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Chemistry and biology of monoterpene indole alkaloid biosynthesis
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1 Introduction

The terpene indole alkaloids are a diverse class of natural products,
comprising over 2000 members. These complex natural products
possess a range of chemical structures and a wealth of biological
activities (Fig. 1).1,2 Terpene indole alkaloids are used as anti-
cancer, anti-malarial and anti-arrhythmic agents (Fig. 1).3 The
biosynthetic pathways of some classes of terpene indole alkaloids
are well understood. In certain cases, many of the enzymes that are
responsible for biosynthesis have been cloned and mechanistically
studied in vitro. In other cases, the biosynthetic pathway is only
proposed based on the results of feeding studies with isotopically
labeled substrates and from the structures of isolated biosynthetic
intermediates.

Early studies of plant alkaloid biosynthesis relied on adminis-
tration of isotopically labeled starting materials to differentiated
plants or plant cell cultures, followed by isolation and structural
characterization of the labeled products. Additionally, chemi-
cal reactions with isolated biosynthetic intermediates allowed
predictions of chemically reasonable transformations. However,
with recent advances in molecular biology, the biosynthetic
pathways of plant alkaloid natural products have been subject to
study at the enzymatic level.4,5 A number of enzymes involved
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Fig. 1 Representative terpene indole alkaloids, with corresponding
biological function and species of plants from which they are isolated.

in plant alkaloid biosynthesis have been successfully cloned, and
many more enzymes have been purified from alkaloid producing
plants or cell lines.6

Plant biosynthetic pathways are much less well understood
than prokaryotic metabolic pathways since the genes expressing
complete plant pathways are usually not clustered. The study of
plant-derived secondary metabolites typically requires that each
plant enzyme of a pathway be individually isolated and cloned
independently of one another. Many plant enzymes have been
characterized by “reverse genetics” in which the enzymes are
isolated from plants or plant cell culture by traditional biochemical
chromatography techniques.6 After purification, the protein may
be partially sequenced, and this sequence information is then
used to identify the corresponding gene from a plant cDNA
library. More recently, plant cDNA libraries have been successfully
screened for well known classes of enzymes such as P450 enzymes
or acetyl transferase homologues.7,8 However, this homology-
based cloning method is limited to identification of enzymes with
regions of high sequence conservation. Alternatively, plant cell
lines can be stimulated with an elicitor to produce alkaloids. Genes
that are upregulated in the elicited strain are likely to be involved
in alkaloid biosynthesis.9,10

In this review we highlight a few well characterized alkaloid
biosynthetic pathways for representative members of the terpene
indole alkaloid family. Specifically, we discuss the biosynthetic
pathways of the corynanthe group (ajmalicine, serpentine, yohim-
bine), the iboga group (catharanthine), the aspidosperma group
(tabersonine, vindoline), and the quinoline group (camptothecin,
quinine).

2 Biosynthesis of terpene indole alkaloids

All terpene indole alkaloids are derived from tryptophan and the
iridoid terpene secologanin (Scheme 1). Tryptophan decarboxy-
lase, a pyridoxal dependent enzyme,11–13 converts tryptophan to
tryptamine.14 The involvement of an iridoid monoterpene in these
indole alkaloid pathways was first proposed after the structures
of several iridoid terpenes were elucidated.15–17 Secologanin was
subsequently identified as the specific iridoid precursor.18–20

Scheme 1 First steps of terpene indole alkaloid biosynthesis.
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Secologanin is itself a natural product, and the biosynthetic
pathway for this molecule has not been fully elucidated. Isopen-
tenyl diphosphate (IPP), the precursor for all terpenoids, is
produced by either the mevalonate biosynthetic pathway or the
more recently discovered triose phosphate/pyruvate pathway.21

Feeding studies with Catharanthus roseus cell suspension cultures
and 13C-glucose strongly suggest that secologanin is ultimately
derived from the triose phosphate/pyruvate or “non-mevalonate”
pathway (Scheme 2).22 Feeding studies with cultures of Ophi-
orrhiza pumila were also consistent with the utilization of the
non-mevalonate pathway in secologanin biosynthesis.23 Several
enzymes involved in the biosynthesis of IPP-DXP synthase, DXP
reductoisomerase, and MEP synthase have been cloned from
Catharanthus roseus.24,25 In the first committed step of iridoid
terpene biosynthesis, geraniol, derived from IPP, is hydroxylated
by geraniol-10-hydroxylase. Geraniol-10-hydroxylase (G10H) has
been heterologously expressed in yeast and shown to hydroxy-
late geraniol in vitro.26,27 Feeding experiments with 3H-labeled
terpene intermediates suggest that 10-hydroxygeraniol, iridodial
and iridotrial are intermediates in the secologanin biosynthetic
pathway (Scheme 2).28,29 Oxidation of the iridotrial aldehyde to
the carboxylic acid is followed by esterification and glucosylation
to yield deoxyloganin; subsequent hydroxylation of deoxyloganin
yields loganin. Secologanin is then generated by oxidative cleavage
of loganin by the enzyme secologanin synthase (SLS). This
NADPH dependent P450 oxidase was isolated from a cDNA
library of an alkaloid producing C. roseus cell culture,30 and was
shown to convert loganin to secologanin in vitro, presumably
through a radical mediated reaction mechanism.31 Recent data
from precursor feeding studies suggest that the biosynthesis
of secologanin,32,33 and perhaps the conversion of loganin to

