffmann et al. (2003) from tobacco
encoded a protein that preferred shikimate as a substrate, whereas the
protein encoded by a similar but slightly different cDNA from tobacco and
tomato preferentially accepted quinate with a 20-fold lower K, value than
for shikimate (Niggeweg et al., 2004). The latter enzyme was proposed to be
active in chlorogenic acid biosynthesis since over-expression of the cDNA led
to an enhanced chlorogenic acid content of the plant material and increased
antioxidant activity and pathogen resistance. Down-regulation resulted in
98% decreased chlorogenic acid levels, while the content of other phenolics
and of lignin remained unchanged. On the other hand, down-regulation
of the shikimate hydroxycinnamoyltransferase resulted in strongly altered
lignin content and composition, and thus revealed that this enzyme might
be the basic enzyme necessary for introduction of the 3-OH group into
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phenylpropanoid moieties and therefore also lignin precursors (Hoffmann
et al., 2004, 2005). Similar hydroxycinnamoyltransferases are currently under
investigation, e.g. from Cynara cardunculus with cynarin (dicaffeoylquinic
acid) as one of the main secondary compounds (Comino et al., 2006, 2007) as
well as ‘rosmarinic acid synthase” from Coleus blumei (Berger et al., 2006).

The CYP98 family is responsible for the introduction of 3-hydroxyl groups
into 4-coumaroyl moieties (Fig. 4.1). CYP98A3 from Arabidopsis thaliana
heterologously expressed in yeast was shown to only slowly catalyse the
3-hydroxylation of 4-coumaric acid, while 4-coumaric acid esters, notably
shikimate and quinate esters, were converted much more rapidly (Schoch
et al., 2001; Nair et al., 2002). A coordinate regulation of the corresponding
CYP98 in Pinus taeda with other genes involved in monolignol biosynthesis
has been shown by Anterola et al. (2002). The ref8 mutation in Arabidopsis
thaliana resulted in a reduced epidermal fluorescence due to reduced levels
of sinapate esters. Franke et al. (2002a) showed that this was caused by
the inability of the mutants to produce caffeic acid; thus the ref8 mutant
was traced back to a cytochrome P450 involved in the 3-hydroxylation of
4-coumarate. Down-regulation or mutation of C3H resulted in a shift of hy-
droxycinnamic acid and hydroxycinnamic acid ester accumulation towards
the 4-hydroxy substitution pattern and in reduced lignin contents and altered
lignin composition with higher levels of units with 4-hydroxylated aromatic
rings (Anterola and Lewis, 2002; Franke et al., 2002b; Reddy et al., 2005).

The number of CYP98 genes varies in plants between one and several, while
dicotyledonous plants seem to have evolved a higher degree of diversification
(Ehlting et al., 2006).

Recently two CYP98 cDNAs (CYP98A35, CYP98A36) have been isolated
from Coffea canephora with different substrate preferences and different
intron-exon arrangements (Mahesh et al., 2007). Two introns were found
in CYP98A35, but only one in CYP98A36. CYP98A35 was able to metabo-
lize 4-coumaroylshikimate and -quinate with the same rate, while the other
enzyme only accepted the shikimate ester.

4.2.1.5 Further hydroxylation and methylation reactions
at the aromatic ring

According to the above-mentioned hypothesis, the caffeic acid moiety is re-
transferred to coenzyme A for further modification reactions. Methylation
of the caffeoyl moiety in position 3 is achieved by S-adenosyl-L-methionine
(SAM)-dependent O-methyltransferases (OMTs) either acting on the level of
the free acid or the coenzyme A thioester. Hydroxylation in position 5 is
catalysed by a cytochrome P450 of the CYP84 family which will be described
in more detail. Establishment of the sinapoyl substitution pattern by adding
another methyl group will be depicted below.

A cytochrome P450 with ferulic acid 5-hydroxylase (F5H) activity was
first detected by Grand (1984) in poplar. The gene for this cytochrome P450
defining the new CYP84 family was described and isolated with the help of an
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Arabidopsis mutant (fah1) defective in the accumulation of sinapic acid esters
(Chapple et al., 1992; Meyer et al., 1996). Corresponding genes/cDNAs have
successively been isolated from several other plants. In some species more
than one F5H gene is present (Nair et al., 2000; Kim et al., 2006a). Biochem-
ical characterization of this hydroxylase showed that coniferaldehyde and
coniferyl alcohol are much better substrates than ferulic acid (Humphreys
et al., 1999; Osakabe et al., 1999). Thus, the enzyme should be re-named
coniferyl aldehyde/alcohol 5-hydroxylase (CA5H) but F5H still is used in
the scientific literature. Expression of FSH is generally found in correlation
to lignification (Ehlting et al., 2006). Over-expression and down-regulation
of the gene resulted in altered lignin composition mainly with respect to the
content of syringyl units in lignin. This demonstrated the importance of this
reaction in monolignol formation for lignin biosynthesis (see, e.g. Meyer et al.,
1998; Franke et al., 2000; Sibout et al., 2002; Higuchi, 2003; Huntley et al., 2003).
Sinapic acid ester accumulation in Brassicaceae species is affected as well by
the expression of F5H (Ruegger et al., 1999; Nair et al., 2000).

Methylation of the 3- and 5-hydroxyl group in order to achieve the
coniferyl or syringyl substitution pattern is catalysed by different S-adenosyl-
L-methionine (SAM)-dependent OMTs active on the levels of the co-enzyme
A thioester (caffeoyl-CoA O-methyltransferase, CCoAOMT) or the acid,
aldehyde or alcohol (caffeate O-methyltransferase, COMT); the latter en-
zyme was first thought to be active on the hydroxycinnamic acid level, but
was later shown to prefer aldehydes and/or alcohols. This corresponds to
the finding that not ferulate but coniferaldehyde and/or coniferyl alcohol
are the substrates for 5-hydroxylation. COMT can efficiently methylate 5-
hydroxyconiferaldehyde to sinapaldehyde (Humphreys et al., 1999; Osakabe
et al., 1999). The aldehydes will then be reoxidized to the acids by sinapalde-
hyde/coniferaldehyde dehydrogenase(s) (Nair et al., 2004) or reduced to the
alcohols/monolignols for lignin/lignan biosynthesis. Recent investigations
with Arabidopsis mutants gave the hint that COMT and CCoAOMT are both
involved in 3- and 5-O-methylation (Do et al., 2007). An OMT methylating
free acid as well as CoA-esters with similar efficiency was reported from a
gymnosperm (Li et al., 1997). Nowadays, it seems to be clear that both types
of enzymes, COMTs and CCoAOMTs, are involved in the formation of mono-
lignols. While CCoAOMT is preferentially involved in the guajacyl pathway,
COMT more strongly affects the formation of syringyl units and may be the
evolutionarily younger enzyme (Meng and Campbell, 1998).

