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Roberto Kú-Cauich
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Abstract Alkaloids are one of the most diverse

groups of secondary metabolites found in living

organisms. The most economically important alka-

loids are the bisindole vinblastine, and vincristine.

Unraveling the complexity of the genetic, catalytic

and transport processes of monoterpene indole alka-

loids biosynthesis is one of the most stimulating

intellectual challenges in the plant secondary metab-

olism field. More than 50 metabolic steps are required

to synthesize the most important alkaloids in Cath-

aranthus roseus. Until now about only 20 of the 50

enzymes required for their biosynthesis have been

determined and characterized. Hence, there are still a

number of important enzymes that need to be

characterized, beginning with the isolation and clon-

ing of genes. It is also of fundamental importance to

elucidate the regulatory aspects of their biosynthesis,

both at the cellular and the molecular level, in order

to address the question of their function in the plants

that are producing them. In this review, we present an

analysis of the state of the art related to the biosyn-

thesis of the monoterpene indole alkaloids.
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Abbreviations

AVLBS a-30, 40-Anhydrovinblastine

synthase

CaaX-PTases CaaX-prenyltransferases

CPR Cytochrome P450 reductase

DMAPP Dimethylallyl diphosphate

GPP Geranyl diphosphate

IPP Isopentenyl pyrophosphate

MeJa Methyl jasmonate

MEP 2-C-methylerythritol 4-phosphate

PFT Protein farnesyltransferas

PGGT-I Type I protein

geranylgeranyltransferase

STR Strictosidine synthase

TDC Tryptophan decarboxylase

TIAs Terpenoid indole-alkaloids

Introduction

Alkaloids are one of the most diverse groups of

secondary metabolites found in living organisms.

While the alkaloids have been traditionally isolated

from plants, since around 20% of this kingdom has
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been found to contain these compounds (De Luca

and St Pierre 2000), they have also has been

reported in an increasing number of animals, insects,

marine invertebrates and microorganisms (Roberts

and Wink 1998). A great number of alkaloids have

been used in medicine and many of them are

prominent components of modern drugs (Schmeller

and Wink 1998).

The large family of alkaloid includes around

12,000 characterized products (De Luca and St Pierre

2000) with a large variety of chemical structures that

have been classified into four groups according to

their biogenetic origin: (1) alkaloids whose carbon

skeleton is provided by amino acids such as ornithine/

arginine, lysine, histidine, phenylalanine/tyrosine,

tryptophan and the acids anthranilic and nicotinic;

(2) purinic alkaloids; (3) aminates terpenes and (4)

alkaloids poliketides. Among these the tryptophan-

derived indol alkaloids that grouped into monoter-

pene or indol-terpene alkaloids (iridoids) and into

numerous sub-groups based on the type of cyclization

of the aromatic ring that occurs after removal of a

glucose moiety from the 3a(S)-strictosidine. In this

case eight sub-groups can be recognized: aspidosper-

matan, corynanthean, eburnan, ibogan, plumeran,

strychnan, vallesiachotaman and vincosan (Van der

Heijden et al. 2004).

Terpenoid indole-alkaloids

The terpenoid indole-alkaloids (TIAs) form a family

of more than 3,000 members of which only a few

have known physiological effects in mammals (Kut-

chan 1995; Geerlings et al. 2000). This type of

alkaloid has been found in several plant families, but

mainly in: Apocynaceae, Loganiaceae, Nissaceae and

Rubiaceae, which are all of the Gentianales order.

Among the better known and studied plants which

produce TIAs are Catharanthus roseus, Tabernae-

montana divaricata and Rauvolfia serpentina (Water-

man 1998; Cordell 1999).

Catharanthus roseus

Catharanthus roseus (L.) G. Don is a perennial

plant belonging to the Apocynaceae family, and

one of the eight species of the genus Catharanthus

(Van der Heijden et al. 2004). The genus comes

from Madagascar and India. C. roseus has been

cultivated with ornamental aims because it pro-

duces flowers of pink or white color for most of

the year (Svoboda and Blake 1975). Also it has

been used in traditional medicine as a hypoglyce-

mic agent (Singh et al. 2001). The present interest

in this plant is due to the fact that is an important

source of chemotherapeutic agents with activity

against several kinds of cancer (Svoboda and Blake

1975; Schmeller and Wink 1998), and also because

it produces a great variety of TIAs (Svoboda and

Blake 1975; Van der Heijden et al. 1989, 2004),

most of them with pharmacological activity.

Among the more important alkaloids produced by

C. roseus are those of the bisindole type which

include vinblastine, used in the treatment of

Hodgkin’s disease (Schmeller and Wink 1998),

and vincristine used in the treatment of leukemias

(Schmeller and Wink 1998). This plant also

produces antihypertensive agents such as ajmalicine

and serpentine (Shanks et al. 1998), which are used

to combat heart arrhythmias and to improve the

blood circulation in the brain (Moreno et al. 1995;

Schmeller and Wink 1998). The cost of 1 kg of

vinblastine in the market is around a million dollars

and the world annual production is near 12 kg.

On the other hand, vincristine has reached the price

of 3.5 million dollars for 1 kg and its annual

production is 1 kg.

The high cost of these alkaloids is due to the fact

that they are present in very small amounts in C.

roseus leaves (around 0.0005% DW) and their

extraction is carried out in the presence of many

other compounds with very similar chemical and

physical properties (Scott 1979; De Luca and Lafl-

amme 2001).

This problem has created the necessity of finding

alternative sources to obtain bisindole alkaloids. At

the beginning of the 1980s, it was expected that plant

tissue culture could be a useful alternative source of

pharmacologically active C. roseus alkaloids but

these have only been obtained in very low concen-

trations even after a substantial amount of research

(Van der Heijden et al. 1989; Verpoorte et al. 1993;

Moreno et al. 1995; De Luca et al. 1998). This lack of

success with tissue cultures has been attributed to the
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lack of knowledge about the biosynthesis and degra-

dation of these products.

Biosynthesis of TIAs

The biosynthesis of the TIAs in C. roseus is

extraordinarily complex and requires the participation

of the shikimate and 1-deoxy-D-xylulose-5-phosphate

synthase pathways that yield the indole and terpene

components required for their elaboration (De Luca

1993; Meijer et al. 1993c).

The enzyme L-amino acid-aromatic carboxy-

lyase (tryptamine-forming) (EC 4.1.1.28)1 (common

name [cn] = tryptophan decarboxylase) catalyzes

the conversion of L-tryptophan to L-tryptamine,

deriving tryptophan to secondary metabolism.

Tryptamine and secologanin, the monoterpene

glucoiridoid precursor, are condensed to form

strictosidine, the universal glucoalkaloid precursor

of all the alkaloids isolated from C. roseus. The

enzyme that catalyzes the condensation of trypt-

amine and secologanin is the 3a(S)-strictosidine

tryptamine-liase (EC 4.3.3.2) (cn = strictosidine

synthase).

The immediate precursors of TIAs, tryptamine and

secologanin, require precursors coming from primary

metabolism. In plants, as in animals and microor-

ganisms, the precursors of the aromatic amino acids

phenylalanine, tyrosine and tryptophan are derived

from the shikimic acid pathway (Berg et al. 1995;

Mathews et al. 2000).

Secologanin biosynthesis

The biosynthesis of secologanin involves a much

more complex and branching route than the shikimic

acid pathway used to supply tryptophan for MIA

biosynthesis. Plants have two independent routes of

biosynthesis of isopentenyl diphosphate for isopren-

oid formation, which work in different cellular

compartments such as (1) the classical pathway of

acetate/mevalonate for the terpenoid biosynthesis in

the cytoplasm, and (2) the route of 1-deoxy-D-

xylulose-5-phosphate into the plastids (Fig. 1) (Lange

et al. 2000; Lichtenthaler 2001).

Our understanding of the metabolic route for

the biosynthesis of the mevalonate is based on the

investigations made on the biosynthesis of sterols,

mainly in mammals and yeasts (Gray 1987). In

plants these mechanisms are similar; however, the

amount of the final products that are synthesized

by the vegetables from this molecule is much

greater.

The mevalonate pathway initiates when two acetyl

CoA molecules are condensed to form acetoacetyl

CoA by the acetyl-CoA:acetyl-CoA C-acetyltransfer-

ase reaction (EC 2.3.1.9) (cn = acetyl-CoA C-

acetyltransferase) (reaction 1, Fig. 1). In the next

step acetyl-CoA:acetoacetyl-CoA C-acetyltransferase

(EC 2.3.3.10) (cn = hydroxymethylglutaryl-CoA

synthase) catalyzes the conversion of acetoacetyl

CoA and acetyl-CoA to 3-hydroxy-3-methylglutaryl-

CoA (reaction 2, Fig. 1), which is reduced to (R)-

mevalonate by the enzyme (R)-mevalonate:NADP+

oxidoreductase (CoA-acylating) (EC 1.1.1.34)

(cn = hydroxymethylglutaryl-CoA reductase,

HMGR) (reaction 3, Fig. 1). The (R)-mevalonate is

phosphorylated two times; first by the ATP:(R)-

mevalonate-5-phosphotransferase (EC 2.7.1.36)

(cn = mevalonate kinase) (reaction 4, Fig. 1) and

then by the ATP:(R)-5-phosphomevalonate phospho-

transferase (EC 2.7.4.2) (cn = phosphomevalonate

kinase) (reaction 5, Fig. 1) to produce (R)-5-diphos-

phomevalonate. Finally, the (R)-5-diphosphomevalo-

nate is decarboxylated by the ATP:(R)-5-

diphosphomevalonate carboxy-lyase (dehydrating)

(EC 4.1.1.33) (cn = diphosphomevalonate decarbox-

ilase) to isopentenyl pyrophosphate (IPP) (reaction 6,

Fig. 1).

The IPP is turned into its isomer, dimethylallyl

diphosphate (DMAPP) by the isopentenyl-diphos-

phate D3–D2 isomerase (EC 5.3.3.2) (cn = isopente-

nyl-diphosphate D-isomerase) (reaction 14, Fig. 1;

reaction 1, Fig. 2). The condensation of DMAPP

with one molecule of IPP is carried out by the

dimethylallyl diphosphate:isopentenyl-diphosphate

dimethylallyltranstransferase (EC 2.5.1.1) (cn = dim-

ethylallyltranstransferase) (reaction 2, Fig. 2); this

reaction generates the geranyl diphosphate (GPP),

1 The first time that an enzyme in named, the systematic

name and the Enzyme Commission Number (EC) assigned

by IUBMB (www.chem.qmul.ac.uk/iubmb/enzyme/) is

given. The common name is give in parenthesis; after the

first time, and in all figure legends, the common name is

used.

Phytochem Rev (2007) 6:307–339 309

123



initiating the biosynthesis of the monoterpenes.

Afterwards, the geranyl-diphosphate:isopentenyl-

diphosphate geranyltranstransferase (EC 2.5.1.10)

(cn = geranyltranstransferase) catalyzes the bonding

of GPP with a molecule of IPP and produces the

trans, transfarnesyl diphosphate (reaction 3, Fig. 2)

Fig. 1 Isopentenyl diphosphate biosynthesis pathway (IPP).