secologanin,34 may be the rate-limiting step in indole alkaloid
biosynthesis. Therefore, overexpression of secologanin synthase
(SLS) in alkaloid-producing plants could potentially improve the
yield of secologanin-derived alkaloids.

Tryptamine and secologanin are utilized in the first committed
step of terpene indole alkaloid biosynthesis. In this step, the
enzyme strictosidine synthase catalyzes a stereoselective Pictet–
Spengler condensation35,36 between tryptamine and secologanin
to yield strictosidine (iso-vincoside) (S stereochemistry at C5,
Scheme 1).37–42

Strictosidine synthase43 has been isolated and cloned from
the plants Catharanthus roseus,44–49 Rauwolfia serpentina,50–57 and,
recently, O. pumila.58 A crystal structure of strictosidine synthase
from R. serpentina has recently been reported.59 Notably, a
second “Pictet–Spenglerase”, norcoclaurine synthase (involved
in tetrahydroisoquinoline biosynthesis in Thalictrum flavum), has
dramatically different substrate specificity and shows no sequence
homology to strictosidine synthase.60

Strictosidine synthase tolerates a variety of substitutions on the
indole ring of tryptophan, as well as benzofuran and benzoth-
iophene heterocycles.61 However, tryptophan, phenyethylamine,
and pyrrole derivatives are not accepted. Although strictosidine
synthase does not accept other naturally occurring iridoid aldehy-
des, the enzyme does accept certain semi-synthetic derivatives of
secologanin (Fig. 2).51,61,62

The Apocynaceae, Loganiaceae, Rubiaceae and Nyssaceae
families of plants each produce terpene indole alkaloids with
dramatically diverse structures (Fig. 3). The mechanisms and
control of the processes by which strictosidine rearranges into
these diverse families of products remain one of the most
fascinating problems in secondary metabolism. The following four

Scheme 2 Biosynthesis of secologanin. The isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP) precursors are synthesized
by the non-mevalonate pathway. Three of the enzymes involved in IPP and DMAPP synthesis have been cloned from C. roseus (DXP synthase,
DXP reductoisomerase, MEP synthase). Geraniol is hydroxylated to 10-hydroxygeraniol by geraniol-10-hydroxylase (G10H). Loganin is converted to
secologanin by the P450 oxidase, secologanin synthase (SLS).
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Fig. 2 Substrate specificity of strictosidine synthase.

sections highlight what is known about terpene indole alkaloid
biosynthesis downstream of strictosidine formation in Rauwolfia
serpentina, Catharanthus roseus, Ophiorrhiza pumila, Camptotheca
acuminata and Cinchona.

2.1 Rauwolfia serpentina

R. serpentina, along with other Rauwolfia species, produces nu-
merous terpene indole alkaloids such as ajmaline, yohimbine and
ajmalicine (Fig. 4). Since Rauwolfia is slow-growing and difficult to
cultivate, experiments in Rauwolfia biosynthesis were facilitated by
the development of cell suspension and hairy root cultures.63 The
biosynthetic pathway for ajmaline in Rauwolfia serpentina is one
of the best characterized terpene indole alkaloid pathways. Over
the last 10 years, remarkable progress has been made in identifying
the enzymes responsible for ajmaline biosynthesis. Much of this
progress has been detailed in a recent extensive review.63

2.1.1 Sarpagan and ajmalan type: ajmaline. Like all other
terpene indole alkaloids ajmaline, an antiarrhythmic drug with
potent sodium channel blocking properties,64 is derived from
strictosidine. Strictosidine is deglycosylated by a dedicated b-
glucosidase, converting it to a reactive hemiacetal intermediate.65