A general review on the group of small molecule OMTs was recently
published by Noel et al. (2003).

COMT (EC 2.1.1.68) was detected as an enzyme methylating caffeic acid to
ferulic acid with the help of SAM and later it was shown that 5-hydroxyferulic
acid is also methylated to sinapic acid. Mostly, other substrates will be ac-
cepted as well (Roje, 2006). Nowadays, however, there are strong indications
that the hydroxycinnamic aldehydes and/or alcohols will be preferentially
methylated by COMTs (Parvathi et al., 2001). Kinetic investigations of the
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aspen enzyme revealed 5-hydroxyconiferyl aldehyde as the best substrate (Li
et al., 2000). COMTs belong to the class of small molecule OMTs (SMOMT),
usually enzymes with a molecular mass of approximately 40 kDa acting
as homodimers. COMT crystals with bound substrates were structurally
investigated providing the structural basis for mutational alterations of the
substrate preferences (Eckardt, 2002; Zubieta et al., 2002). Two COMT classes
(I and II) were defined in tobacco (Maury ef al., 1999). In many plant species,
down-regulation of COMT was used to reduce lignin levels, e.g. in order to
improve digestibility (see, e.g. Chen et al., 2004). Especially S lignin units were
virtually absent after strong down-regulation of COMT in alfalfa (Guo et al.,
2001) or poplar (Jouanin et al., 2000). A COMT knockout mutant of Arabidopsis
was affected in lignin as well as in sinapate ester levels (Goujon et al., 2003a).

CCoAOMT (EC 2.1.1.104) transfers the methyl group of SAM to the aro-
matic 3-OH group of caffeoyl-CoA and the 5-OH group of 5-hydroxyferuloyl-
CoA, thus forming feruloyl-CoA and sinapoyl-CoA, respectively. Generally,
however, caffeoyl-CoA is strongly preferred as a substrate, and nowadays a
physiological role in methylation of 5-hydroxyferuloyl-CoA seems unlikely
(Ye et al, 2001). The enzyme was first detected in elicited carrot and
parsley suspension cultures in 1988/89 (Matern ef al., 1988; Kiihnl et al.,
1989; Pakusch et al., 1989) and cloned after purification from parsley by
Schmitt et al. (1991). Afterwards, CCoAOMTs were cloned from many
other plants (see Ye et al., 2001). In tobacco, three different classes were
defined (Maury et al., 1999). Except for the SAM and metal binding sites,
the sequence similarities to COMTs on amino acid levels are very low, but
interestingly similarities to mammalian catechol OMTs were detected (Ye
et al., 2001). The crystal structure of CCoAOMT from Medicago sativa has
been solved, showing that the enzyme is active as a homodimer of a 28 kDa
protein. Sequence comparison as well as structural features showed that
the enzyme belongs to a structurally and mechanistically distinct family
of plant SMOMTs (Ferrer et al., 2005). As for mammalian catechol OMTs,
the reaction mechanism is dependent on divalent cations (Ibrahim et al.,
1998; Ferrer et al., 2005). In certain plants, CCoAOMT expression is observed
mainly in correlation with lignification, although a role in plant defence was
suggested as well. As an example, a coordinate induction of CCoAOMT and
hydroxycinnamoyl-CoA:hydroxyanthranilate hydroxycinnamoyltransferase
activities finally leading to avenanthramide phytoalexins was observed
in oat after treatment with victorin or Puccinia coronata (Yang et al., 2004).
Similarly, CCoAOMT and stilbene synthase activities were induced by
elicitor or salicylic acid treatments in grapevine (Busam et al., 1997). In some
cases, CCOAOMT down-regulation resulted in lower total lignin contents
and altered lignin composition (see, e.g. Meyermans et al., 2000; Zhong et al.,
2000; Pincon et al., 2001; Lu et al., 2004). In Medicago sativa, however, neither
the formation of S lignin units nor the levels of cell wall-bound ferulate were
affected by CCoAOMT down-regulation (Chen et al., 2006).

Two OMTs methylating specifically the outer hydroxyl groups of a 3,4,5-
trihydroxylated aromatic ring (like, e.g., in gallic acid) have been described
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from Vanilla planifolia. These enzymes showed similarities to caffeate OMTs,
and an evolutionary origin in caffeate OMTs was suggested (Li et al., 2006).
COMTs isolated from alfalfa displayed higher affinities towards benzalde-
hyde derivates compared to caffeic or 5-hydroxyferulic acids, thus showing
multi-functionality in phenylpropanoid metabolism (Kota et al., 2004).
Acceptance of such different substrates as caffeoyl-CoA, caffeoyl glucose
and flavonols was shown for the Mg?"-dependent O-methyltransferase
cloned and heterologously expressed from Mesembryanthemum crystallinum
and a novel subclass of the CCoAOMT family was proposed (Ibdah et al.,
2003).