The numbers inside the circle indicate the enzymes: acetyl-

CoA C-acetyltransferase (1); 3-hydroxy-3-methylglutaryl CoA

synthase (2); 3-hydroxy-3-methylglutaryl CoA reductase (3);

mevalonate kinase (4); 5-phosphomevalonate kinase (5);

diphosphomevalonate decarboxylase (6); 1-deoxy-D-xylulose-

5-phosphate synthase (7); 1-deoxy-D-xylulose-5-phosphate

reductoisomerase (8); 2-C-methyl-D-erytritol 4-phosphate cy-

tidiltransferase (9); 4-(cytidine 50-diphospho)-2-C-methyl-D-

erytritol kinase (10); 2-C-methyl-D-eritritol 2,4-cyclodiphos-

phate synthase (11); 4-hydroxy-3-methylbut-2-en-1-il diphos-

phate synthase (12); 4-hydroxy-3-methylbut-2-enyl

diphosphate reductase (13); isopentenyl diphosphate isomerase

(14) (Rudney 1957; Tchen 1958; Bloch et al. 1959; Durr and

Rudney 1960; Stern et al. 1960; Agranoff et al. 1960; Arigoni

et al. 1997; McCaskill and Croteau 1998; Adam and Zapp

1998; Lange et al. 2000; Lichtenthaler 2001)
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which is channeled to the biosynthesis of sesquiterp-

enes, triterpenes, diterpenes, etc. (Gershenzon and

Croteau 1990) (Fig. 2). Unlike animals, in plants

some of the enzymes described for this part of the

pathway form multienzymatic complexes. In radish

(Raphanus sativus) (Bach et al. 1994) and C. roseus

(Van der Heijden et al. 1994) the existence of a

membrane associated enzyme that displays the activ-

ities of acetoacetyl-CoA C-acetyltransferase and

hydroxymethylglutaryl-CoA synthase has been de-

tected.

Until early 90s it was thought that plant

isoprenoids were biosynthesized from mevalonate

(Bach 1995; Chappell et al. 1995; Chappell 1995a,

b), and that the enzyme HMGR could represent a

limiting step for the biosynthesis of the vegetal

isoprenoids, as happens for the biosynthesis of

cholesterol in animals (Goldstein and Brown 1990).

Also it was thought that the biosynthesis of IPP

was carried out exclusively in the cytoplasm and

then transported into the plastids. However, Heintze

et al. (1994), observed that isolated plastids from

wheat were able to biosynthesize carotenes from

[14C]-acetate, which suggests that they possess the

complete machinery to synthesize IPP. These

experiments led to the discovery of a complete

new metabolic pathway for the biosynthesis of the

plastidic IPP (Schwender et al. 1996; Lichtenthaler

et al. 1997).

The 1-deoxy-D-xylulose-5-phosphate synthase

pathway, discovered in Escherichia coli by Roh-

mer et al. (1993), initiates with the condensation

of pyruvate and glyceraldehyde-3-phosphate to

produce 1-deoxy-D-xylulose-5-phosphate, in a

reaction dependent on thiamine and catalyzed by

the 1-deoxy-D-xylulose-5-phosphate synthase (EC

2.2.1.7) (Lichtenthaler 1999) (reaction 7, Fig. 1).

This enzyme was isolated for the first time in

plants from Mentha x piperita and it has a

molecular mass of 71 kDa (Lange et al. 1998).

In plants this alternative biosynthetic pathway

generates IPP into the plastids for the biosynthesis

of isoprenoids (Lange et al. 1998; McCaskill and

Croteau 1998; Adam and Zapp 1998; Lichtenthaler

1999).

According to Contin et al. (1998), secologanin

proceeds mainly from the IPP produced by the

1-deoxy-D-xylulose-5-phosphate synthase pathway.

Fig. 2 Isoprenoid biosynthesis. The numbers inside the circle

indicate the enzymes: isopentenyl-diphosphate D-isomerase

(1), dimethylallyltranstransferase (2); geranyltranstransferase

(3); farnesyltranstransferase (4) (Agranoff et al. 1960; Reed

and Rilling 1975; Banthorpe et al. 1976)
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However, data in the literature suggest that the

mevalonate pathway also participates in the biosyn-

thesis of this monoterpene, even if to lesser degree.

In our laboratory we determined that C. roseus hairy

roots, harboring hamster 3-hydroxy-3-methylgluta-

ryl-CoA reductase cDNA without membrane bind-

ing domain were able to modify both alkaloid and

sterol biosynthesis (Ayora-Talavera et al. 2002).

Clones with the lowest soluble and microsomal

HMGR activity produced more ajmalicine and

catharanthine than the control but had reduced

campesterol concentration. Clones with high soluble

HMGR activity produced high concentration of

campesterol and five to seven times more serpentine

than the control cells but no catharanthine and only

low amounts of ajmalicine accumulated (Ayora-

Talavera et al. 2002).

The involvement of both pathways has also been

proposed in the case of the biosynthesis of other

terpenes such as b-carotene, phytol and luteine

from C. roseus (Arigoni et al. 1997) and the

sesquiterpenes of Matricaria recutita (Adam and

Zapp 1998).

In C. roseus only some of the enzymes that are

required for the biosynthesis of the secologanin have

been determined (Fig. 3); the best known enzymes

are: HMGR (reaction 3, Fig. 1), which biosynthesizes

mevalonate (Van der Heijden et al. 1989); the

geraniol-10-hydroxylase (reaction 3, Fig. 3), which

has been determined, isolated and purified from

cellular suspensions (Meijer et al. 1993a; Canto-

Canché and Loyola-Vargas 2000, 2001); the enzyme

NADPH:cytochrome P-450 reductase, a component

of geraniol-10-hydroxylase, which was purified to

homogeneity by ion exchange chromatography (Mad-

yastha and Coscia 1979a); and a non-specific mono-

terpene-alcohol oxidoreductase which works in the

presence of NAD(P)+ (reaction 4, Fig. 3) and is

capable of catalyzing the oxidation of 10-hydroxyg-

eraniol to the correspondent aldehyde (Madyastha

and Coscia 1979b).

Recently our group has been able to determine the

activity of 10-oxogeranial cyclase from transformed

roots of C. roseus, using the true substrate of the

enzyme. This enzyme catalyzes the first cyclization in

the biosynthetic pathway of secologanin (reaction 5,

Fig. 3) (Sánchez-Iturbe et al. 2005).

In addition, the (S)-adenosyl-L-methionine-logan-

ic acid-methyltransferase has been found in seeds

of C. roseus; this enzyme catalyzes the formation

of loganine from loganic acid or secologanic acid

and the (S)-adenosyl-L-methionine (reaction 6,

Fig. 3) (Madyastha et al. 1973). Recently, the

activity of the secologanin synthase (reaction 7,

Fig. 3), a protein of the P450 family, has been

characterized (Yamamoto et al. 2000; Irmler et al.

2000). Not all the enzymes have been purified.

Geraniol 10-hydroxylase has been found as the

only enzyme that is inhibited by an alkaloid, the

catharanthine.

In general, very little is known about the biosyn-

thesis of secologanin. The pathway has been postu-

lated from experiments carried out using glucose,

mevalonato, geraniol or other precursors labeled with
3H or 14C. These experiments have been carried out

in suspension cultures of C. roseus, R. serpentina,

Gardenia jasminoides, Teucrium marum and Nepetia

cataria, as well as in different species of the Lonicera

genus (Contin et al. 1998). Geraniol is the first

product channeling the carbon skeletons to the

biosynthesis of the monoterpenes. It has been

proposed that there are at least 11 enzymatic steps

between the geraniol and the secologanin as final

product. However, only six are known: the geraniol

10-hydroxylase (react ion 3, Fig. 3) , the

NADP+:monoterpene oxidoreductase (reaction 4,

Fig. 3), the oxogeranial (iridodial) cyclase (reaction

5, Fig. 3), the 7-deoxyloganine, NADPH:oxigen

oxidoreductase (7a-hydrolase) (EC 1.14.13.74) (reac-

tions 6 and 8, Fig. 3), the (S)-adenosyl-L-methio-

nine:loganate 11-O-methyltransferase (EC 2.1.1.50)

(reactions 7 and 10, Fig. 3), and the loganine:

oxigen oxidoreductase (EC 1.3.3.9) (reactions 9 and

11, Fig. 3). Most enzymes have been not full

characterized.

It has been proposed that the first regulated step

in the biosynthesis of loganine is the oxygenation of

geraniol. This reaction is catalyzed by the enzyme

geraniol 10-hydroxylase (reaction 3, Fig. 3) and it

has been suggested that this enzyme compromises

the carbon skeletons for the biosynthesis of seco-

loganin. Some of the observations that support the

fact that this enzyme represents a regulation point

are: its activity is induced under conditions which

produce an increase in the alkaloid content, and its

activity is inhibited by the addition of phosphates,

which causes a decrease in the alkaloid content

(Schiel et al. 1987).
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Other conditions, which induce an increase or a

decrease in the alkaloid content also show a corre-

lation with the activity of geraniol 10-hydroxylase

(Meijer et al. 1993a). This enzyme is inhibited by

catharanthine (Ki = 1 mM) (McFarlane et al. 1975).

The physiological significance of this inhibition could

be that the accumulation of this particular alkaloid

provokes a feedback inhibition (Meijer et al. 1993c).

Fig. 3 Biosynthesis of the monoterpene iridoide secologanin.

The numbers inside the circle indicate the enzymes: geraniol

pyrophosphate synthase (1); phosphatase (2); geraniol-10-

hydroxylase (3); NADP+: monoterpene oxidoreductase (4);

10-oxogeranial cyclase (5); 7-deoxyloganine, NADPH:oxygen

oxidoreductase (7a-hydrolase) (6 and 8); S-adenosyl-L-methi-

onine:loganate 11-O-methyltransferase (7 and 10); and loga-

nin:oxygen oxidoreductase (9 and 11). The position of a

specific phosphatase for the geranyl diphosphate at the

beginning of the route proposed by the group of the Dr. R.

Verpoorte (Meijer 1993), is indicated. The existence of this

enzyme has not been demonstrated yet. The dotted arrows
indicate probable or non-characterized steps. Several arrows in

the same step indicate the probability of various metabolic

steps. (j) Step inhibited by catharanthine. Diagram based of

De Luca (1993), Gershenzon and Croteau (1990) and Meijer

(1993c)
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Geraniol 10-hydroxylase

Geraniol 10-hydroxylase is a monooxygenase of the

P450 protein family (Meehan and Coscia 1973) and is

localized in the vacuole membrane (Madyastha et al.

1977). This enzyme catalyzes the hydroxylation of

geraniol at position 10 and requires O2 and NADPH

(reaction 3, Fig. 3) (Meehan and Coscia 1973). The

NADPH electrons are transferred to the monooxy-

genase heme group through the NADPH:cytochrome

P450 reductase (CPR, E.C.1.6.2.4) (Donaldson and

Luster 1991).

This flavoprotein is absolutely necessary for mono-

oxygenase catalysis and it is formed by two compo-

nents: cytochrome dependent NADPH dependent P-

450 reductase and cytochrome P-450, with its own

geraniol 10-hydroxylase activity (Meijer et al. 1993b).

The first component is a membranal flavoprotein

that has been purified to homogeneity; its molecular

mass is approximately 78 kDa and its cofactors are

FMN and FAD (Madyastha et al. 1976, 1977;

Madyastha and Coscia 1979a, b). The second com-

ponent is a protein of molecular mass of 56 kDa that

has been purified apparently to homogeneity. It

accepts solely geraniol as substrate and not geraniol-

P or nerol-P, which could be considered evidence of

the existence of a previous dephosphorylation (Meijer

et al. 1993a).

This enzyme has as noncompetitive inhibitor

catharanthine (Ki = 1 mm) that is stimulated by

DTT and inhibited by CO, although this inhibition is

reverted by light (Meehan and Coscia 1973; Mad-

yastha et al. 1976; Madyastha and Coscia 1979b).