This hemiacetal opens to form a dialdehyde intermediate, which
then reacts with the secondary amine of the strictosidine frame-
work to yield 4,21-dehydrocorynantheine aldehyde (Scheme 3).
Alternatively, this dialdehyde can form vallesiachotamine,66 a less
common intermediate of terpene indole alkaloid biosynthesis.
Dehydrocorynantheine aldehyde then undergoes allylic isomer-
ization and enolization to produce either the enol or keto forms
of dehydrogeissoschizine. The enol form of dehydrogeissoschizine
undergoes 1,4 conjugate addition to produce the heteroyohimbine
cathenamine.67 Cathenamine and dehydrogeissoschizine have been
observed in equilibrium in vitro.68,69

The dedicated glycosidase, strictosidine-b-glucosidase, has been
cloned from Rauwolfia serpentina.65 Substrates structurally similar
to strictosidine were accepted by this glucosidase, though the
diastereomer of strictosidine, vincoside (R stereochemistry at
C5, see Scheme 1), was not. Trapping experiments with this
glucosidase and hydride reducing agents further support that
dehydrocorynantheine aldehyde and cathenamine are observed in
this reaction pathway (Fig. 5A). Deglycosylation of N-b-methyl
strictosidine (dolichantoside) yielded the product 3-isocorreantine
A, suggesting that reaction of the aldehyde with the amine to form
dehydrocorynantheine aldehyde occurs after product release from
the enzyme (Fig. 5B). Therefore, the rearrangements that occur
after strictosidine deglycosylation are most likely spontaneous,
or substrate driven. In essence, the glucose moiety serves as a
protecting group to mask a reactive species, a strategy that is
utilized in other plant natural products such as the cyanogenic
glucosides and the glucosinolates.70 Strictosidine is also deglycosy-
lated by non-specific bacterial glucosidases.66 A crystal structure of
strictosidine-b-glucosidase enzyme from R. serpentina is currently
in progress.71

At least eight enzymes are predicted to catalyze the subsequent
steps of ajmaline biosynthesis that occur after strictosidine degly-
cosylation (Scheme 4A). The sarpagan type alkaloid, polyneuri-
dine aldehyde, is a known early intermediate of the ajmaline
pathway. Feeding experiments suggest 4,21-dehydrogeissoschizine
may be a precursor for polyneuridine aldehyde.72 A possible
mechanism by which the sarpagan bridge enzyme transforms an
isomer of 4,21-dehydrogeissoschizine to polyneuridine aldehyde is
shown.73 However, detailed study of the sarpagan bridge enzyme is
necessary before a mechanism of biosynthesis can be proposed.63
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Fig. 3 Major classes of terpene indole alkaloids derived from strictosidine.

Fig. 4 Representative alkaloids of Rauwolfia serpentina.

A membrane-protein fraction of an R. serpentina extract trans-
formed labeled strictosidine into sarpagan type alkaloids. The
enzyme activity was shown to be dependent on NADPH and
molecular oxygen, suggesting that the sarpagan bridge enzyme
may be a cytochrome P450 enzyme.63,74 Isolation of this enzyme
will yield further insight into this key step that commits the
deglycosylated strictosidine intermediate to the sarpagan and
ajmalan type alkaloid pathways.

The next steps of ajmaline biosynthesis are well characterized at
the enzymatic level (Scheme 4A). Polyneuridine aldehyde esterase
hydrolyzes the polyneuridine aldehyde methyl ester, generating
an acid which decarboxylates, perhaps spontaneously, to yield
epi-vellosamine. Purification of this esterase from Rauwolfia cell
cultures and sequencing of protein fragments enabled a clone of
polyneuridine aldehyde esterase to be isolated from a Rauwolfia
cDNA library. This enzyme has been overexpressed in E. coli and
subjected to detailed mechanistic studies. Polyneuridine aldehyde
esterase appears to be a member of the a/b hydrolase super family
and contains a Ser, His, Asp catalytic triad.75–78 Site directed
mutagenesis indicates that each residue of the catalytic triad is
required for activity.

In the next step of the ajmaline pathway, vinorine synthase
transforms the sarpagan alkaloid epi-vellosamine to the ajmalan
alkaloid vinorine.79 Vinorine synthase is therefore responsible
for constructing the ajmalan backbone from a sarpagan type
intermediate. Vinorine synthase has also been purified from
Rauwolfia cell culture, subjected to protein sequencing and cloned
from a cDNA library.80,81 The enzyme, which appears to be an
acetyl transferase homologue, has been heterologously expressed
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Scheme 3 Deglycosylation of strictosidine reveals a reactive intermediate.