4.2.1.6 Metabolic channelling in phenylpropanoid metabolism

Most enzymes of phenylpropanoid metabolism have been characterized as
‘soluble” enzymes with the exception of the mainly ER-located cytochrome
P450-dependent enzyme systems. Solubility of a protein after cell disruption
must, however, not indicate that the proteins move freely in the cytoplasm
or respective organelle, and binding of a substrate is more or less random.
Already, Stafford (1974) proposed that the enzymes of phenylpropanoid
metabolism may be organized in complexes, and in the 1980s it was
suggested that soluble enzymes may be associated to membrane-bound ones
in order to channel metabolites through the biosynthetic pathway (Hrazdina
and Jensen, 1992, and the literature cited therein). This might be the expla-
nation for sometimes surprisingly low substrate specificities of enzymes
(Winkel, 2004): if they are organized in ‘metabolons’, they are served with
specific substrates by neighbouring enzymes and must not express own high
substrate specifity. On the other hand, the low effectivity of some precursor
feeding experiments can be explained by such a channelling as well (Dixon
et al., 2001). In phenylpropanoid biosynthesis, C4H and F5H may be the
anchoring enzymes since these cytochrome P450s are attached by their
N-terminal domain into ER-membranes. For PAL from tobacco, different
isoform families seem to be localized to different compartments, PAL-1 to
the ER and the cytosol and PAL-2 to the cytosol (Rasmussen and Dixon 1999;
Achnine et al., 2004). Similarly, different isoforms of 4CL displaying different
expression patterns and substrate specificities may be involved in such a
‘metabolon’ formation (Ehlting et al., 1999). Metabolic channelling involving
coniferaldehyde 5-hydroxylase and caffeic acid 3-O-methyltransferase in the
biosynthesis of syringyl monolignols via coniferaldehyde was suggested
by Guo et al. (2002) in Medicago sativa. Aspects of metabolic channelling
in natural product biosynthetic pathways have been reviewed recently by
Dixon et al. (2001), Winkel (2004) and Jorgensen et al. (2005).

4.2.2 Formation of hydroxycinnamate conjugates

Important hydroxycinnamic acid conjugates from plants are hydroxycin-
namic acid esters and hydroxycinnamic acid amides (see Petersen et al., 1999).
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Formation of hydroxycinnamic acid esters is catalysed by three different
enzyme classes and from three differently activated forms of hydroxycin-
namic acids. Acyltransferases belonging to the superfamily of BAHD acyl-
transferases have been detected in fungi and plants (St Pierre and De Luca,
2000; D’Auria, 2006). They use acids activated as coenzyme A thioesters
(e.g. acetyl-CoA, hydroxycinnamoyl-CoA, benzoyl-CoA, anthraniloyl-CoA)
as acyl donors. Acyltransferases of this type are widely active in plant sec-
ondary metabolism, for instance in the biosynthesis of hydroxycinnamoyl-
shikimate and -quinate (Hoffmann et al., 2003; Niggeweg et al., 2004), ros-
marinic acid (Berger et al., 2006), fragrance compounds (Gang, 2005), acy-
lated anthocyanins (Nakayama et al., 2003), alkaloids (e.g. Bayer et al., 2004)
or the diterpenoid alkaloid paclitaxel (e.g. Walker et al., 2002). A recent
compilation is found in D’Auria (2006). First crystal structures of enzymes
of this class were solved for vinorine synthase (an acetyltransferase; Ma
et al., 2005) and for an anthocyanin malonyltransferase (Unno et al., 2007)
showing the involvement of the conserved sequence motif HxxxD(G) in
catalysis, but a more peripheral situation of the second conserved motif
DEGWG.

The second group of acyltransferases uses 1-O-B-acetal esters of glucose
as acyl donors. Enzymes of this class are involved in the formation of,
e.g., sinapoylmalate or sinapoylcholine in Brassicaceae (Lehfeldt et al., 2000;
Shirley and Chapple, 2003; Milkowski et al., 2004), acylated betacyanins in
Chenopodium rubrum (Bokern et al., 1992) or diacylated glucose in tomato
(Li and Steffens, 2000). The substrate for these acyltransferases, sinapoyl-
glucose, is formed by UDP-glucose:sinapate glucosyltransferase which was
cloned from Brassica napus (Milkowski et al., 2000a) and which also accepts
other cinnamic acids. Different (hydroxy)cinnamic acid glucosyltransferases
cloned from Arabidopsis thaliana revealed more distinct substrate specifici-
ties (Milkowski et al., 2000b). Molecular investigations have shown that the
acyltransferases have evolved from serine carboxypeptidases, and they have
therefore been named serine carboxypeptidase-like acyltransferases (see re-
views by Steffens, 2000, and Milkowski and Strack, 2004). Molecular analy-
ses as well as immunological investigations have shown that these enzymes
are targeted to the vacuole (Hause et al., 2002). Modelling of the protein
structures of 1-O-sinapoyl-B-glucose:l-malate sinapoyltransferase (SMT) and
1-O-sinapoyl-B-glucose:choline sinapoyltransferase (SCT) led to the identifi-
cation of the catalytic triad (Ser-His—Asp) and of amino acid residues crucial
for substrate positioning (Stehle et al., 2006/2007). A survey of the genome of
Arabidopsis thaliana revealed 51 genes encoding serine carboxypeptidase-like
enzymes. A clade of 19 quite similar genes being specific for plants comprised
several sinapoyltransferases utilizing sinapoylglucose involved in secondary
metabolism (Fraser et al., 2007).

In several cases, it has been shown that the same product is formed
by different types of acyltransferases in different plant species. Chloro-
genic acid is formed by an acyltransferase of the BAHD superfamily
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from hydroxycinnamoyl-CoA in most species, but from hydroxycinnamoyl-
glucose in Ipomoea batatas (Villegas and Kojima, 1986). Caffeoylglucarate is
similary synthesized from caffeoyl-CoA inrye (Strack et al., 1987a), but from 1-
O-caffeoylglucose in Cestrum elegans (Strack et al., 1988). In addition, transacy-
lation of hydroxycinnamic acid esters is possible (see below) since caffeoylglu-
carate and -galactarate are synthesized with chlorogenate as caffeoyl donor
in Lycopersicon esculentum (Strack et al., 1987b; Strack and Gross, 1990).