The cDNA of cytochrome P-450 reductase that

codifies a peptide of 78.9 kDa has been cloned using

a probe of conserved regions between these kind of

proteins (Meijer et al. 1993b). Nevertheless, when

this cDNA was used to transform Nicotiana tabacum

and A. thaliana, the protein was expressed but

geraniol 10-hydroxylase activity was not detected.

The antibodies generated against the protein that

codifies the cDNA crossed with the protein purified

previously (Vetter et al. 1992).

We reported the characterization of this polyclonal

serum raised against the purified G10H polypeptide.

Anti-G10H IgG was able to inhibit the G10H activity

and also recognized the G10H polypeptide from

C. roseus and other plants producing TIAs

(Canto-Canché et al. 2005).

G10H activity has been only detected in cell

cultures of species belonging to the Apocynaceae

family. The highest amounts of G10H activity

(240 pkatal mg protein�1) were found in cell cultures

of C. roseus. Further increase of G10H activity

(335 pkatal mg protein�1) could be achieved by

transferring the C. roseus cell culture to an induction

medium known to enhance alkaloid production

(Collu et al. 2002). Methyl jasmonate strongly

induced G10H gene expression coordinately with

other terpenoid indole alkaloid biosynthesis genes in

C. roseus cell culture (Collu et al. 2001). Recently it

has been found that cytokinin and/or ethylene greatly

enhanced the expression of the geraniol-10-hydrox-

ylase gene (Papon et al. 2005).

To obtain basic information about the regulation of

the enzyme geraniol 10-hydroxylase, the behavior of

this enzyme and its redox partner—the NADPH:Cyt

C (P450) reductase—was examined in C. roseus

hairy roots subjected to various treatments (abscisic

acid, zeatine, P-free medium, transfer to B5/2 medium

deprived of phosphorous, 0.1% macerozyme, transfer

to alkaloid induction medium (B5/2 medium plus 8%

sucrose) and fungus homogenate addition. For several

of these treatments, no concerted responses of either

enzyme were observed, but in general, the reductase

was more responsive than G10H (Canto-Canché and

Loyola-Vargas 2000). CPR activity was enhanced by

all treatments, except zeatine, which had no effect

(Canto-Canché and Loyola-Vargas 2000). It was

shown that G10H activity is correlated with the

ability of the cells to accumulate TIAs, although it

seemed that increased G10H is not the only require-

ment for increased alkaloid accumulation (Collu et al.

2002).

NADPH-hemoprotein oxidoreductase

The NADPH-hemoprotein oxidoreductase (EC

1.6.2.4) is the redox partner of classical P450-

monooxygenases, which have crucial roles in the

metabolism of terpenes, alkaloids, flavonoids, phyto-

alexins etc. It has become evident that, contrary to the

situation in animals and yeast, various CPR isoforms

occur in some plants, although their specific physi-

ological functions are largely unknown. C. roseus-

CPR has been reported to be encoded by a single

gene and early papers concerning the C. roseus-CPR

protein also reported a single CPR polypeptide. The
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observation of diverse CPRs during purification or by

immunoblot was attributed to proteolytic degrada-

tion. We obtained CPR-immunotype of C. roseus

roots using two heterologous antisera directed against

the CPR from Sorghum bicolor and Helianthus

tuberosus, respectively (Canto-Canché and Loyola-

Vargas 2001). Both antisera developed the same

immunogenic profile with two cross-reactive poly-

peptides. The two immunoreactive polypeptides are

probably not the result of proteolytic degradation,

since increasing protease inhibitor concentration

during the extraction and manipulation of the samples

did not affect the occurrence of these two CPR forms.

Roots from plants growing in the field showed

identical CPR-immunotypes with those seen in vitro,

indicating that this immunoprofile actually belongs to

C. roseus roots. The lectin concanavaline A was able

to inhibit the CPR activity from C. roseus hairy roots.

Therefore, the immuno-reactive polypeptides proba-

bly result from post-translational glycosylation of the

original polypeptide. Not only the roots but also the

flowers, leaves and the stem showed more than a

single CPR form. The different tissues of the plant

showed different immuno-reactive bands, which were

reproducible even though they came from tissues of

plants growing in the field.

Monoterpene alcohol:NADP+ oxidoreductase

It has been established that this enzyme plays an

important role in the biosynthesis of the secologanin

(De Luca et al. 1998), and catalyzes the reversible

oxidation of 10-hydroxygeraniol in the presence of

NADP+ to produce 10-oxogeraniol or 10-hydroxy-

geranial (reaction 4, Fig. 3). Apparently this is an

unspecific enzyme in relation to the OH group that is

able to oxidize (Uesato et al. 1986). This enzyme has

been purified from R. serpentina and its molecular

mass is 44 kDa and its pI is 5.4. It is inactivated by

iodoacetamide and by N-ethylmaleimide, which sug-

gests that it requires SH groups for its activity (Ikeda

et al. 1991). The Km value for the NADP+ and

NADPH is 5.5 and 25 mM, respectively, having nerol

(oxidation) or neral (reduction) as substrate. This

enzyme does not use NAD+ or NADH as cofactors

and it can accept primary allyl alcohols with chains

greater to six carbons as substrates; nevertheless, it

does not accept secondary alcohol, nor ethanol (De

Luca et al. 1998).

10-Oxogeranial:iridodial cyclase

The enzyme 10-oxogeranial:iridodial cyclase cata-

lyzes the formation of iridodial starting from 10-

oxogeranial and NADPH (reaction 5, Fig. 3). It was

isolated, semipurified and characterized from soluble

extracts of C. roseus hairy roots (Sánchez-Iturbe et al.

2005) and purified 440 fold from R. serpentina (Uesato

et al. 1986; Uesato et al. 1987) and it seems to be a

homotetramer with a molecular mass of 118 kDa and

an optimal pH 7.0. The C. roseus enzyme has a

molecular mass of 66 kDa. The optimum pH for the

semipurified enzyme was 7 and its pI was 5.4. The

determination of the initial velocity of the 10-oxoger-

anial:iridodial cyclase in the presence of NADPH as

the fixed-variable substrate at different concentrations

of 10-oxogeranial follows the typical Michaelis–

Menten equation. Calculation of the Km using the

double reciprocal method yields Km values for

NADPH and 10-oxogeranial of 70 mM and 0.52 mM,

respectively (Sánchez-Iturbe et al. 2005).

7-Deoxyloganin, NADPH:oxigen oxidoreductase

[7a-hydroxylase] (EC 1.14.13.74)

This enzyme catalyzes the formation of loganin

starting from 7-deoxyloganin and NADPH. It can use

also 7-deoxyloganate as substrate (reactions 6 and 8,

Fig. 3). The reaction is inhibited by carbon monoxide,

as well as the diverse inhibitors of the cytochrome

P450 proteins, suggesting that this enzyme belongs to

the cytochrome P450 family. The Km for 7-deoxy-

loganin and NADPH is of 170 and 18 mM, respec-

tively (Katano et al. 2001).

Loganin:oxygen oxidoreductase (EC 1.3.3.9)

(secologanin synthase)

This enzyme catalyzes the last step of secologanin

biosynthesis from loganin, and involves the oxidative

rupture of loganin’s methylcyclopentane ring (reac-

tion 11, Fig. 3). The enzyme also recognizes the

loganic acid as substrate (reaction 7, Fig. 3). This

enzyme is a member of cytochrome P450 family and

it is present in the microsomal fraction of cellular

suspensions as well as in the leaf epidermis of C.

roseus (Irmler et al. 2000). It also has been observed

in cellular suspensions of Lonicera japonica (Ya-

mamoto et al. 1999, 2000).
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S-adenosyl-L-methionine:loganate

11-O-methyltransferase (EC 2.1.1.50)

This enzyme catalyzes the O-methylation of the

carboxyl group of loganic acid. It can also catalyze

the transfer of the methyl group from (S)-adenosyl-L-

methionine either to loganic acid (reaction 9, Fig. 3)

or to secologanic acid (reaction 10, Fig. 3), but it does

not accept 7-deoxyloganic acid as a substrate. These

data suggest that in secologanin biosynthesis, the

hydroxylation precedes the methylation. This enzyme

has been purified from C. roseus etiolated seedlings.

The Km values for the (S)-adenosyl-L-methionine and

loganic acid are 0.06 and 12.5 mM, respectively

(Meijer et al. 1993c).

Biosynthesis of the TIAs

Most of the research done to characterize the

enzymes of TIA biosynthesis has been carried out

by taking into account the enormous complexity of

the pathway. Excellent reviews of the subject have

been made by De Luca (1993) and Meijer et al.

(1993c). The list of the enzymes that have been

studied in minor or greater degree include tryptophan

decarboxylase, geraniol 10-hydroxylase, NADPH-

cytochrome P450 reductase, oxidoreductase

NADP+-dependent, 10-oxogeranial:iridodial cyclase,

secologanin synthase, SAM-loganate O-methyltrans-

ferase, 7-deoxyloganin 7-hydroxylase, strictosidine

synthase, strictosidine-b-D-glucosidase, cathenamine

reductase, tabersonine 16-hydroxylase, S-adenosyl-L-

methionine:16-hydroxytabersonine-16-O-methyl-

transferase, S-adenosyl-L-methionine:16-metoxy

2,3-dihydro-3-hydroxytabersonine-N-methyltransfer-

ase, desacetoxyvindoline-4-hydroxylase, acetyl-

CoA:4-O-desacetylvindoline-4-O-acetyltransferase,

tabersonine 17-hydroxylase and minovincinine

19-O-acetyltransferase.

The indol precursor tryptamine is synthesized

from tryptophan (reaction 1, Fig. 4) in the reaction

catalyzed by the enzyme aromatic-L-amino-acid

carboxy-lyase (EC 4.1.1.28) (common name: trypto-

phan decarboxylase, TDC), which uses pyridoxal

phosphate as cofactor. This reaction also can use

5-hydroxytryptophan as a substrate.

Both precursors, secologanin and tryptamine, are

condensed to produce the strictosidine-O-glucose in

the reaction catalyzed by the 3a(S)-strictosidine

tryptamine-lyase (EC 4.3.3.2) (common name: strict-

osidine synthase, STR) (reaction 2, Fig. 4) (Stöckigt

and Zenk 1977a). The product of this reaction, the

3a(S) strictosidine, is deglycosilated by the b-D-

glucohydrolase (EC 3.2.1.105) (common name:

strictosidine b-glucosidase) to yield the strictosidine

aglycone (reaction 3, Fig. 4) that is considered the

universal precursor of all the indol alkaloids, includ-

ing vindoline and catharanthine (Stöckigt et al. 1976;

Stöckigt and Zenk 1977b). The strictosidine aglycone

is converted to 4,21-didehydrogeissoschizine sponta-

neously, and the last compound can either be

transformed to cathenamine, the direct precursor of

ajmalicine and serpentine (Stöckigt et al. 1977), or it

can be enzymatically reduced to geissoschiizine

(reaction 4, Fig. 4).

Since TDC and STR catalyze critical steps in the

biosynthesis of TIAs, these enzymes have been

amply studied (De Luca and Cutler 1987; Stevens

et al. 1993).

TDC has been purified from suspension cultures

(Fernandez et al. 1989) and hairy roots of C. roseus

(Islas-Flores et al. 1994). The TDC is a cytoplasmic

enzyme formed by two identical subunits of 55 kDa,

has an approximate molecular mass of 110 kDa, a pI

of 5.9, and a pH optimal of 8.5, and is modulated by

diverse factors. It has been determined that the

activity of the TDC increases in cultures of C. roseus

in response to fungal homogenates (Pasquali et al.