Fig. 5 (A) Products isolated after incubation of strictosidine glucosidase and NaBH3CN. (B) The product resulting from deglycosylation of
dolichantoside.
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Scheme 4 (A) Ajmaline biosynthesis from deglycosylated strictosidine. The mechanism of polyneuridine formation remains unclear; one possible
mechanism is shown.73 SB, sarpagan bridge enzyme; PNAE, polyneuridine aldehyde reductase; VS, vinorine synthase; VH, vinorine hydroxylase; VR,
vomilenine reductase; DHVR, dihydrovomilenine reductase; AAE, 17-O-acetyl-ajmalanesterase; NMT, norajmaline-N-methyltransferase. (B) Proposed
mechanism for the formation of the ajmalan backbone from the sarpagan alkaloid polyneuridine aldehyde.

in E. coli. Crystallization and site directed mutagenesis studies
of this protein have led to the proposed mechanism of catalysis
shown in Scheme 4B.82

Vinorine hydroxylase then hydroxylates vinorine to vomilene.83

Vinorine hydroxylase is a P450 enzyme that requires an NADPH
dependent reductase. Since this P450 enzyme could not be purified
directly from plant material in active form, seven full length
cytochrome P450 clones were isolated from a Rauwolfia cDNA
library by homology cloning and then heterologously expressed
in combination with a Rauwolfia reductase. None of these clones
exhibited vinorine hydroxylation activity, though expression of
these clones in different cell systems may prove more successful.63

Two reduction steps follow the formation of vomilenene.
First, the indolenine bond is reduced by an NADPH dependent
reductase to yield 1,2-dihydrovomilenene. A second enzyme,
1,2-dihydrovomilenene reductase, then reduces this product to
acetylnorajmaline. Partial protein sequences have been obtained
for both of the purified reductases. Although several putative
clones encoding these proteins have been isolated, the activity of
these clones has not been verified.63,84,85

An acetylesterase then hydrolyzes the acetyl linkage of acetyl-
norajmaline to yield norajmaline. This esterase was purified
from R. serpentina cell suspension cultures, partial amino acid
sequences were obtained and a full length clone was isolated
from a cDNA library. Expression of the gene in tobacco
leaves successfully yielded protein with the expected enzymatic
activity.86

In the final step of ajmaline biosynthesis, an N-methyl trans-
ferase introduces a methyl group at the indole nitrogen of norajma-
line. Although this enzymatic activity has been detected in crude
cell extracts, the enzyme has not been further characterized.87

In summary, the enzymatic activities for all steps of ajmaline
biosynthesis have been detected. Five of the enzymes, stric-
tosidine synthase, strictosidine glucosidase, polyneuridine alde-
hyde esterase, vinorine synthase and 17-O-acetyl-ajmalanesterase
have been cloned. Putative clones for vinorine hydroxylase,
vomilenine reductase, and 1,2-dihydrovomilenene reductase have
been isolated. N-Methyl-transferase activity and sarpagan bridge
enzyme activities have only been detected in crude cell
extracts.
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2.1.2 Yohimbine. Yohimbine, also isolated from Rauwolfia, is
an a2-adrenoceptor antagonist with potential clinical applications
in erectile dysfunction.88 The enzymes that convert deglycosylated
strictosidine to yohimbine have not been identified. However, a
direct biosynthetic route may involve homoallylic isomerization of
the keto dehydrogeissoschizine followed by 1,4 conjugate addition
(Scheme 5).89

2.2 Catharanthus roseus

C. roseus is a rich source of terpene indole alkaloids, and a
list of alkaloids produced by C. roseus has been compiled.90 A
diversity of alkaloids including aspidosperma, corynanthe, iboga,
and bisindole types have each been isolated from this single
plant (Fig. 6). Therefore, C. roseus is a system well suited to
mechanistic study of the divergence of multiple alkaloid families
from the common intermediate strictosidine. Since the 1960’s, the
biosynthetic pathways responsible for alkaloid production in C.
roseus have been studied in mature plants, seedlings, cell cultures,
and hairy roots (see references below).