The above-mentioned hypothesis (see Section 4.2.1.4) that 4-
coumaroylshikimate is hydroxylated to caffeoylshikimate and then the caf-
feoyl moiety is re-transferred to coenzyme A by the same acyltransferase is
an example for caffeoylshikimate as a caffeoyl donor. As already indicated
before, this is also true for the formation of caffeoylglucarate and -galactarate
in tomato (Strack et al., 1987b; Strack and Gross, 1990). Also dicaffeoylquinic
acids can be formed by caffeoyl transfer from chlorogenic acid to another
chlorogenic acid molecule in sweet potato (Kojima and Kondo, 1985; Villegas
et al., 1987).

Hydroxycinnamic acid amides are, to our knowledge, only formed from
CoA-activated hydroxycinnamic acids (Strack and Mock, 1993). The first hy-
droxycinnamoyltransferase from plants transferring hydroxycinnamoyl or
benzoyl residues from the corresponding CoA-esters to anthranilate was
cloned from Dianthus caryophyllus (Yang et al., 1997, 1998). This enzyme
is involved in the formation of dianthramides, the carnation phytoalex-
ins. It represents the ‘H’ in the name of the enzyme class of BAHD acyl-
transferases (D’Auria, 2006). Hydroxycinnamoyl-CoA:hydroxyanthranilate
N-hydroxycinnamoyltransferase (HHT, EC 2.3.1.) from Avena sativa, which
catalyses the last step in the formation of avenanthramides, is a mem-
ber of the same enzyme class (Matsukawa et al., 2000). cDNAs encoding
different isoforms of these enzymes were isolated from oat (Yang et al.,
2004). Hydroxycinnamoyl agmatine hydroxycinnamoyltransferases repre-
sent a novel class of hydroxycinnamoyltransferases (agmatine coumaroyl
transferase, ACT, EC 2.3.1.64; Burhenne et al., 2003; Kristensen et al.,
2004). Corresponding cDNAs were isolated from barley and wheat. Sper-
mine/spermidine N-hydroxycinnamoyltransferase activities are involved in
the biosynthesis of aphelandrine, a polyamine alkaloid from Aphelandra
tetragona consisting of a spermine and two hydroxycinnamic acid units
(Hedberg et al., 1996). The formation of N-hydroxycinnamoylamines is in-
duced by infection and/or wounding in Solanaceae or maize (e.g. Pearce
etal.,1998). This reaction is catalysed by hydroxycinnamoyl-CoA:tyramine N-
hydroxycinnamoyltransferases (THT; EC 2.3.1.110; Negrel and Martin, 1984;
Negrel and Javelle, 1997) that are encoded by a gene family which does not
show similarity to the BAHD gene family, but to mammalian diamine acetyl-
transferases. These enzymes accept various donor and acceptor molecules
(Farmeret al., 1999; Schmidtet al., 1999; Ishihara et al., 2000). Main products are
4-coumaroyltyramine and feruloyltyramine, but also cinnamoyl-, caffeoyl-,
sinapoyl-CoA and tryptamine were accepted. In Capsicum annuum a separate
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serotonin N-hydroxycinnamoyltransferase (SHT) was detected synthesizing
4-coumaroylserotonin and feruloylserotonin (Kang et al., 2006).

4.2.3 Phenylpropanoid-derived aroma and
fragrance compounds

The smell and taste of plants rely on aroma and fragrance compounds,
many of which (besides the terpenoids) are derived from phenylpropanoid
metabolism. In food and cosmetic industry, such fragrance and aroma com-
pounds play an important economical role. Simple phenolic fragrance com-
pounds are, e.g., eugenol, isoeugenol or (methyl)chavicol (Fig. 4.2), the
biosynthesis of which has been clarified recently; more complex compounds
are phenolic esters. Evolutionary aspects of the biosynthesis of flavours and
scents have been reviewed by Gang (2005).

Eugenol and isoeugenol are synthesized via coniferyl alcohol which
is acylated with acetate (from acetyl-CoA; Dexter et al., 2007) and then
reductively cleaved by eugenol or isoeugenol synthase to form eugenol or
isoeugenol, respectively (Koeduka ef al., 2006). Similarly, 4-coumaryl alcohol
is esterified and the ester cleaved in dependence on NAD(P)H to achieve
chavicol which can then be methylated to methylchavicol (Vassao et al., 2006).
In Clarkia breweri, four phenylpropanoids ((iso)eugenol, methyl(iso)eugenol)
are members of the strong and sweet smell emitted by the flowers. A
SAM-dependent methyltransferase methylates the aromatic 4-hydroxyl
groups of (iso)eugenol and thus forms methyl(iso)eugenol (Wang et al.,
1997; Wang and Pichersky, 1998). This methyltransferase was proposed to
have evolved by gene duplication from COMT (Barkman, 2003). A similar
(iso)eugenol-methylating enzyme was cloned from roses (Wu et al., 2003).
An independent evolution was suggested for chavicol O-methyltransferase
and eugenol O-methyltransferase from Ocimum basilicum catalysing the for-
mation of methylchavicol and methyleugenol, respectively. The nucleotide
sequences showed high similarity to isoflavone OMTs and low similarity
to the methyltransferases from Clarkia. Mutational change of only one

HSCO:©/\¢CH2 /WCHz
HO HO

Eugenol Chavicol
HSCOJQ/V CHs Q/\&CHz
HO H;CO
Isoeugenol Methylchavicol

Figure 4.2 Structures of some phenylpropanoid-derived fragrance compounds.
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amino acid (as previously predicted to be involved in substrate binding
by molecular modelling) in eugenol and chavicol OMTs from basil were
sufficient to interchange the substrate specificities (Gang et al., 2002).

Other fragrance and aroma compounds derived from phenylalanine are
phenylethyl alcohol, phenylacetaldehyde and phenylethyl acetate or ben-
zenoid compounds like methyl benzoate, benzyl alcohol, benzylaldehyde
and benzyl benzoate (Boatright et al., 2004; Dudareva et al., 2004; Kaminaga
et al., 2006; Tieman et al., 2006). A number of acyltransferases (belonging to the
above-mentioned BAHD superfamily of acyltransferases) have been identi-
fied that are active in the formation of different esters, mostly displaying
rather broad substrate specificities and thus leading to diverse products, e.g.
acetyl-CoA:benzyl alcohol acetyltransferase or benzoyl-CoA:benzyl alcohol
benzoyltransferase from Clarkia breweri (Dudareva et al., 1998; D’ Auria et al.,
2002) or melon acyltransferases producing typical volatiles (El-Sharkawy
et al., 2005). Transgenic Petunia flowers carrying a rose acyltransferase gene
produced benzyl and phenylethyl acetates (Guterman et al., 2006).