1992) or by the addition of hydrolytic enzymes

(Moreno-Valenzuela 1999). In the first case, it is

known that the increase of its activity is due to the

increase in the transcription of the gene and the

translation of the messengers. On the other hand, in

opposition to the effect of the fungi homogenate, the

auxins repress genetic expression of the TDC (God-

dijn et al. 1992).

Using a yeast one-hybrid technique three mem-

bers of the Cys2/His2-type (transcription factor

IIIA-type) zinc finger protein family from C. roseus,

ZCT1, ZCT2, and ZCT3 were identified after the

induction by fungal elicitors such as yeast extract

(Pauw et al. 2004). These proteins bind in a

sequence-specific manner to the TDC and STR

promoters in vitro and repress the activity of these

promoters in trans-activation assays. In addition, the

ZCT proteins can repress the activating activity of

APETALA2/ethylene response factor domain
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transcription factors, the ORCAs, on the STR

promoter. The expression of the ZCT genes is

rapidly induced by yeast extract and methyl jasm-

onate. These results suggest that the ZCT proteins

act as repressors in the regulation of elicitor-induced

secondary metabolism in C. roseus.

The Km value for tryptophan for this enzyme is 75

and 13 mM for 5-hydroxytryptophan. D-Tryptophan

turns out to be a non-competitive inhibitor and

tryptamine (the product of the reaction) is a compet-

itive inhibitor (Noé et al. 1984; Islas-Flores et al.

1994).

TDC, besides being regulated by external factors

(fungi attacks, etc.), is also subject to tissue specific

and developmental regulation as well UV light

(Ouwerkerk et al. 1999a, b). In seedlings of C. roseus

from seeds germinated in vitro, under dark condi-

tions, the increase in its activity is transitory. It begins

to be detected after 3 days, reaches its maximum

activity after 5 days, and then it declines (De Luca

et al. 1988). In general, in seedlings its activity is

greater in the aerial parts (being greater in young

leaves than in the mature ones); whereas in the adult

plant its activity is greater in the roots (Pasquali et al.

1992).

Although the TDC derives tryptophan from the

processes of secondary metabolism, the overexpres-

sion of the TDC gene in C. roseus does not result in a

greater production of TIAs. Despite this fact an

increase in the amount of the protein with TDC

activity and in the production of tryptamine takes

place (Moreno et al. 1995). The oversynthesis of

tryptamine is not reflected in a greater biosynthesis of

alkaloids (Morris et al. 1985; Van der Heijden et al.

1989; Meijer et al. 1993c). This result suggests that

TDC is not the only regulating step in the biosyn-

thesis of these metabolites, confirming the previous

results obtained with suspension cultures (Knobloch

and Berlin 1983; Eilert et al. 1987a; Mérillon et al.

1989). On the other hand, as would be expected, the

activity of TDC can diminish without affecting the

total content of TIAs. Moreno-Valenzuela et al.

(1998), dedifferentiated a hairy root culture into a

suspension culture, and later they redifferentiated the

cells to roots. During this process the TDC activity

was dramatically altered. In the passage from roots to

cells, the activity of the TDC diminished an order of

magnitude or more and the TIAs diminished from 10

to 2 mg · g�1 of dry weight during this process. In

the redifferentiated roots, the amount of TDC activity

Fig. 4 Biosynthesis of

strictosidine, the universal

precursor of TIAs. The

numbers inside the circle

indicate the enzymes:

tryptophan decarboxylase

(1); strictosidine synthase

(2); strictosidine

glucosidase (3);

geissoschizine

dehydrogenase (4). The

slash arrows show different

metabolic steps (De Luca

1993; Meijer et al. 1993c;

Verpoorte et al. 1997;

Sundberg and Smith 2002)
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was similar to that detected in suspension cultures,

whereas the production of alkaloids recovered to 90%

with respect to the initial production. These data

suggest that the cells do not require elevated amounts

of TDC activity to produce the TIAs. This result

recently has been verified using transgenic cultures

overexpressing the TDC activity (Whitmer et al.

2002b).

A genomic clone of TDC from the C. roseus

genome has been isolated and characterized. The

gene for this enzyme is present in a single copy

(Goddijn et al. 1993). The quantification of the

amounts of TDC in seedlings and cellular suspen-

sions shows that the expression of the gene as much

as the enzymatic activity is induced in transient form,

suggesting that the activity of the TDC is regulated at

the transcriptional, translational and post-transla-

tional levels (Knobloch et al. 1981; De Luca et al.

1986; Eilert et al. 1987a; Pasquali et al. 1992).

Another enzyme, STR, catalyzes the stereospecific

condensation of the secologanin with tryptamine to

produce the 3a(S)-strictosidine. The enzyme is highly

specific for its two substrates, i. e. it does not accept

secologanic acid or tryptophan as substrates, but it

shows a slight activity with analogs substituted in

positions 5, 6 or 7 of the tryptamine. Until recently

there were no indications that this enzyme is inhibited

by alkaloids, the end products of this metabolic route

(Mizukami et al. 1979; Treimer and Zenk 1979a;

Treimer and Zenk 1979b).

STR was purified and characterized several years

ago. It is a soluble enzyme of molecular mass

between 35 and 38 kDa (Mizukami et al. 1979). Ten

years later, the identification of four different forms

of STR in suspension cells and leaves of C. roseus

were reported (Pfitzner and Zenk 1989). De Waal

et al. (1995) determined that the number of STRs is

higher. They purified six different STRs, distinguish-

able by electrophoresis using gels of high concentra-

tion (acrylamide 20%).

In C. roseus seven STR isoenzymes have been

detected, four of which can be separated by their

catalytic activities (different value of Km) and by

their pI (between 4.3 and 4.8). Pfizer and Zenk (1989)

reported that since STR is a glycosylate enzyme, the

difference among the isoenzymes is the length of the

hydrocarbon chain. On the other hand, there is

evidence that shows that the occurrence of isoforms

is not related to the developmental stage nor to some

tissue-specific regulation since it has been found that

isoforms express as much in suspension cultures as in

leaves, stems and roots (De Waal et al. 1995). These

data suggest that the different isoforms could be the

result of different patterns of glucosylation of the

original protein, although the types of carbohydrates

present have not yet been characterized (De Waal

et al. 1995). The functions of the different isoforms of

STR are not known.

Unlike TDC, which shows tissue specific regula-

tion, STR presents similar amounts of activity in the

different organs of the plant (De Luca et al. 1988),

and its activity is not altered when the in vitro

cultures of C. roseus are transferred into a production

medium of alkaloids (8% sucrose) (Knobloch et al.

1981). However, a cDNA encoding bHLH transcrip-

tion factor was isolated by the yeast one-hybrid

system from a C. roseus cDNA library using the G-

box element of the STR gene promoter as bait. The

corresponding protein (named CrMYC1) was shown

to bind specifically to the G-box in yeast. In C. roseus

suspension cells CrMYC1 mRNA concentrations are

induced by fungal elicitors and jasmonate suggesting

that CrMYC1 may be involved in the regulation of

gene expression in response to these signals (Chatel

et al. 2003).

In C. roseus the Str gene was shown to be

regulated by a wide variety of signals including

auxin, methyl jasmonate and fungal elicitors in cell

suspension cultures and by tissue-specific control in

plant organs (Menke et al. 1999; Van der Fits et al.

2000; Sibéril et al. 2001). The Str promoter contains a

functional G-box (CACGTG) cis-regulatory se-

quence. CrGBF1 had a high binding specificity for

class I G-boxes including the Str G-box. CrGBF1

showed a lower affinity for class II G-boxes and for

the G-box-like element (AACGTG) found in the

TDC gene which encodes another enzyme involved

in TIA biosynthesis. CrGBF2 showed a high affinity

for all types of G-boxes tested and to a lesser extent

for the Tdc G-box-like element (Sibéril et al. 2001).

This enzyme does not seem to be regulated by the

development process (De Luca et al. 1988). Never-

theless, during the process described by Moreno-

Valenzuela et al. (1998), dedifferentiation-redediffer-

entiation of C. roseus hairy roots, the activity of STR

diminished by 60% when the roots were dedifferen-

tiated to cells in suspension. The activity of the STR

only recovered to half, whereas the pattern of

318 Phytochem Rev (2007) 6:307–339

123



isoforms changed when the cells were rededifferen-

tiated to roots. Thus it is not yet clear if this enzyme

is regulated by the development process (Moreno-

Valenzuela et al. 1998).

Evidence exists that suggests that STR does not

constitute a limiting step in the indole alkaloids

biosynthesis in seedlings of C. roseus. It has been

found that when suspension cells of C. roseus were

transferred from a maintenance medium into an

induction medium in order to produce alkaloids, the

increase in the accumulation of alkaloids does not

correlate with an increase in the activity of STR.

Nevertheless, in callus of C. roseus transformed with

the STR gene, a direct correlation was observed

between the increase of the enzymatic activity and

the accumulation of alkaloids (Kutchan 1993; Canel

et al. 1998). Similar results have been obtained in

Cinchona ledgeriana (Aerts et al. 1990, 1994) and

seedlings of C. roseus (Aerts et al. 1994). The

previous results suggest the possibility that the STR is

a rate-limiting step of this pathway. Nevertheless, the

information is imprecise and sometimes contradic-

tory, which emphasizes the necessity to expand the

investigations that allow us to establish their real role

in the TIAs biosynthesis.

The STR is encoded by a single gene, suggesting

that isoforms are the result of post-translational

modifications of a single precursor (McKnight et al.

1990; Pasquali et al. 1999). This enzyme was the first

of the TIAs’ metabolic enzymes to be cloned, first

from R. serpentina (Kutchan et al. 1988) and then

from C. roseus (McKnight et al. 1990). The messen-

ger RNA for STR presents a region that encodes for a

signal peptide of 31 amino acids that directs it to the

vacuole (Pasquali et al. 1992), which supports diverse

tests that suggesting that STR is a vacuolar enzyme

(McKnight et al. 1991; Stevens et al. 1993).

Doireau et al. (1987), and Stevens et al. (1992)

have measured the activity of TDC and STR, as well

as the concentrations of tryptamine in suspension

cultures of C. roseus and other species. These authors

observed a tryptamine accumulation in spite of

having a high activity of STR. These results support

the hypothesis that the rate-limiting step for the

biosynthesis of strictosidine and their derivatives is

the presence of secologanin. The results of our group

(Moreno-Valenzuela et al. 1998) also suggest that the

main regulating points for the strictosidine production

are located in some of the enzymes that participate in

secologanin biosynthesis.

Biosynthesis of the first TIAs

After synthesis of strictosidine, the following step in

the biosynthesis of the TIAs is the deglucosilation of

strictosidine by strictosidine ß-D-glucohydrolase (EC

3.2.1.105) to produce strictosidine-aglycone (reaction

3, Fig. 4). This is an unstable product which, after

several rearrangements which are not known accu-

rately, is transformed into 4,21-dehydrogeissoschi-

zine, which is reduced to geissoschizine by

geissoschizine:NADP 4,21 oxidoreductase (EC

1.3.1.36) (reaction 4, Fig. 4) (Pfitzner and Stöckigt

1982).