As in Rauwolfia, strictosidine is deglycosylated by a dedicated
glucosidase. This glucosidase from C. roseus has been isolated
and cloned,91–94 and it shares high sequence homology with the
Rauwolfia enzyme described in Section 2.1. Both glucosidase
enzymes yield cathenamine from strictosidine in vitro, suggesting
that the downstream divergence into different alkaloid classes is
not glucosidase dependent in C. roseus and R. serpentina plants.65,91

Strictosidine glucosidase enzyme from C. roseus has broad enough
substrate specificity to deglycosylate the enzymatically generated
strictosidine analogues shown in Fig. 2.61,62

2.2.1 Corynanthe type: ajmalicine, tetrahydroalsonine and ser-
pentine. The heteroyohimbine cathenamine is the major prod-
uct isolated after reaction of strictosidine with strictosidine-b-
glucosidase in vitro.65,91 A pathway to the corynanthe skeleton
from deglycosylated strictosidine might simply entail reduction of
the cathenamine intermediate.67,95–100 A partially purified NADPH-
dependent reductase isolated from a tetrahydroalstonine produc-
ing C. roseus cell line, catalyzed the conversion of cathenamine to
tetrahydroalstonine in vitro (Scheme 6).101 A second C. roseus cell
line yielded an additional reductase that produces ajmalicine and

Fig. 6 Representative alkaloids of Catharanthus roseus.

19-epi-ajmalicine from cathenamine (Scheme 6). Labeling studies
performed with crude C. roseus cell extracts in the presence of
D2O or NADPD support a mechanism in which the reductase
acts on the iminium form of cathenamine.102 Although some
early feeding studies suggested that geissoschizine, the reduced
form of 4,21-dehydrogeissoschizine, is the precursor for the

Scheme 5 Proposed yohimbine biosynthetic pathway.
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Scheme 6 Corynanthe biosynthesis from dehydrogeissoschizine.

corynanthe alkaloids, subsequent data indicate that dehydro-
geissoschizine is in fact the central intermediate for corynanthe
alkaloid biosynthesis (Scheme 6).103,104 A dehydrogenase enzyme
isolated from C. roseus catalyzes the oxidation of geissoschizine to
dehydrogeissoschizine, indicating that coversion of geissoschizine
to dehydrogeissoschizine occurs in vivo.105 Ajmalicine has been
further oxidized to yield serpentine in vitro. Although a dedicated
enzyme responsible for this oxidation has not been cloned,
conversion of ajmalicine to serpentine from peroxidases present
in the plant vacuoles has been observed.106,107 Even though these
pathways were elucidated in C. roseus, ajmalicine and serpentine
have been isolated from Rauwolfia species as well, and are
presumably produced by similar mechanisms.

The corynanthe alkaloids display numerous biological ac-
tivities. Ajmalicine (raubasine) affects smooth muscle function
and is used to help prevent strokes,108 serpentine is a type II
topoisomerase inhibitor,109 and tetrahydroalstonine exhibits anti-
psychotic properties.110

2.2.2 Strychnos, aspidosperma, and iboga type: preakuam-
micine, vindoline, catharanthine. It is believed that the struc-
turally more complex aspidosperma, iboga, and strychnos alka-
loids are derivatives of the corynanthe alkaloids.111 This hypoth-
esis is indirectly supported by observation that the corynanthe
alkaloids are produced early in the lifetime of the Catharanthus
roseus plant, while the aspidosperma and iboga alkaloids appear
mainly in older plants.111 Studies by numerous groups in the 1960’s
and 1970’s enabled detailed proposals of the interrelationships and
biosynthetic pathways for the strychnos, iboga, and aspidosperma

type alkaloids in C. roseus (Scheme 7). (Some key references
are listed.112–122) These proposed pathways are based on feeding
studies of isotopically labeled substrates to seedlings or shoots,
isolation of discrete intermediates from plant materials, and from
biomimetic model reactions. However, no enzymes responsible
for the construction of the strychnos, aspidoperma, or iboga
backbones are known.

The strictosidine derivative preakuammicine (strychnos-type
intermediate) is the common precursor for the aspidosperma,
strychnos and iboga alkaloids. Although several mechanisms to
explain the formation of preakuammicine from geissoschizine
have been proposed,123,124 the actual mechanism and physiological
precursor for preakuammicine remain unknown (summarized
in ref. 123). Due to its lability, preakuammicine has not been
isolated from plant material. Reduction of preakuammicine yields
stemmadenine, a productive intermediate in the pathway. C.
roseus cell cultures rapidly consume stemmadenine present in cell
culture media.68 Stemmadenine rearranges to form the acrylic ester
dehydrosecodine125–127 which serves as a common intermediate for
the aspidosperma and the iboga skeletons. Although it is possible
that the iboga type alkaloid catharanthine and the aspidosperma
type alkaloid tabersonine are formed from a Diels–Alder reaction
of dehydrosecodine, there is no evidence for this reaction in the
plant.128 Some of these findings are reviewed in references.129–135

More details are known about the six steps that catalyze
the elaboration of tabersonine to vindoline (Scheme 8).6,136 The
cytochrome P450 monooxygenase (tabersonine-16-hydroxylase,
T16H) responsible for hydroxylating tabersonine to 16-hydroxy-
tabersonine in the first step of this sequence has been cloned.137,138

540 | Nat. Prod. Rep., 2006, 23, 532–547 This journal is © The Royal Society of Chemistry 2006



Scheme 7 Proposed biosynthetic pathway of aspidosperma and iboga alkaloids. No enzymatic information is available for the steps proposed in this
scheme.