Methylcinnamate and methyl-4-coumarate as widely distributed floral
scent and communication compounds are synthesized by a carboxyl methyl-
transferase belonging to the SABATH family. The enzyme from Ocimum
basilicum, where three isoforms were detected, preferably accepts cinnamate
and 4-coumarate as substrates (Kapteyn et al., 2007).

4.3 Coumarins

4.3.1 Classification and recent advances

Naturally occurring coumarins are classified by their benzopyran-2-on nu-
cleus (Fig. 4.3) and have been isolated from numerous plants, particularly
among the Apiaceae, Rutaceae and Ficaceae as well as from some gen-
era of the Fabaceae. A comprehensive collection of structures was pub-
lished recently (Murray, 2002) as an update of previous publications (Murray
et al., 1982; Estévez-Braun and Gonzalez, 1997; Murray, 1997; Malikov and
Saidkhodzhaev, 1998), but new derivatives are still being added to the list (e.g.
Kuo et al., 2004). Plant coumarins originate from the shikimate and general
phenylpropanoid pathways yielding cinnamic acid as the immediate product
(Murray et al., 1982) which is derivatized in various ways, and the pattern of
coumarins was proposed occasionally as a parameter of taxonomic identifi-
cation (Zschocke et al., 1998; Herde, 2005). Furthermore, the glucosidation-
type of coumarins might be a characteristic for a plant family (Nasipuri and
Ramstad, 2006). This chapter is confined to plant-produced coumarins and
focuses on the most recent findings concerning their biosynthesis and evo-
lution. The few coumarins reported from microorganisms arise through the
polyketide pathway (Inoue et al., 1989) and will not be considered any further.
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Linear furanocoumarins
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Figure 4.3 Structures of coumarins, linear furanocoumarins and angular
furanocoumarins.

A multitude of bioactivities have been ascribed to coumarins, most of
which were reviewed before (see Keating and O’Kennedy, 1997; Matern et al.,
1999; Petersen et al., 1999; Bourgaud et al., 2006). Nevertheless, new aspects
are still being disclosed, such as the effect of daphnetin (Fig. 4.3) on the dif-
ferentiation of human renal carcinoma cells (Finn et al., 2004) or as an iron
chelator against Pneumocystis carinii (Ye et al., 2004), which also applies to
other hydroxycoumarins (Fylaktakidou et al., 2004; Lacy and O’Kennedy,
2004) and prenyloxy-coumarins (Curini et al., 2006). Metal complexation
was generally proposed to enhance the antibacterial and antifungal activ-
ities of coumarins (Rehman et al., 2005). Furthermore, the larvicidal activity
of pimpinellin (Fig. 4.3) and its photodimerization product against Aedes ae-
gypti were recognized (De Oliveira et al., 2005), while the antifungal activity
of angular furanocoumarins was studied in a systematic approach (Sardari
et al., 1999). The differential response of linear and angular furanocoumarins
(Fig. 4.3) in psoralen plus UV-A (PUVA)-induced apoptosis (Viola et al., 2004)
was reported. While linear furanocoumarins (psoralens) show impressive an-
tiproliferative activity, modulate chloride secretion (Devor et al., 1997), and in-
hibit the metalloproteinase-2 secretion from brain tumor cells (Ngameni et al.,
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2006), angelicin (Fig. 4.3) was a powerful inducer of erythroid differentiation
(Lampronti et al., 2003). The bioactivities of coumarins, however, also raised
toxicological concerns. Coumarin which is present in a number of plants used
as spice and medicinal herb, i.e. cinnamon, or for cosmetic purposes is a poten-
tially harmful compound causing liver damage and other failures. This has re-
cently caused a formal initiative (opinion) by the EU Scientific Committee On
Consumer Products at the European Commission (eighth plenary meeting of
20 June 2006; SCCP/0935/05). The problem seemed even more pronounced
in coumarin-producing vegetables, i.e. celery root or petiole and wild parsnip
accumulating linear furanocoumarins. Nevertheless, negligible plasma levels
were measured after extensive celery consumption (Gral et al., 1993), and sen-
sitive methodologies have also been developed for esculetin and daphnetin
quantitation in plasma and urine (Egan et al., 2003).

A particularly fascinating field of research concerns the ecotoxicological
relevance and the cost of furanocoumarin biosynthesis in terms of repro-
ductive fitness (Carroll and Berenbaum, 2006). Insect herbivores colonizing
furanocoumarin-producing plants developed resistance by faster and more
efficient metabolism of these compounds (Berenbaum and Zangerl, 1998;
Nitao et al., 2003). This phenomenon was studied in the black swallowtail
caterpillar (Papilio polyxenes) feeding primarily on host plants of the Apiaceae
and Rutaceae families and in the parsnip webworm, Depressaria pastinacella.
Both species metabolize psoralens, i.e. xanthotoxin (Fig. 4.3), through a path-
way of oxidative furan-ring fission involving cytochrome P450 monooxy-
genases, CYPs (Nitao et al., 2003). In Papilio polyxenes, the isozyme CYP6B1
specifically breaks down psoralens, whereas the analogous catabolism of the
angular furanocoumarin angelicin (Fig. 4.3) was shown to occur less read-
ily (Ivie et al., 1986) and likely involves CYP6B3 attacking both linear and
angular furanocoumarins (Hung et al., 1995). Conserved amino acids in the
substrate recognition sites (SRS) nos 1, 4 and 6 in CYP6B1 were considered
critical for coumarin catabolism (Chen et al., 2002). In Depressaria pastina-
cella, however, the catabolism of angular furanocoumarins does not affect
the furan moiety but proceeds primarily by dealkylation of O-alkylated fura-
nocoumarins, e.g. sphondin and imperatorin (Fig. 4.3) (Nitao et al., 2003; Mao
et al., 2006, 2007), and allelic variation of CYP6AB3 was suggested to affect
the rate of imperatorin dealkylation (Mao ef al., 2007). A molecular model
of CYP6AB3v1 revealed the three-dimensional similarity of SRS1, 4 and 6
to the corresponding catalytic sites in CYP6B of Papilio polyxenes (Mao et al.,
2007). Photo-activation was proposed to be important for the overall toxicity
of furanocoumarins. However, angular furanocoumarins are generally con-
sidered less phototoxic (Lampronti et al., 2003). While numerous plant species
in the Apiaceae or Rutaceae produce exclusively psoralens, the accumulation
of angular furanocoumarins always occurs concomitant with psoralens, and
thus the angular biosynthetic pathway was proposed to have evolved later
than the linear pathway. It is conceivable that genes of the angular pathway
developed from the corresponding genes for the production of psoralens
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and angular furanocoumarins may contribute to the defence against herbi-
vores by inhibition of furanocoumarin detoxifying enzymes (Berenbaum and
Zangerl, 1998).