Strictosidine ß-D-glucohydrolase is a glucoprotein

localized in the endoplasmic reticulum (Geerlings

et al. 2000). It is highly specific for strictosidine or its

10-methoxyderivative and in its native form seems to

be aggregated, in which each 63 kDa subunit is united

to the others by hydrophobic interactions (Luijendijk

et al. 1998). This enzyme has been recently func-

tionally expressed in Escherichia coli, purified to

homogeneity and crystallized (Barleben et al. 2005).

It has been demonstrated that strictosidine ß-D-

glucohydrolase is codified by a single gene that has

been cloned recently and it is expressed at different

levels in flowers, stems, leaves and roots, which

suggests tissue-specific regulation. In addition, the

quantified enzymatic activity in each organ is

proportional to the mRNA amount detected (Geer-

lings et al. 2000). Since the level of expression of

strictosidine ß-D-glucohydrolase is induced by methyl

jasmonate (MeJa), and its activity is elevated in

cultures that accumulate TIAs (Stevens et al. 1992) is

considered a key step in the biosynthesis of these

compounds.

On the other hand, the information on the geisso-

schizine:NADP 4.21 oxidoreductase is poor, with

only one report of a partial purification from cellular

suspensions of C. roseus. In comparison with other

enzymes of this pathway its specific activity is very

low (Pfitzner and Stöckigt 1982).

Likewise, 4,21-dehydrogeissoschizine, the biosyn-

thetic pathway that leads to the biosynthesis of

ajmalicine, catharanthine and tabersonine, is little
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documented. The ajmalicine biosynthetic pathway

begins when the 4,21-dehydrogeissoschizine is con-

verted to cathenamine (reaction 1, Fig. 5) by cath-

enamine synthase (Meijer et al. 1993c). The

cathenamine is reduced to ajmalicine by cathenamine

reductase (reaction 2, Fig. 5). The enzymes involved

in this part of the pathway have been studied very

little and it is known only that cathenamine reductase

is NADPH dependent (Felix et al. 1981). Until now

two isoenzymes have been separated, with one of

them taking part in ajmalicine biosynthesis and the

other one converting the iminium form of cathen-

amine to tetrahydroalstonine (Meijer et al. 1993c). It

is not known how these two enzymes are regulated.

Cathenamine reductase (reaction 2, Fig. 5), which

catalyzes cathenamine reduction to ajmalicine, has an

optimum pH 6.6 and a molecular mass of 81 kDa.

The characterization of the enzyme tetrahydroalsto-

nine synthase (reaction 4, Fig. 5), which catalyzes the

formation of tetrahydroalstonine from the iminium

form of cathenamine, shows that both enzymes have

the same optimum pH and the same molecular mass.

The partially purified tetrahydroalstonine synthase

has Km of 62 mM for cathenamine and utilizes

NADPH but not NADH as cofactor (Hemscheidt and

Zenk 1985).

Ajmalicine is oxidized to serpentine by peroxid-

ases which are inside the vacuole (Blom et al. 1991)

and it is known that its production is strongly

influenced by light (Loyola-Vargas et al. 1992). Until

now these peroxidases have not been purified and

there is no data on their specificity, since ajmalicine

is oxidized to serpentine in the presence of peroxid-

ases from radish. Apparently this conversion allows

Fig. 5 Ajmalicine and

serpentine biosynthesis. The

numbers inside the circle

indicate the enzymes:

cathenamine synthase (1);

catenamina reductase (2);

unspecific peroxidase (3);

and tetrahydroalstonine

synthase (4). The slash
arrows show different

metabolic steps. There is

the possibility that the

pathway does not start with

4,21-dehydrogeissoschi-

zine, but with the 20,21-

aldehyde of

dehydrocorinanteine

(Verpoorte et al. 1997;

Roberts 1998; Sundberg and

Smith 2002)
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the plant cells to maintain ajmalicine stored inside the

vacuole. In cellular suspensions of C. roseus the

oxidation of ajmalicine seems to be regulated by light

because in its presence the cultures produce a great

amount of serpentine, but when cultivated in the dark

they only accumulate ajmalicine (Blom et al. 1991;

Loyola-Vargas et al. 1992).

De Luca (1993) has suggested that geissoschizine

reduction by geissoschizine NADP+ 4,21 oxidore-

ductase is reversible (reaction 4, Fig. 4) and that the

ramification of the pathway can occur from a

different modification than cathenamine cyclization.

This last product is reduced to form ajmalicine,

whereas the iminium form also is reduced to form

tetrahydroalstonine (reaction 4, Fig. 5) (Hemscheidt

and Zenk 1985).

Catharanthine has been detected in most of the

in vitro cultures (Drapeau et al. 1987; Hong et al.

1997; Lee and Shuler 2000; Zhao et al. 2001c), but

vindoline until recently had been found only in trace

concentration (Misawa and Goodbody 1996; O’Keefe

et al. 1997). The selection of the line of calli of C.

roseus able to accumulate up to 0.45 mg�1 g DW of

vindoline when incubated in the light has recently

been reported (Zhao et al. 2001b).

The biosynthesis and accumulation of vindoline is

associated with the presence of light and the devel-

opmental stage of the plant, and the expression of

enzymes for its biosynthesis is organ-specific (Fahn

et al. 1985a, b; De Luca et al. 1986; De Luca and

Cutler 1987; De Luca et al. 1988, 1989; De Luca

1993; Vázquez-Flota et al. 1997; Vázquez-Flota and

De Luca 1998a; De Luca and St Pierre 2000;

Vázquez-Flota et al. 2002).

The 4,21-didehydrogeissoschizine is also the pre-

cursor of ajmaline biosynthesis. It is a highly

complex molecule that contains nine chiral carbon

atoms (Dogru et al. 2000). The biosynthesis of

ajmaline involves nearly ten enzymatic steps

(Fig. 6). The first metabolic step that derives 4,21-

didehydrogeissoschizine to ajmaline biosynthesis is

the oxidation of this compound to geissoschizine, in

the reaction catalyzed by the geissoschizine dehy-

drogenase (EC 1.3.1.36) (reaction 1, Fig. 6), which

adds stereospecifically hydrogen atom at carbon 21 in

position a. The enzyme has been purified 35 times

from cellular suspensions of C. roseus. The enzyme’s

optimal pH 7.6 and its Km values for geissoschizine

and for NADP+ are 83 mM and 77 nM, respectively

(Pfitzner and Stöckigt 1982).

The polyneuridine-aldehyde esterase (EC 3.1.1.78)

catalyzes the conversion of aldehyde polyneuridine to

16-epi-vellosimine (reaction 3, Fig. 6) (Dogru et al.

2000). It produces an immediate precursor to the

Fig. 6 Biosynthesis of ajmaline. The numbers inside the circle

indicate the enzymes: geissoschizine dehydrogenase (1);

vomilenine reductase (2); polyneuridine aldehyde esterase

(3); vinorine synthase (4); vinorine hydroxylase (5); 1,2-

dihydrovomilenine:NADP+ oxidoreductase (6). The dotted
arrows indicate unknown enzymes. Several arrows in the

same step indicate the probability of various metabolic steps

(Dogru et al. 2000; von Schumann et al. 2002)
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biosynthesis of the ajmalane skeleton that leads to

ajmaline biosynthesis. This enzyme has been recently

purified 423 times to homogeneity from cellular

suspensions of R. serpentine. It has a molecular mass

of 30 kDa and pI of 5.9 and it has been cloned

through a cDNA library. The pure enzyme has a

specific activity of 160.8 nkatal mg protein�1 and is

highly specific for polyneuridine aldehyde as sub-

strate for which it has a Km of 0.83 mM and belongs

to the family of a/b-hydrolases (Dogru et al. 2000).

The following step in the ajmaline biosynthetic

pathway, is vinorine biosynthesis and it is catalyzed

by acyl CoA:16-epiveilosimine O-acetyltransferase

(cyclizing) (cn: vinorine synthase) (EC 2.3.1.160)

(reaction 4, Fig. 6). This enzyme has been purified

160 times from cellular suspensions of R. serpen-

tine. Among its more interesting properties is its

high optimum pH (8.5) and optimal temperature

(358C), a pI of 4.4 and a molecular mass of 31 kDa.

The Kms for its substrates: the 16-epi-veilosimine

and acetyl-CoA are of 19.4 and 64 mM, respectively,

and like other enzymes in the ajmaline biosynthetic

pathway it is highly specific for its substrates

(Pfitzner et al. 1986). Based on partial peptide

sequences a cDNA clone from R. serpentina was

isolated and functionally expressed in Escherichia

coli. The amino acid sequence of vinorine synthase

has highest level of identity (28–31%) to that of

Papaver salutaridinol acetyltransferase, Fragaria

alcohol acyltransferase, and Catharanthus deace-

tylvindoline acetyltransferase involved in morphine,

flavor, and vindoline biosynthesis, respectively (Ba-

yer et al. 2004).

Vinorine is hydroxylated to vomilenine by vino-

rine, NADPH:oxygen oxidoreductase (21a-hydroly-

lating) (EC 1.14.13.75) (reaction 5, Fig. 6). The

enzyme is completely NADPH and oxygen depen-

dent, it is located in the microsomal fraction and is

inhibited by typical inhibitors of cytochrome P-450

proteins, which is the reason why this monooxygen-

ase is surely a cytochrome P-450 protein. The

enzyme has an optimum pH 8.3 and its Km for

NADPH and vinorine is 3 and 26 mM, respectively

(Falkenhagen and Stöckigt 1995).

The last known step in ajmaline biosynthesis is the

saturation of the indolmine double bond of

vomilenine in stereospecific form to produce

2b(R)-1,2-dihydrovomilenine by 1,2-dihydrovomile-

Fig. 7 Catharanthine and tabersonine biosynthesis. The dotted arrows indicate unknown enzymes and metabolic steps. Several

arrows in the same step indicate the probability of various metabolic steps (Sundberg and Smith 2002)
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nine:NADP+ oxidoreductase (EC 1.5.1.32) (reaction 6,

Fig. 6). The enzyme catalyzes the reduction reaction is

NADPH dependent and has been isolated recently

from cellular suspensions of R. serpentine. It has a

molecular mass of 43 kDa (von Schumann et al. 2002).

Biosynthesis of catharanthine and tabersonine

The biosynthesis of catharanthine as well as of tabers-

onine is initiated from the 20,21-aldehyde of dehydro-

corinanteine and possibly proceeds through

estemmadenine (El-Sayed et al. 2004) and dehydros-

ecodine cathenamine pathway, the precursor of the

alkaloids with skeletons iboga or Aspidosperma (Fig. 7)

(Sundberg and Smith 2002). Nothing is known about the

nature of the enzymes involved in the conversion of

cathenamine to catharanthine and tabersonine.

Vázquez-Flota et al. (1994) have determined that

cultures of transformed roots challenged with MeJa

increase the production of catharanthine. These

results suggest that some of the enzymes participating

in the biosynthesis of this alkaloid are subject to

regulation and can be used for the study of the route

of catharanthine biosynthesis (Fig. 7).

Biosynthesis of vindoline

Cellular suspensions of C. roseus have the capacity to

synthesize catharanthine and tabersonine (Verpoorte

et al. 1993; Moreno et al. 1995) and transform

tabersonine in 16-metoxytabersonine (St-Pierre and

De Luca 1995), but they do not have the enzymatic

activity necessary for the vindoline biosynthesis (De

Luca and Cutler 1987; De Carolis et al. 1990;

Vázquez-Flota and De Luca 1998a). Therefore, a

great amount of attention has been devoted to the

study of the enzymes and regulatory mechanisms

involved in vindoline biosynthesis.