This hydroxyl group is then methylated by a SAM dependent
O-methyltransferase to yield 16-methoxy-tabersonine; this en-
zyme (16-hydroxytabersonine-16-O-methyltransferase, HTOM)
has been purified, but not cloned.139 In the next step, hydration
of a double bond by an uncharacterized enzyme produces 16-
methoxy-2,3-dihydro-3-hydroxytabersonine. Transfer of a methyl
group to the indole nitrogen by an N-methyl transferase (NMT)
yields desacetoxyvindoline. This methyl transferase activity has

been detected only in differentiated plants, not in plant cell
cultures.140 The penultimate intermediate, deacetylvindoline, is
produced by the action of the 2-oxoglutarate-dependent dioxy-
genase desacetoxyvindoline 4-hydroxylase (D4H). This enzyme
has been cloned and is also absent from plant cell cultures.141 In
the last step, deacetylvindoline is acetylated by deacetylvindoline
O-acetyltransferase (DAT). This enzyme, also absent from non-
differentiated plant material, has been successfully cloned.142

Scheme 8 Vindoline biosynthesis from tabersonine. T16H, tabersonine-16-hydroxylase; HTOM, 16-hydroxytabersonine 16-O-methyltransferase;
NMT, N-methyltransferase; D4H, desacetoxyvindoline 4-hydroxylase; DAT, deacetylvindoline O-acetyltransferase. Tabersonine 16-hydroxylase,
desacetoxyvindoline 4-hydroxylase and deacetylvindoline O-acetyltransferase have been cloned.
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2.2.3 Bisindole type: vinblastine. Vinblastine and the struc-
turally related vincristine are highly effective anti-cancer agents
currently used clinically against leukemia, Hodgkin’s lymphoma
and other cancers.143,144 Early feeding experiments with isotopically
labeled loganin also indicated that the bisindole alkaloids belong
to the terpene indole alkaloid family.145 Inspection of these bisin-
dole alkaloids suggests that they are derived from dimerization of
vindoline and catharanthine. The dimerization of catharanthine
and vindoline is believed to proceed via the formation of an
iminum intermediate with catharanthine (Scheme 9). This iminium
intermediate is reduced to form anhydrovinblastine, a naturally
occurring compound in C. roseus plants.146 In support of this
mechanism, anhydrovinblastine is incorporated into vinblastine
and vincristine in feeding studies with cell free extracts.106,147–149

Peroxidase-containing fractions of plant extracts were found to
catalyze the formation of the bisindole dehydrovinblastine from
catharanthine and vindoline.150,151 The peroxidase CRPRX1 (a-
3′,4′-anhydrovinblastine synthase), purified and cloned from C.
roseus leaves, has been demonstrated to convert vindoline and
catharanthine to anhydrovinblastine in vitro.152,153 It is proposed
that catharanthine is oxidized to an iminium ion, which then
reacts with the relatively nucleophilic vindoline.154 Although this
peroxidase is not highly substrate specific for catharanthine
and vindoline, localization studies suggest that CRPRX1 is the
dedicated peroxidase required for bisindole formation.106,153,154

Finally, after formation of dehydrovinblastine, hydroxylation of
the double bond yields vinblastine, and oxidation of the N-methyl
group yields vincristine.

2.3 Ophiorrhiza pumila, Camptotheca acuminata

2.3.1 Quinoline type: camptothecin. Ophiorrhiza pumila and
Camptotheca acuminata both produce the quinoline alkaloid
camptothecin (Fig. 7). Camptothecin is a topoisomerase inhibitor
and analogues of this compound are used as anti-cancer agents.
The biological activity and biosynthesis of camptothecin has been
recently reviewed.155

Fig. 7 Representative quinoline alkaloids from (A) Ophiorrhiza pumila
and Camptotheca acuminata and (B) Cinchona.