The accumulation of identical furanocoumarins in multiple unrelated fami-
lies suggests that the biosynthetic capacity has evolved independently several
times (Berenbaum and Zangerl, 1996) and that relevant enzymes are related
to ubiquitous enzymes of the general plant phenolic metabolism. So far,
however, the mechanistic details of coumarin biosynthesis are incompletely
understood. Major steps forward have been accomplished only very recently
and are summarized below, while for the basic information the reader is re-
ferred to the literature (Murray et al., 1982; Hakamatsuka et al., 1991; Keating
and O’Kennedy, 1997; Matern et al., 1999; Petersen et al., 1999; Bourgaud et al.,
2006). The classification of coumarins is problematic and follows mostly a
biogenetic scheme which distinguishes the monomeric from oligomeric com-
pounds and considers the number and position of oxygen atoms attached to
the coumarin nucleus as well as the length and the form of carbon side chains
(Murray et al., 1982; Estévez-Braun and Gonzalez, 1997; Murray, 2002). For
simplicity, in this chapter coumarin derivatives which include hydroxylated,
alkoxylated or alkylated and glucosidic benzopyran-2-ons are distinguished
from furanocoumarins. Numbering of the carbon skeleton refers to Fig. 4.4.

4.3.2 Coumarin derivatives

4.3.2.1 Coumarin and umbelliferone

The biosynthesis of coumarin and umbelliferone starts out from L-
phenylalanine which is converted to trans-cinnamic and trans-4-coumaric
acid (Fig. 4.4) through the shikimate and general phenylpropanoid path-
ways (Knaggs, 2003; Ro and Douglas, 2004). While the shikimate pathway
was assigned to the plastids (Schmid and Amrhein, 1995; Herrmann and
Weaver, 1999), the enzymes of the general phenylpropanoid pathway, PAL,
cinnamate 4-hydroxylase (C4H) and 4-coumarate:CoA-ligase (4CL), are con-
sidered to be active in the cytosol as soluble entities (PAL, 4CL) or bound to
the endoplasmic reticulum (C4H). C4H genes from coumarin-producing Pet-
roselinum crispum (Koopmann et al., 1999), Ammi majus (Htubner et al., 2003) or
Ruta graveolens (Gravot et al., 2004) have been cloned and expressed in yeast
cells, and the translated polypeptides share high sequence similarity; i.e. se-
quences from Petroselinum and Ammi differ by only seven residues (five con-
servative exchanges). C4H is a cytochrome P450 monooxygenase (CYP), and
psoralens are known to affect various CYPs by mechanism-based inhibition
(Gravot et al., 2004); however, enhanced psoralen tolerance was documented
for C4Hs from coumarin-producing plants. In addition, two 4CL genes were
cloned very recently from Ruta graveolens and shown to encode fully func-
tional soluble enzymes, but one of these sequences was flanked N-terminally
by a typical plastid transit peptide (Endler et al., 2008). The latter enzyme
was predominantly expressed in the stem and flower tissues, less in the leaf
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Figure 4.4 Proposed formation of coumarins from cinnamic acids.

and minimally in the root of Ruta graveolens plants. Although the sub-cellular
location of this 4CL still requires verification, the compartmentalization cor-
relates to a recent report assigning a 4CL-like enzyme to peroxisomes in
Arabidopsis (Koo et al., 2006). Unfortunately, a rate-limiting step for coumarin
biosynthesis has not been identified and the relevance of 4CL in this context is
still a matter of discussion. The cyclization of the cinnamoyl or 4-coumaroyl
moiety to benzopyran-2-on is the pivotal reaction in the coumarin pathway,
but the mode of cyclization and the immediate substrate in this process have
remained elusive.

The cyclization proposal for cinnamic acid and 4-coumaric acid, re-
spectively, to yield coumarin or umbelliferone is firmly established in the
literature (Murray et al., 1982; Bourgaud et al., 2006), although very few
plants have the potential to hydroxylate coumarin to umbelliferone (Fig. 4.4)
(Murray et al., 1982). The cyclization depends most likely on the intermediate