The biosynthesis of vindoline from tabersonine is

composed of six enzymatic steps (Fig. 8) catalyzed

by the tabersonine NADPH:oxygen oxidoreductase

(16-hydroxylating) (EC 1.14.13.73) (common name:

tabersonine 16-hydroxylase), S-adenosyl-L-methio-

nine:11-O-demethyl-17-O-deacetylvindoline 11-O-

methyltransferase (EC 2.1.1.94) (common name:

11-O-demethyl-17-O-deacetylvindoline O-methyl-

transferase), a hydroxylase not characterized,

S-adenosyl-L-methionine:16-metoxy-2,3-dihydro-3-

hydroxy-tabersonine N-methyltransferase (EC

2.1.1.99) (common name: 16-metoxy-2,3-dihydro-

3-hydroxy-tabersonine N-methyltransferase), des-

acetoxyvindoline,2-oxoglutarato:oxygen oxidoreduc-

tase (4b-hydroxylating (EC 1.14.11.20) (common

name: desacetoxyvindoline-4-hydroxylase), and

acetylCoA:17-O-deacetylvindoline 17-O-acetyltrans-

ferase (EC 2.3.1.107) (common name: 17-O-deace-

tylvindoline O-acetyltransferase) (Fahn et al. 1985a,

b; De Luca et al. 1986; De Luca and Cutler 1987;

De Carolis et al. 1990; De Luca et al. 1992; De

Carolis and De Luca 1993; St-Pierre and De Luca

1995; Vázquez-Flota and De Luca 1998a).

The results reported suggest that the route of

vindoline biosynthesis is regulated by the processes

of development and is restricted to the aerial parts

of the adult plant, mainly in young leaves and

cotyledons. In these tissues high amount of mRNA

have been detected, as well as activity of the above

enzymes (Fig. 11) (De Luca et al. 1985; St-Pierre

and De Luca 1995; Vázquez-Flota and De Luca

1998a). This activity diminishes with age and organ

type, and is already low in adult leaves, floral

stems, roots and tips. Tabersonine 16-hydroxylase

and 11-O-demethyl-17-O-deacetylvindoline O-meth-

yltransferase, but not 16-metoxy-2,3-dihydro-3-hy-

d r o x y - t a b e r s o n i n e N - m e t h y l t r a n s f e r a s e ,

desacetoxyvindoline-4-hydroxylase and 17-O-deace-

tylvindoline O-acetyltransferase have been detected

in cell cultures of C. roseus (De Luca and Cutler

1987; St-Pierre and De Luca 1995; Vázquez-Flota

et al. 2002).

Regulation of this route takes place by means of

complex mechanisms at different levels. This regu-

lation includes factors that affect the presence of

these enzymes in transcriptional, post-transcriptional

and post-translational levels to its location within the

cell, the type of cell and, as was mentioned

previously, the age of the tissue.

The enzymes tabersonine 16-hydroxylase (16-

metoxy-2, 3-dihydro-3-hydroxytabersonine) N-

methyltransferase, desacetoxyvindoline-4-hydroxy-

lase and 17-O-desacetylvindoline O-acetyltransfer-

ase have been reported from plantlets and reach

their maximum activity 6 days after the germina-

tion was initiated (De Luca et al. 1986). When

these plantlets are placed in the light, the enzymes

tabersonine 6-hydroxylase and desacetoxyvindo-
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line-4-hydroxylase increase their activity six-fold,

whereas 17-O-desacetylvindoline-17-O-acetyltrans-

ferase increase 10-fold (De Luca et al. 1988; De

Carolis et al. 1990; St-Pierre and De Luca 1995).

The effect of light on the desacetoxyvindoline-4-

hydroxylase and 17-O-desacetylvindoline-17-O-

acetyltransferase activity is mediated by phyto-

chrome, since they are activated by a pulse of red

light (660 nm) and this activation is reverted by a

pulse of far red light (710 nm) (Aerts and De Luca

1992; Vázquez-Flota and De Luca 1998b). The 16-

methoxy-2,3-dihydro-3-hydroxy-tabersonine-N-

methyltransferase is the only enzyme of this

pathway whose activity is not affected by the light

(De Luca et al. 1988). Of all enzymes involved in

vindoline biosynthesis, the desacetoxivindoline-4-

hydroxylase is the most interesting. In plantlets of

C. roseus, the gene d4h transcripts and the protein

itself already are present in the dark. After

exposing plantlets to light, the enzymatic amount

and activity of desacetoxyvindoline-4-hydroxylase

and concentration of gene d4h transcripts increase

significantly. The reported results suggest that this

increase in the activity is due to one isoenzyme of

pI 4.7. The enzyme is inactive in the dark, which in

the presence of the light, undergoes post-translational

modifications that make it activate (Vázquez-Flota

et al. 1997; Vázquez-Flota and De Luca 1998b). In a

coordinated way, the light also induces dat gene

trascription and its product, 17-O-desacetylvindoline-

17-O-acetyltransferase increases its enzymatic activity

(St-Pierre et al. 1998).

TDC and STR in these plantlets exhibit a peak of

activity 5 days after imbibition in all tissues and

neither of the two enzymes are stimulated by light

(De Luca et al. 1986, 1988). MeJa induces the

vindoline accumulation and increases the enzymatic

activities of TDC, STR, desacetoxyvindoline-4-

hydroxylase and 17-O-desacetoxyvindoline-17-O-

acetyltransferase (Aerts et al. 1994).

Fig. 8 Vindoline biosynthesis. The numbers inside the circle

indicate the enzymes: tabersonine 16-hydroxylase (1);

11-O-demethyl-17-O-deacetylvindoline O-methyltransferase

(2); uncharacterized hydroxylase (3); 16-metoxy-2,3-dihydro-

3-hydroxy-tabersonine N-methyltransferase (4); deacetoxylv-

indoline 4-hydroxylase (5); 17-O-deacetylvindoline O-acetyl-

transferase (6) (Fahn et al. 1985a, b; De Luca et al. 1986; De

Luca and Cutler 1987; De Carolis et al. 1990; De Luca et al.

1992; De Carolis and De Luca 1993; St-Pierre and De Luca

1995; De Luca et al. 1998; Roberts 1998; Vázquez-Flota and

De Luca 1998a; Schröder et al. 1999; Vázquez-Flota et al.

2000b; Laflamme et al. 2001)
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Tabersonine NADPH:oxygen oxidoreductase

(16-hydroxylating) (EC 1.14.13.73)

This enzyme is a P-450 monoxygenase located in the

endoplasmic reticulum that requires NADPH, O2 and

tabersonine to carry out its function (reaction 1, Fig. 8).

This enzyme is inhibited by CO, clotrimazol, mic-

onazol and cytochrome C (St-Pierre and De Luca

1995). This enzyme is detected preferentially in

epidermis cells (Murata and De Luca 2005).

S-adenosyl-L-methionine:11-O-demethyl-17-O-

deacetylvindoline 11-O-methyltransferase

(EC 2.1.1.94)

This methyltransferase has been found both in cellular

suspensions of C. roseus (Fahn et al. 1985b) and in

plants of the same species (De Luca et al. 1986). The

enzyme requires (S)-adenosyl-L-methionine as donor

of methyl groups and is highly specific for 16-

hydroxytabersonine (reaction 2, Fig. 8).

S-adenosyl-L-methionine:16-metoxy-2,3-dihydro-

3-hydroxy-tabersonine N-methyltransferase

(EC 2.1.1.99)

This enzyme is located in the chloroplast thylakoids

(De Luca and Cutler 1987). It requires (S)-adenosyl-L-

methionine as the donor of methyl groups (reaction 4,

Fig. 8) and is highly specific for its substrate, the 16-

methoxy-2,3-dihydro-3-hydroxy-tabersonine (De

Luca et al. 1987). The enzyme has been partially

purified, and has an apparent molecular mass of 60 kDa

and is absolutely dependent on the presence of a double

bond in position 2 (Dethier and De Luca 1993).

Desacetoxyvindoline, 2-oxoglutarato:oxygen

oxidoreductase (4b-hydroxylating) (EC 1.14.11.20)

This enzyme is a dioxygenase a-ketoglutarate depen-

dent, and catalyzes, in the cytoplasm, the addition of

O2 to desacetoxyvindoline and a-ketoglutarate pro-

ducing deacetylvindoline, succinate and CO2. This is

the next to last reaction of the biosynthesis of

vindoline (reaction 5, Fig. 8) (De Carolis et al. 1990;

De Carolis and De Luca 1993; Vázquez-Flota and De

Luca 1998a). This enzyme is highly specific, only

hydrolize the C-4 of the N(1)-methyl-desacetoxyvind-

oline to form N(1)-methyl desacetylvindoline. The

addition of ascorbic acid and ferrous ions increase its

activity. The enzyme, purified to apparent homogene-

ity from young leaves of C. roseus, is a monomer with

a molecular mass of approximately 45 kDa and it has

three isoforms with pI of 4.6, 4.7 and 4.8.

The interaction kinetics of the substrate with the

enzyme and studies of inhibition by the product

suggest that the reaction is carried out by means of an

ordered Ter–Ter mechanism. In this mechanism the

first substrate is 2-oxoglutarate, followed by O2, and

finally desacetoxyvindoline. The Km values for the 2-

oxoglutarate, the O2 and desacetoxyvindoline are 45,

45 and 0.03 mM, respectively (De Carolis et al. 1990;

De Carolis and De Luca 1993, 1994a, b).

Although this enzyme is found at trace amounts in

etiolated plantlets of C. roseus, its activity increases

substantially in the presence of light, simultaneously

with the biosynthesis of vindoline (Vázquez-Flota and

De Luca 1998a; Vázquez-Flota et al. 2000b). Etiolated

plantlets begin to accumulate significant amounts of

transcripts and protein of the hydroxylase, but there is

practically no change in activity during the different

stages of development. On the contrary, treatment with

light produces an important increase in enzyme

activity, but the increase in the transcript concentra-

tions and protein is very small. These data suggest that

the point at which light regulates the hydroxylase

process is at the post-traslational level (Vázquez-Flota

and De Luca 1998a; Vázquez-Flota et al. 2000b).

Using degenerate oligonucleotides for to scrutinize

a cDNA library from C. roseus plantlets, three clones

were obtained, of which two represent dimorphic

alleles whose sequences differ solely in the untrans-

lated 30 end (Vázquez-Flota et al. 1997).

Acetyl-CoA:17-O-deacetylvindoline

17-O-acetyltransferase (EC 2.3.1.107)

The last step in the vindoline biosynthesis is catalyzed

by 17-deacetylvindoline-O-acetyltransferase, depen-

dent on acetyl-CoA (reaction 6, Fig. 8) (De Luca et al.

1985; Fahn et al. 1985a). The appearance of the

enzyme is regulated by development in C. roseus

plantlets and the enzymatic activity appears only after a

treatment with light of the etiolated plantlets (De Luca

et al. 1985). This acetyltransferase is a dimeric enzyme

that has been purified to homogeneity and has a

molecular mass of 32/21 kDa (Power et al. 1990) or
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26/20 kDa (Fahn and Stöckigt 1990). The pure enzyme

is formed by five isoforms with pI in the range of 4.3–

5.4 (Fahn and Stöckigt 1990; Power et al. 1990). The

Km values for acetyl-CoA and the deacetylvindoline are

5.4 and 6.5 mM, and 0.7 and 1.3 mM, for the enzymes

partially purified (De Luca et al. 1985) and purified to

homogeneity, respectively (Fahn and Stöckigt 1990;

Power et al. 1990). Inhibition studies show that CoA is

a powerful competitive inhibitor of deacetylvindoline

(Ki = 8 mM) (De Luca et al. 1985), similar to

tabersonine (50% of inhibition at 45 mM) (Fahn and

Stöckigt 1990), whereas the enzyme is not inhibited

significantly by vindoline until concentrations of 2 mM

(De Luca et al. 1985; Fahn and Stöckigt 1990).