Although camptothecin is a quinoline alkaloid lacking the basic
indole structure, early proposals suggested that camptothecin
might be part of the terpene indole alkaloid family.156 Feeding
of labeled tryptamine157 and strictosidine to C. acuminata plants
verified this hypothesis, and established these compounds as
intermediates in the campotothecin pathway.158 As noted in
Section 2, O. pumila strictosidine synthase has recently been cloned
from hairy root cultures.58,159

The biosynthesis of camptothecin is unique among terpene
indole alkaloids because strictosidine is not immediately deg-
lycosylated. Instead, a lactam is formed between the amine of
strictosidine and the methyl ester derived from the secologanin
moiety to yield the intermediate strictosamide (Scheme 10). In-
corporation of labeled strictosamide into camptothecin validates
that strictosamide is a productive intermediate.160,161

The steps following strictosamide formation remain somewhat
speculative. A series of chemically reasonable transformations
have been proposed (Scheme 10), though there is little experi-
mental evidence for these steps.160,162 However, two of these

Scheme 9 Dimerization of vindoline and catharanthine by the peroxidase a-3′,4′-anhydrovinblastine synthase to produce vinblastine.
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Scheme 10 Camptothecin biosynthesis.

potential biosynthetic intermediates, 3(S)-pumiloside and 3(S)-
deoxypulminoside, have been isolated from O. pumila.163–165

2.4 Cinchona

2.4.1 Quinoline type: quinine. A variety of quinoline al-
kaloids are produced by the Cinchona species (C. robusta, C.
officinalis, C. ledgeriana) (Fig. 7).166 Quinine, the best known
of the Cinchona alkaloids, is a highly effective anti-malarial
agent.167 Feeding studies with radiolabeled tryptophan,168–170

monoterpenes,168,171–174 and strictosidine170 indicate that the Cin-
chona quinoline alkaloids are derived from strictosidine. Strictosi-
dine synthase has been purified from cell cultures of C. robusta175

and strictosidine glucosidase activity in C. robusta has been
detected.176

Feeding experiments in C. ledgeriana with labeled precursors
have led to a proposed biosynthetic pathway (Scheme 11).177,178

Incorporation of the corynantheal intermediate shown in
Scheme 11 suggests that the methoxycarbonyl group is lost at
an early stage.

Two isoforms of one enzyme involved in the later stages of
the quinine biosynthetic pathway have been purified from cell
suspension cultures of C. ledgeriana.179 One isoform of this
NADPH-dependent oxidoreductase catalyzes the reduction of
cinchoninone (which equilibrates with its epimer cinchonidinone)
to give a mixture of cinchonine and cinchonidine, while a

Scheme 11 Proposed quinine biosynthetic pathway.
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Fig. 8 Oxidoreductase involved in quinoline alkaloid biosynthesis.

second isoform catalyzes the reduction of both cinchoninone and
quinidinone (Fig. 8).

3 Localization of terpene indole alkaloid
biosynthetic enzymes

Localization of biosynthetic enzymes is an important mechanism
of control in plant pathways.180 Enzyme localization in terpene in-
dole alkaloid biosynthesis has been extensively studied in C. roseus
(reviewed in ref. 5,180). The coexistence of multiple pathways—
corynanthe, aspidosperma and iboga—makes Catharanthus an
intriguing system to monitor the localization of biosynthetic
enzymes. For enzymes where the gene sequence is known, the
localization is typically deduced by immunolocalization or in situ
RNA hybridization. Alternatively, enzyme activity can be local-
ized to a particular cellular compartment based on isolation of a
given cellular organelle.

Enzymes of plant secondary metabolic pathways are localized
to separate subcellular compartments and expression levels vary
by tissue and cell type. At the cellular level, enzymes may be found
in the cytosol, endoplasmic reticulum, vacuole or chloroplast (or
plastid). The compartmentalization of terpene indole alkaloid
biosynthesis is no exception (Fig. 9).181

As with all terpenoids derived from non-mevalonate pathways,
secologanin biosynthesis (Scheme 2) begins in the plastid where
the geranyl intermediate is generated.21 Geraniol is then exported
to the cytosol where it is hydroxylated by geraniol-10-hydroxylase
(G10H) which is believed to be associated with the vacuolar mem-
brane (Scheme 2).26,182 Secologanin synthase (SLS) (Scheme 2)
is also an endomembrane associated protein.183 Tryptamine is

generated by the action of tryptophan decarboxylase (TDC) in
the cytosol (Scheme 1).184,185

In the first committed step of terpene indole alkaloid synthesis,
strictosidine synthase (STR) acts on secologanin and tryptamine
in the vacuole (Scheme 1).185,186 Both secologanin and tryptamine
substrates traverse the vacuole membrane (the tonoplast) from
the cytosol. The product, strictosidine, is then exported out of the
vacuole into the cytosol for reaction with strictosidine glucosidase
(SGD), which is associated with the membrane of the endoplasmic
reticulum.91,185