202 Biochemistry of Plant Secondary Metabolism

2'-hydroxylation (ortho-hydroxylation), which is supported by the formation
of trans-2'-hydroxycinnamate-2’-O-glucoside in Melilotus alba mesophyll
cells. This glucoside is transported through the tonoplast and then trapped in
the vacuole by light-independent isomerization to coumarinyl glucoside (cis-
o-hydroxycinnamic acid glucoside) (Rataboul et al., 1985). Three laboratories
independently reported some 30 years ago the 2’-hydroxylation of cinnamic
acids in vitro and ascribed the reaction to chloroplasts from Melilotus, Hy-
drangea and Petunia (Murray et al., 1982). Unfortunately, these early findings
could not be confirmed by subsequent enzymatic studies. The discrepancies,
which have been outlined elsewhere (Conn, 1984; Matern et al., 1999;
Bourgaud et al., 2006), conceivably resulted from limitations in the separation
techniques. Nevertheless, feeding of (ortho->H, ring-1-'*C)cinnamic acid as
a precursor to Melilotus or Gaultheria had revealed an National Institutes of
Health (NIH) shift during o-coumaric acid formation suggesting the involve-
ment of a CYP (Ellis and Amrhein, 1971). It is thus possible that an unusually
labile monooxygenase is responsible for the ortho-hydroxylation of cinnamic
or 4-coumaric acid, but experimental proof is still lacking. Other than the
‘ortho-hydroxylation’ issue, the hydrolysis of coumarinyl glucoside was in-
vestigated further, because upon tissue disruption of Melilotus alba a cell wall
associated B-glucosidase activity releases coumarinic acid (cis-o-coumaric
acid), which spontaneously lactonizes to coumarin. cDNAs encoding two
coumarin pathway B-glucosidases (GLU1 and GLU2) were cloned by RT-PCR
from Melilotus alba (Karam, 2001). These enzymes are both 506 amino acids in
length, share 89.5% amino acid identity and possess multiple N-glycosylation
sites as well as an N-terminal signal sequence. Furthermore, based on their
NEP and ITENG motifs, they belong to glycoside hydrolase (GH) family 1.
Several mutant Melilotus alba lines are available (Vogel et al., 2005), and two
allele pairs control the levels of coumarin glucosides (Cu/cu) or coumarinyl
glucoside B-glucosidases (B/b). Together with relative RT-PCR analysis,
Northern and Western blottings of the BB and bb genotypes of Melilotus
suggested that the B gene is a regulatory gene controlling the expression of
GLUI and GLU2 genes (Karam, 2001; Tabor, 2001). Supporting this hypoth-
esis, the promoter region of GLU2, like GLU1, is highly conserved between
both genotypes (Laust, 2003). In contrast, high sequence identity between
GLU1 and GLU2 promotor regions of the BB genotype was confined to the
3'-portion of the sequence. The significant differences in upstream sequences
may be responsible for the observed 12-fold higher GLU1 expression (Tabor,
2001). During these studies, three additional closely related B-glucosidase
genes (GLU3-GLUDS) were amplified; it remains unknown whether they are
actively expressed and involved in coumarin biosynthesis (Laust, 2003). It is
noteworthy in this context that the accumulation of ortho-hydroxylated cin-
namic acids has rarely been reported from plants; i.e. ortho-coumaric acid was
secreted from jasmonate-treated roots of wild-type Arabidopsis (Walker et al.,
2003), while untreated roots accumulate scopoletin and scopolin (Fig. 4.3)
(Kai et al., 2006).
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4.3.2.2 Alkylated umbelliferone

Umbelliferone is the pivotal metabolite in the pathways to substituted
coumarins and furano- or pyranocoumarins. Its 7-O-methylation to herniarin
(Fig. 4.3) or O-prenylation and C-alkylation reactions are often observed in
coumarin-producing higher plants where the prenylation at C-6 or C-8 mark
the entry to the routes branching linear from angular furano- and pyra-
nocoumarins (Fig. 4.5). In Ruta graveolens and Ammi majus, the prenylation
reactions are catalysed by particulate enzymes (Hamerski et al., 1990), and
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Figure 4.5 Cytochrome P450-dependent reactions forming psoralen

from 6-prenylumbelliferone (demethylsuberosin). The analogous pathway yielding
angelicin from 8-prenylumbelliferone (osthenol) is shown for comparison, but has not
been confirmed in vitro.
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some plants, i.e. Ammi majus, are capable of catalysing all three prenylation
reactions (Hamerski et al., 1990; Elgamal et al., 1993). The first plant prenyl-
transferase to be characterized in vitro was purified from Ruta graveolens
(Dhillon and Brown, 1976) accumulating psoralens only. The enzyme was
identified as a Mn?*-dependent dimethylallyl diphosphate:umbelliferone
6-C-dimethylallyltransferase and assigned to the chloroplast membranes
(Dhillon and Brown, 1976). Together with the allocation of the shikimate
pathway, this emphasizes the importance of plastids for the accumulation of
coumarins.

4.3.2.3 Polyoxygenated coumarins

Umbelliferone may be hydroxylated or methoxylated at the 6- and/or 8-
positions yielding the most common polyoxygenated coumarins esculetin,
daphnetin, scopoletin and scoparone (Fig. 4.3), and glucosidic conjugates
have been reported. Successive hydroxylation and methylation may lead
to esculetin or daphnetin and scopoletin/isoscopoletin/scoparone or hy-
drangetin (Fig. 4.3), while 6- and 8-dihydroxylations and methylation are
necessary for the formation of fraxetin and isofraxidin (Fig. 4.3). Coumarins
hydroxylated at the 6-, 7- and 8-positions were also reported from Pelargonium
sidoides (Kayser and Kolodziej, 1995), including 6,7-dihydroxy-coumarin-8-
sulfate (Godecke et al., 2005). While scopoletin and related compounds func-
tion as phytoalexins (Serghini et al., 2001; Shimizu et al., 2005; Prats et al., 2006),
some of the coumarins may possess unusual bioactivities. For example, hy-
drangetin was proposed to act as a protein kinase inhibitor (Yang et al., 1999)
that modulated the response of rye during high photosystem II excitation
and cold acclimation (Ndong et al., 2003).