The use of degenerate oligonucleotides for the

amino and carboxyl terminal ends, and the later

amplification of its product by PCR, allowed us to

obtain a probe. This probe was used to carry out the

scrutiny of a genomic DNA library of C. roseus. A

clone was obtained that code for a protein of 439 amino

acids with the predicted molecular mass of 49,890 Da.

The clone, containing an extension of six histidines in

the amino terminal, was expressed in E. coli and

showed elevated activity. The activity of the recombi-

nant enzyme is completely dependent on the presence

of deacetylvindoline or acetyl-CoA. The analysis by

Western blot of the recombinant protein and leaves of

C. roseus yields a single band with a molecular mass of

50 kDa, which suggests that the isolated heterodimer

during the purification is probably an artifact of the

technique used (De Luca et al. 1998).

Although the determination of enzyme kinetics of

vindoline biosynthesis has not yet been carried out, it

is possible to say that the regulatory steps of this

pathway are the two hydroxylation reactions (reac-

tions 1 and 5, Fig. 8) (De Luca et al. 1998).

Bisindole alkaloid biosynthesis

The bisindole alkaloid biosynthesis begins with the

catharanthine and vindoline condensation to form

30,40-anhydrovinblastine, the precursor of vinblastine,

vincristine, leurosine and catharine (Fig. 9). This

reaction, like the following oxidation, seems to be

carried out by vacuolar cationic peroxidases, which

suggest that the limiting step of the biosynthesis of

this type of alkaloid is the availability of monomeric

precursors (Kutney et al. 1981, 1988; Endo et al.

1988; Misawa et al. 1988; Sottomayor et al. 1996,

1997, 1998; Sottomayor and Barceló 2003; Smith

et al. 2003; Sottomayor et al. 2004).

Recently, an enzyme has been purified which

catalyzes this step and has been termed a-30,40-
anhydrovinblastine synthase (AVLBS) (reaction 1,

Fig. 9). This enzyme is dependent of H2O2, and has

been purified to apparent homogeneity (192·) from

C. roseus leaves. It has a molecular mass of

45.4 kDa and an optimal pH 6.5 although also it

presents substantial activity at a pH 4–5, which is

the pH commonly found in the vacuoles. In

addition, the pure enzyme of AVLBS has peroxidase

activity. Its visible spectrum of absorbance shows

maximums of absorption at 404, 501 and 633 nm

suggesting that it is a protein with iron in hemo

group and that belongs to the peroxidase family

(Sottomayor et al. 1998).

El-Sayed and Verpoorte (2005) showed that treat-

ment with MeJa can induce formation of bisindole

alkaloids as the result of catabolism of the mono-

meric alkaloids catharanthine and vindoline. Serpen-

tine also increased in the same period under the

treatment as the catabolic product of ajmalicine.

Basic peroxidases that are responsible for the forma-

tion of anhydrovinblastine and serpentine showed

high activity at days 8 and 21 in treated leaves,

causing the increase in anhydrovinblastine and ser-

pentine.

Compartmentalization

The uses of in situ RNA hybridization and immu-

nolocalization have revealed that TIA biosynthesis

is a highly dynamic, complex and compartmental-

ized process in C. roseus (Kutchan 2005). The

enzymes are localized in different cell types in the

leaves and in root tips, as well as in different

cellular compartments into the cells (Murata and De

Luca 2005). The compartmentalization and locali-

zation involved in this metabolic pathway can be

considered another regulatory mechanism, since this

location requires the transport of different metabo-

lites from one point to another for its transforma-

tion. Recently it has been suggested that different

types of pumps are involved in the trafficking of

natural products biosynthetic intermediates (Yazaki

2005, 2006).
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Using Northern blot and in situ hybridization,

Burlat et al. (2004) showed that three MEP

pathway genes: 1-deoxy-D-xylulose-5-phosphate

synthase, 1-deoxy-D-xylulose-5-phosphate reducto-

isomerase and 2-C-methyl-D-erytritol 2,4-cyclodi-

phosphate synthase as well as the geraniol 10-

hydroxylase gene display identical cell-specific

expression patterns. The authors predict the trans-

location of pathway intermediates from the internal

phloem parenchyma to the epidermis and, ulti-

mately, to laticifers and idioblasts during TIAs

biosynthesis. Similarly, the translocation of inter-

mediates from the phloem parenchyma is probably

also required during the biosynthesis of hormones

and photosynthetic primary metabolites derived

from the MEP pathway.

In C. roseus dedifferentiated cell culture, CaaX-

prenyltransferases (CaaX-PTases), including protein

farnesyltransferase (PFT) and type I protein geranyl-

geranyltransferase (PGGT-I), catalyze a post-transla-

tional prenylation of proteins. Both CaaX-PTase

activities are required for the expression of genes

involved in monoterpenoid biosynthesis, including

the first two genes of the 2-C-methylerythritol 4-

phosphate (MEP) pathway. Using prenyltransferase

inhibitor Courdavault (2005) showed that protein

prenylation is also essential for the proper expression

of MEP pathway genes in C. roseus hairy roots.

Almost all the cell compartments and different

cellular types take part in the process; e.g., the

messenger RNA for STR displays a region that

codifies for a signal peptide of 31 amino acids that

directs it to the vacuole (McKnight et al. 1991;

Pasquali et al. 1992). This fact is supported by

different assays that show that this enzyme is inside

of the vacuole (McKnight et al. 1991; Stevens et al.

1993). On the other hand, strictosidine glucosidase

and tabersonine 16-hydroxylase are located in the

endoplasmic reticulum (St-Pierre and De Luca 1995;

Geerlings et al. 2000).

The mRNAs for TDC and STR are located in the

epidermal cells of stems, leaves and floral buds (St-

Pierre et al. 1999). In the roots, the enzymatic activity

of TDC is located in the cytosol and in the apoplastic

region of the roots’ meristematic cells with a slight

enrichment in the epidermal cells of the root cap and in

the meristematic region. In the enlargement zone, TDC

was localized only in the first three layers of the cortex.

In the maturation zone, the enzyme was not present

(St-Pierre et al. 1999; Moreno-Valenzuela et al. 2003).

The reactions catalyzed by the enzymes TDC, 11-

O-demethyl-17-O-deacetylvindoline O-methyltrans-

ferase, desacetoxyvindoline-4-hydroxylase and 17-

O-desacetylvindoline O-acetyltransferase are carried

out in the cytoplasm (De Luca and Cutler 1987;

St-Pierre and De Luca 1995; Vázquez-Flota et al.

Fig. 9 Biosynthesis of

bisindole alkaloids

vincristine and vinblastine.

The numbers inside the

circle indicate the enzymes:

a-30,40-anhydrovinblastine

synthase (1) (Kutney et al.

1981, 1988; Endo et al.

1988; Misawa et al. 1988;

Verpoorte et al. 1997;

Sottomayor et al. 1998;

Smith et al. 2003). The

dotted arrows indicate

unknown enzymes and

metabolic steps
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1997). The reaction catalyzed by the enzyme AVLBS

is carried out in the vacuole (Sottomayor et al. 1996).

The enzyme 16-metoxy-2,3-dihydro-3-hydroxy-tab-

ersonine N-methyltransferase is in the chloroplast

thylakoids (Fig. 10) (De Luca and Cutler 1987).

The mRNA for desacetoxyvindoline-4-hydroxy-

lase and 17-O-desacetylvindoline O-acetyltransferase

is located only in the idioblasts and laticifers cells of

leaves, stems and floral buds (St-Pierre et al. 1999).

This suggests that must be translocation mechanisms

of the intermediaries from one cell to another, in

order that the biosynthesis of these metabolites can be

carried out (St-Pierre et al. 1999). More important

still is the fact that the first steps in the vindoline

biosynthesis are carried out in different cellular

compartments from those of the last steps (Váz-

quez-Flota et al. 2000b).

Tabersonine gives rise to end products that are in

different tissues in the plant (Fig. 11) (Laflamme

et al. 2001; Rodriguez et al. 2003). In this case, the

mRNA for the minovincinine 19-O-acetyltransferase

(reaction 8, Fig. 11) is only expressed in the cortical

cells of the radical meristems. Tabersonine 6,7-

epoxidase activity (reaction 9, Fig. 11) converts

tabersonine to lochnericine by selective epoxidation

at positions 6 and 7 via a reaction dependent of

NADPH and molecular oxygen. This activity was

found in microsomes of transformed hairy root

cultures of C. roseus (Rodriguez et al. 2003).

In summary, the biosynthesis and storage of these

complex molecules require a combination of phloem,

parenchyma, laticifers and epidermal cells (Kutchan

2005). Tryptamine and secologanine precursors pro-

duce 16-methoxytabersonine in the leaf epidermal

Fig. 10 Compartmentalization of the TIA biosynthesis in C.
roseus. Redrawn from Meijer et al. (1993c) and Verpoorte

et al. (2000). For ease of reading the figure presents all the

steps in the same cell. However, the reader must take into

account that different cell types and organs are participating in

the biosynthesis process. Ray arrows indicate enzymes

regulated by light. The dotted arrows indicate reactions not

well characterized. Trp = tryptophan; G = geraniol; MV = me-

valonate; DAV = dacetylvindoline; MOH = 16-metoxy-2,3-

dihydro-3-hydroxytabersonine; 16 MT = 16-metoxytaberso-

nine; 16-OHT = 16-hydroxytabersonine; TAB = tabersonine;

EG = strictosidine glycone; DG = strictosidine aglycone; 10-

OHG = 10-hydroxygeraniol; VLB = vinblastine; VCR = vin-

cristine; G10OH = geraniol 10-hydroxylase; MIC = 10-oxo-

geranial cyclase; LMT = (S)-adenosyl-L-methionine:acid

loganic methyl transferase; ES = strictosidine synthase;

PDX = basic peroxidase; SG = strictosidine glucosidase;

CR = cathenamine reductase; THA = tetrahydroalstonine

synthase; GDH = geizssoschizine deshydrogenase;

T16OH = tabersonine 16-hydroxylase; OMT = 11-O-demeth-

yl-17-O-deacetylvindoline O-methyltransferase; NMT = 16-

metoxy-2,3-dihydro-3-hydroxy-tabersonine N-methyltransfer-

ase; D4H = deacetoxylvindoline-4-hydroxylase; DAT = 17-

O-deacetylvindoline O-acetyltransferase. The question marks

denote enzymes that are still not known or for which

contradictory reports exist at the moment
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cells (Murata and De Luca 2005; Mahroug et al.

2006). This compound or its 2,3-dihydro-derivative is

then transported to different cells (mesophyll/idio-

blast/laticifer) within the leaves for the final steps of

the making of vindoline (Murata and De Luca 2005).

Regulation

Studies made with the indolic fraction, using cellular

suspension of C. roseus, suggest that a direct relation

does not exist between the values of maximum activity

of TDC and the alkaloid production (Merillon et al.

1986; Moreno-Valenzuela et al. 1998; Whitmer et al.

2002a). Data of Eilert et al. (1987b), using fungal

elicitors, also support this conclusion. Nevertheless it

has also been reported that by varying the concentra-

tion of nutrients, a positive correlation between the

activity of TDC and the alkaloid accumulation is

observed (Knobloch et al. 1981). It is possible that the

discrepancy between these results is due to the cellular

line under study (Toivonen 1992).