The steps immediately following strictosidine glucosidase define
the branch point for the diversification of the strictosidine agly-
cone. Localization of the steps immediately following strictosidine
deglycosylation has not been studied since no enzymes for these
steps have been isolated (see Section 2.2). However, conversion
of tabersonine to vindoline is well understood (Scheme 8).
T16H, which acts on tabsersonine in the first step of vin-
doline biosynthesis is associated with the endoplasmic reticu-
lum membrane.137 N-Methyl transferase activity (16-methoxy-
2,3-dihydro-3-hydroxy tabersonine N-methyl transferase, NMT)
is believed to be associated with the thylakoid, a structure
located within the chloroplast.140,184 The methylated intermediate,
desacetoxyvindoline is transported to the cytosol, where it is hy-
droxylated and acetylated by the two cytosolic enzymes vindoline-
4-hydroxylase (D4H) and deacetylvindoline O-acetyltransferase
(DAT).184,187 The peroxidase (PER) which catalyzes bisindole
alkaloid formation is localized in the vacuole.153 Additionally, the
peroxidase (PER) responsible for oxidation of ajmalicine to ser-
pentine (Scheme 6) is also believed to be in the vacuole.106 Overall,
extensive subcellular trafficking of biosynthetic intermediates is

Fig. 9 Sub-cellular localization of known C. roseus enzymes in terpene indole alkaloid biosynthesis (adapted from ref. 90).
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Table 1 Cell type and associated alkaloid biosynthetic enzyme.
Geraniol-10-hydroxylase (G10H); secologanin synthase (SLS); tryp-
tophan decarboxylase (TDC); strictosidine synthase (STR); strictosi-
dine glucosidase (SGD); N-methyltransferase (16-methoxy-2,3-dihydro-
3-hydroxytabersonine N-methyl transferase (NMT)); vindoline 4-
hydroxylase (D4H); desacetylvindoline O-acetyltransferase (DAT)

Enzyme Transformation Cell type

DXP synthase Scheme 2 Vascular, epidermal
DXP reductoisomerase Scheme 2 Vascular, epidermal
MEP synthase Scheme 2 Vascular, epidermal
G10H Scheme 2 Vascular, epidermal
SLS Scheme 2 Vascular, epidermal
TDC Scheme 1 Epidermal
STR Scheme 1 Epidermal
T16H Scheme 8 Epidermal
D4H Scheme 8 Laticifers and idioblasts
DAT Scheme 8 Laticifers and idioblasts

required for terpene indole alkaloid biosynthesis. Although uptake
of ajmalicine and serpentine into the vacuole has been studied, in
general the mechanisms of transport remain unclear.107,188

Aside from sub-cellular compartmentalization, specific cell
types are apparently required for the biosynthesis of some terpene
alkaloids; notably, cell suspension cultures of C. roseus fail to
produce vindoline.188 Studies of the localization of vindoline
biosynthetic enzymes strongly suggest that the early part of the
vindoline pathway (TDC and STR) takes place in epidermal cells
(cells on the surface) of leaves and stems (Table 1). However, the
later steps catalyzed by D4H and DAT take place in specialized
cells, the laticifers and idioblasts.189 Moreover, several enzymes
involved in secologanin terpene biosynthesis, DXP synthase,
DXP reductoisomerase, MEP synthase, geraniol-10-hydroxylase
(G10H) and secologanin synthase (SLS), are observed in both
vascular cells (cells involved in transport) and epidermal cells.190,191

Vascular cells are believed to be specialized “terpene factories”.190

In short, vindoline biosynthesis requires at least two distinct cell
types and a mechanism of intercellular transport of intermediates.

Finally, enzyme activity is often restricted to a certain region
of the plant or seedling. For example, TDC and STS are most
abundant in roots but are also found in photosynthetic organs.192

T16H, D4H and DAT are found in young leaves and shoots.137,141,142

Vindoline and the bisindole alkaloids vinblastine and vincristine
are found in the leaves and the stems, while the iboga alkaloid
catharanthine is distributed throughout most tissues.193,194 The
corynanthe alkaloids appear primarily in the roots.195

4 Conclusion

After half a century of study, the chemistry of terpene indole alka-
loid biosynthesis is still not completely understood. Elucidation
of enzymatic pathways that construct ajmaline (R. serpentina) and
vindoline (C. roseus) alkaloids has been particularly successful.
Localization of alkaloid enzymes suggests that a complex network
of intra- and inter-cellular trafficking of biosynthetic intermediates
occurs throughout the course of alkaloid biosynthesis. Advances
in molecular biology will undoubtedly lead to further insights
into the chemistry, biochemistry, and biology of this complex set
of biosynthetic pathways.
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