Two aspects of the biosynthesis received considerable attention recently.
Alternative pathways for the biosynthesis of scopoletin in tobacco had been
proposed involving the methoxylation of umbelliferone or the cyclization of
ferulic acid (Fig. 4.4). Scopoletin may then be glucosylated to scopolin by
non-specific glucosyltransferases for storage in the vacuole (Taguchi et al.,
2001). Arabidopsis mutants were used to determine the contents of scopo-
letin and scopolin (Fig. 4.3) in the roots. In comparison to wild-type Ara-
bidopsis, the level of scopoletin and scopolin was greatly diminished in a
mutant that carried a T-DNA insertion within the CYP98A3 gene encoding
p-coumaroylshikimate/quinate 3'-hydroxylase (C3'H) (Kai et al., 2006). This
suggested that the biosynthesis of scopoletin and scopolin depends on the 3'-
hydroxylation of p-coumarate to caffeate prior to cyclization or O-methylation
to yield esculetin (Fig. 4.3) and ferulic acid, respectively. The O-methylation
of esculetin has not been studied in this plant. Nevertheless, broad specificity
OMTs may be present, such as the enzymes recombinantly expressed from
other sources and shown to methylate esculetin to scopoletin, isoscopoletin
and scoparone (Kim et al., 2006b). The coumarins accumulate in the form of
their glucosides because Arabidopsis encodes numerous glucosyltransferases
recognizing hydroxycoumarins (Lim ef al., 2003a).
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4.3.3 Furanocoumarins

4.3.3.1 The furanocoumarin skeleton

A flow chart of furanocoumarin formation from umbelliferone and dimethyl-
allyl diphosphate was drawn many years ago from precursor feeding studies
(Murray et al., 1982). Accordingly, the C-6- or C-8-prenylation of umbellif-
erone was proposed to yield demethylsuberosin and osthenol (Fig. 4.5) at
the branch point to linear and angular furanocoumarins. The assignment
of the C-6 prenyltransferase to chloroplast membranes (Dhillon and Brown,
1976) received further support recently by precursor feeding studies in celery
which demonstrated the formation of the prenyl moiety in psoralens through
the deoxy-D-xylulose pathway (Stanjek et al., 1999a) associated with plastids.
It is conceivable that the same applies to angular furanocoumarins, although
equivalent incorporation studies have not been undertaken.

The identification of furanocoumarins as phytoalexins and their rapid
de novo induction in dark-grown cell cultures of various Apiaceae upon
treatment with fungal elicitor (Matern et al., 1999) greatly stimulated more de-
tailed in vitro investigations. Microsomal fractions from induced Petroselinum
crispum or Ammi majus cells were shown to convert demethylsuberosin via
(+)-marmesin and psoralen to bergaptol (Fig. 4.5) in the presence of molecular
oxygen and NADPH. Kinetic studies with various chemicals known to inhibit
CYPs moreover suggested the consecutive action of multiple CYPs in this
pathway, which was confirmed through the blue-light reversible inhibition of
individual reaction steps by CO (Hamerski and Matern, 1988a,b). Formally,
these CYPs catalyse very different reaction steps involving the cyclization
of the prenyl side chain, the cleavage of a carbon—carbon bond and the 5-
hydroxylation of the coumarin nucleus to bergaptol, which poses interesting
mechanistic questions. Moreover, an analogous reaction sequence converts
osthenol to angelicin and sphondin (Fig. 4.5), and the superimposable dihy-
drofuran configuration of (4+)-marmesin and (+)-columbianetin (Fig. 4.5) as
the immediate precursors of psoralen or angelicin suggests a high level of
similarity for psoralen and angelicin synthases. The mechanistic consider-
ations seem to support the assumption that angelicin synthase has evolved
from psoralen synthase (Berenbaum and Zangerl, 1998). This might also
apply to ‘columbianetin synthase’ and ‘marmesin synthase’ forming the dihy-
drofuran moieties by oxidative cyclization of osthenol or demethylsuberosin
(Hamerski and Matern, 1988a; Matern et al., 1999). Whereas angelicin and
columbianetin synthase activities have not been recorded in vitro, marmesin
synthase assays were accomplished with microsomes from elicited Ammi ma-
jus or Petroselinum crispum cells (Matern et al., 1999). Although P450 monooxy-
genases likely epoxidize olefins by insertion of an ‘oxen’ (Bolwell et al., 1994),
marmesin synthase catalysed the instant cyclization without release of an
intermediate, presumably due to delocalization of the double bond electrons
by the 7-hydroxy group. Such an effect appears feasible, at least, from
model studies (Halkier, 1996). The biosynthesis of linear dihydropyrano- or
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pyronocoumarins which occasionally accumulate concomitantly with
psoralens can be explained by a related mechanism (Beier et al., 1994; Matern
et al., 1999).

The formation of psoralen from (+)-marmesin was initially considered
to proceed via a C-4' carbocation of (+)-marmesin and subsequent 1,3-
elimination of acetone and psoralen (Murray et al., 1982). The release of
acetone, however, was unprecedented in plant secondary metabolism, and a
two-step oxidation mechanism removing consecutively one and two of the
side chain carbons was therefore also considered (Stanjek et al., 1999b); the
latter is analogous to the carbon—carbon bond cleavage in steroid metabolism
(Halkier, 1996; Ortiz de Montanello and De Voss, 2002). Incubations em-
ploying microsomes from elicited cells of Ammi majus and other Apiaceae
(Matern, 1991) with deuterated marmesin substrates provided an answer
(Stanjek et al., 1999b) because the release of acetone from (+)-marmesin was
confirmed concomitant with the formation of psoralen. Psoralen synthase
was classified as a P450 monooxygenase which abstracts hydrogen from
its substrate via an iron(IV)oxo porphyrin cation radical yielding an iron
tethered hydroxyl radical (Halkier, 1996; Ortiz de Montanello and De Voss,
2002), and two modes of operation had been envisaged for the psoralen
synthase reaction. Homolytic abstraction of one of the 3’-hydrogens from
(+)-marmesin and instantaneous disproportionation of the marmesin carbon
radical should release psoralen and an isopropyloxy side chain radical which
recombines with the enzyme hydroxyl radical to produce acetone and water
(Hakamatsuka et al., 1991). Alternatively, the enzyme radical might be used
for a ‘rebound’ hydroxylation reaction (Ortiz de Montanello and De Voss,
2002) to yield 3'-hydroxymarmesin prior to the elimination of psoralen and
acetone. The latter assumption would require the proper 3'-configuration for
base-catalysed anti-elimination (Zou et al., 2005). However, no intermediate
was observed in psoralen synthase incubations. Moreove