The addition of geraniol, 10-hydroxygeraniol and

secologanine, precursors of the terpenic pathway,

increases the alkaloid content, specially tabersonine,

in cellular suspensions, which seems to suggest that

the production of alkaloids can be limited by one or

more steps of the terpenic pathway (Merillon et al.

1986; Schiel et al. 1987; Doireau et al. 1987; Facchini

and DiCosmo 1991; Shanks et al. 1998; Morgan and

Shanks 2000). This conclusion cannot be generalized

since contradictory evidence exists, such as the

increase in the alkaloid production by means of the

tryptamine addition to the culture medium (Zenk and

Deus 1982). On the other hand, the addition of

mevalonate does not have any effect in TIA biosyn-

thesis (Shanks et al. 1998). Nevertheless, it is

important to take into account a recent demonstration

that the results depend fundamentally on two factors:

the concentration of products added and the stage of

the receiving culture. The addition of tryptophan in

low concentrations in the early stage of the stationary

phase produces an increase in the alkaloid biosyn-

thesis but the addition of diverse precursors in a late

stage of the culture cycle does not produce any effect

(Morgan and Shanks 2000).

Different transgenic lines of C. roseus, which

overexpress TDC and STR, have been used to carry

Fig. 11 Compartmentalization of the vindoline biosynthesis

and other TIAs. The numbers inside the circle indicate the

enzymes: tabersonine 16-hydroxylase (1); S-adenosyl-L-methi-

onine-16-hydroxytabersonine-O-methyltransferase (2); non-

characterized hydroxylase (3); S-adenosyl-L-methionine: 2,3-

dihydro-3-hydroxytabersonine-N-methyltransferase (4); deac-

etoxylvindoline 4-hydroxylase (5); acetyl CoA: desacetylvind-

oline 4-O-acetyltransferase (6); tabersonine 19-hydroxylase (7)

and (10); minovincinine 19-hydroxy-O-acetyltransferase (8);

tabersonine 6,7-epoxidase (9), (11) and (12); acetyl transferase

(13) (Kutney et al. 1980; Shanks et al. 1998; De Luca et al.

1998; Schröder et al. 1999; Vázquez-Flota et al. 2000b;

Laflamme et al. 2001; Rodriguez et al. 2003)
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out experiments of precursor feeding (Whitmer et al.

1998; Whitmer et al. 2002a, b). In general, the

addition of secologanine at the time of the inoculation

produces an important increase in the amount of

TIAs, but the addition of tryptophan or tryptamine

together with loganin produces a higher increase in

the TIA biosynthesis in both transgenic lines.

The addition of external effectors like fungal

homogenates, changes in pH of culture medium, etc.,

also modifies, in some cases substantially, the TIA

biosynthesis (Godoy-Hernández and Loyola-Vargas

1991; Sáenz-Carbonell et al. 1993; Vázquez-Flota

et al. 1994; Vázquez-Flota and Loyola-Vargas 1994;

Godoy-Hernández and Loyola-Vargas 1997; Moreno-

Valenzuela et al. 1999; Godoy-Hernández et al. 2000;

Vázquez-Flota et al. 2000a; Zhao et al. 2001d).

The addition of pectinase increases the tabersonine

amount 2.5 times whereas the addition of chitin

elevates the ajmalicine concentration in 50% and the

addition of jasmonic acid increases the lochnericine

amounts and horhammericine, but not those of

tabersonine (Shanks et al. 1998). The addition of

fungal homogenates from mycelia fungi, as well as

filtrates from fungi cultures, increases TIA accumu-

lation (Godoy-Hernández and Loyola-Vargas 1991;

Vázquez-Flota et al. 1994; Zhao et al. 2001d).

Other environmental factors also modify the TIA

biosynthesis, among the most important of which are

the osmotic and salt stresses (Godoy-Hernández and

Loyola-Vargas 1991; Vázquez-Flota and Loyola-Var-

gas 1994; Zhao et al. 2001a). The addition of KCl,

NaCl, manitol and sorbitol increases the TIA accumu-

lation. When some of these effectors are used jointly,

and the precursors of the TIAs biosynthesis like

tryptamine and tryptophan are added, the TIA produc-

tion improves substantially (Zhao et al. 2001a).

The biosynthesis of catharanthine and vindoline is

regulated differentially. The vindoline biosynthesis is

regulated at four different levels: tissue, cellular, by

development and by the environmental conditions,

whereas the catharanthine is not.

The tissue-specific location of the enzymes for the

TIAs biosynthesis, the ontogenic regulation of the

vindoline biosynthesis as a result of the coordinated

expression of enzymes involved in the process, and

the presence of specific alkaloids in the roots and the

aerial part of the plants confirm that the biosynthetic

routes are expressed in a tissue-specific form.

During the development of the plantlets, the

activities of TDC and STR are expressed 36–48 h

before those of 17-O-desacetylvindoline O-acetyl-

transferase (De Luca et al. 1988). The activation of

these two latter enzymes concurs with the quantita-

tive transformation of tabersonine in vindoline and it

requires the participation of light (Balsevich et al.

1986; De Luca et al. 1988; Aerts and De Luca 1992;

Vázquez-Flota and De Luca 1998a; Vázquez-Flota

et al. 2000b). It has been also determined that a

basipetal gradient of expression of TDC, STR,

desacetoxyvindoline-4-hydroxylase and 17-O-des-

acetylvindoline O-acetyltransferase exists, which

suggest that the expression of vindoline biosynthesis

occurs transiently during the early development of

leaves, stems and roots (St-Pierre et al. 1999; De

Luca and St Pierre 2000).

The light plays a central role in the biosynthetic

regulation of some alkaloids. Particularly, the light

activates some of the last steps of the vindoline

biosynthesis. The light does not participate in the

formation of idioblasts nor of laticifer cells, so the

activation by the light of the enzymes that carry out

the induction of the TIA biosynthesis is still under

study (Vázquez-Flota et al. 2000b).

In summary, catharanthine is biosynthesized

throughout all plant tissues whereas vindoline is

biosynthesized only in the aerial parts. The reactions

catalyzed by TDC and STR are located in the upper

and lower epidermis of the leaves, in the protoderma

of the root and in the cortical cells around the apical

tip. Desacetoxyvindoline-4-hydroxylase and 17-O-

desacetylvindoline O-acetyltransferase are localized

in the idioblasts and laticifer cells. It is possible that

the root biosynthesizes catharanthine and tabersonine

and that these compounds are transported via xylem

to laticifer cells associated to traqueid elements.

These cells can transform tabersonine in vindoline

and this compound with catharanthine forms the

bisindole alkaloids.

Cellular differentiation

The development process produces, in addition to

morphogenesis, the biochemical specialization of

cells, resulting in the biosynthesis and/or accumula-

tion of secondary metabolites such as alkaloids of
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different biosynthetic origin (Robinson 1974; Robin-

son 1981; Flores and Filner 1985; Hashimoto and

Yamada 1994; Facchini and De Luca 1995; Moreno-

Valenzuela et al. 1998; Facchini 2001).

It has been shown that the hyoscyamine content,

alkaloid derived from tropane, in transformed roots of

Hyosciamus muticus is similar to that found in plant

roots. Nevertheless, when the roots are dedifferentiated

to callus, the amount of alkaloids is diminished at trace

levels, but when the calluses are redifferentiated to

roots, the content of alkaloids returns to the original

concentrations. This protocol can be repeated many

times with the same result (Flores and Filner 1985).

In other processes it has also been determined that

a direct correlation between the cellular differentia-

tion and the biosynthesis of secondary metabolites

exists; e.g., the monoterpenes biosynthesis in the

epidermic glands of Mentha piperita (Dörnenburg

and Knorr 1995). In C. roseus it has been determined

that the laticifer cells’ presence is essential for the

production of monoterpene-indole alkaloids (De Luca

et al. 1986). Thus, vindoline, one of the two

monomeric units of the bisindol alkaloids, is synthe-

sized in shoots but not in the calli (Constabel et al.

1982). Similar results have been obtained for vin-

blastine, a product accumulated in shoots regenerated

from calli of C. roseus but not in calli or cellular

suspensions (Endo et al. 1987; Datta and Srivastava

1997). On the other hand, the catharanthine biosyn-

thesis practically takes place in the entire plant

(Westekemper et al. 1980; Deus-Neumann et al.

1987; Balsevich and Bishop 1989).

Final remarks

The complexity of genetic and catalytic processes

and those of transport of the TIA biosynthesis is one

of the more stimulating intellectual challenges in the

area of the secondary metabolites. The present

knowledge of the TIA biosynthesis is still frag-

mented, whereas the biosynthetic route from tabers-

onine to vindoline is reasonable well known,

including the cloning of the genes that codify for

the required enzymes (De Luca et al. 1998). We are

still far from understanding the biosynthesis of

secologanine, ajmalicine, tabersonine, catharanthine

and several of the intermediaries of the TIA pathway.

However, today with new approaches (Magnotta

et al. 2006) and the use of new techniques such as

gene-to-metabolite networks (Rischer et al. 2006),

metabolomics analysis (Kim et al. 2006; Oresic et al.

2006), expressed sequence tags (Murata et al. 2006),

and transcriptome (Shukla et al. 2006) and proteome

analysis (Jacobs et al. 2005) this is changing. During

the coming years these new techniques will help to

elucidate the biosynthetic pathway of the major

intermediates in the TIA biosynthesis.

Another aspect of great importance that must be

resolved is the transport of the molecules involved in

the TIA biosynthesis. Since this biosynthesis involves

different organelles and tissues within the plant, the

mobilization of the components of the metabolic

pathway must involve a complex transport network.

This will become an active research area in the near

future. It is also necessary to elucidate the diverse

aspects of TIA biosynthesis regulation at the cellular

as well as at the molecular level, in order to be in a

position to determine the TIA function in plants.

Finally, an important issue that must be solved in

the near future is how the TIA are degraded and, the

most important question, what is the role of these

compounds in the biology of the plant?
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(2000a) Effects of nitrogen source on alkaloid metabolism

in callus cultures of Catharanthus roseus (L.) G Don.

Phyton 66:155–164

Vázquez-Flota F, Moreno-Valenzuela OA, Miranda-Ham ML

et al (1994) Catharanthine and ajmalicine synthesis in

Catharanthus roseus hairy root cultures. Medium optimi-

zation and elicitation. Plant Cell Tiss Org Cult 38:273–279

Vázquez-Flota FA, De Luca V (1998b) Jasmonate modulates

development- and light-regulated alkaloid biosynthesis in

Catharanthus roseus. Phytochemistry 49:395–402

Vázquez-Flota FA, St Pierre B, De Luca V (2000b) Light

activation of vindoline biosynthesis does not require

cytomorphogenesis in Catharanthus roseus seedlings.
Phytochemistry 55:531–536

Verpoorte R, Van der Heijden R, Memelink J (2000) Engi-

neering the plant cell factory for secondary metabolite

production. Transg Res 9:323–343

Verpoorte R, Van der Heijden R, Moreno PRH (1997) Bio-

synthesis of terpenoid indole alkaloids in Catharanthus
roseus cells. In: Cordell GA (ed) The alkaliods. Academic

Press, San Diego, pp 221–299

Verpoorte R, Van der Heijden R, Schripsema J et al (1993)

Plant cell biotechnology for the production of alkaloids:

present status and prospects. J Nat Prod 56:186–207

Vetter H-P, Mangold U, Schröder G et al (1992) Molecular
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