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Abstract.

The second to last step in vindoline biosynthesis is catalyzed by
deacetoxyvindoline 4-hydroxylase (D4H) which converts desacetoxyvindoline into
deacetylvindoline. This enzyme belongs to the family of 2-oxoglutarate dependent
dioxygenases which require 2-oxoglutarate, ascorbate, ferrous ions, molecular oxygen

and alkaloid substrate for activity.

Sequencing of D4H cDNA and genomic clones revealed that D4H shares up to
30% amino acid identity with other dioxygenases of plant and fungal origin. These
include ethylene forming enzyme from tomato, hyoscyamine 6R-hydroxylase from
Hyoscyamus niger and isopenicillin N synthase from Aspergillus niger, among others.
The similarity between D4H and other dioxygenases was also noticed at the level of
gene structure. The d4h gene contains two introns located at identical positions as
those of two other plant dioxygenase genes and suggests they may have evolved from
a common ancestral gene. Southern blot analysis showed that the d4h gene occurs as

a single copy in the Catharanthus genome.

Tissue-specific expression of D4H appears to be transcriptionally regulated since
the levels of D4H transcripts and enzyme activity strictly correlate with vindoline
accumulating tissues. The highest levels of D4H expression occurred in leaves, with
much lower levels present in stems and fruits, whereas th'ere was no expression of D4H

in roots.

Expression of D4H in developing seedlings was affected by light- and
development-specific controls which are regulated by transcriptional, post-transcriptional
and post-translational factors. Low levels of D4H enzyme activity were detected in
etiolated seedlings, even when important amounts of the d4h transcript were detected.

Upon illumination enzyme activity was increased 4- to 8-fold depending on the
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developmental stage at which the seedlings were exposed. Light-mediated enzyme
activation was more pronounced with 5 day old etiolated seedlings than with seedlings
at older developmental stages. These results correlated with a noticeable increase of
D4H immunoreactive protein with light treatment of 5 day old etiolated seedlings, rather
than with clear changes in the level of d4h transcripts. In contrast, light treatment of
older etiolated seedlings resulted in a less pronounced accumulation of D4H protein and
a clear accumulation of d4h transcripts. Further studies showed that exposure of
Catharanthus seedlings to light promoted the appearance of a new and slightly more
acidic isoform of the D4H protein (pl 4.6), and the dissapearence of the more basic D4H
isoform (pl 4.7) found in etiolated seedlings. Furthermore, the light effects on D4H
appear to invoive the phytochrome photoreceptor, since a 30 min red light pulse was
sufficient to produce the same response as a 24 h period of continuous white light

illumination and the response could be abolished with a far red light treatment.

The external application of methyl-jasmonate, a known chemical inducer of
secondary metabolism, caused an 80% increase of the levels of D4H enzyme activity in
light-grown Catharanthus seedlings. However, no induction of this activity could be
observed in etiolated seedlings exposed to jasmonate, suggesting that this chemical
inducer could not replace the light requirement for D4H activation and for vindoline
biosynthesis. Furthermore, application of this inducer did not alter the developmental

regulation of D4H in relation to earlier stages of vindoline biosynthesis.

Studies concerning the distribution of tryptophan decarboxylase (TDC) and D4H
transcripts, protein and enzyme activity throughout different tissues of mature plants,
revealed that young and actively growing tissues are the main sites of vindoline and
general indole alkaloid biosynthesis. In addition, studies within the leaf tissues clearly
showed that TDC and D4H are preferentially expressed at the base of the leaf and

decrease progressively towards the leaf tip.
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Immunocytochemical studies were used to identify which cells in Catharanthus
leaves were involved in indole alkaloid biosynthesis. TDC was exclusively localized in
the upper and lower epidermis of leaves and in the epidermis of stems, whereas it was
spread throughout cortical cells near the root tip. In constrast, D4H was clearly localized
only in laticifers and idioblasts of leaves and stems, whereas it was not detected in any
root cells. A similar cellular distribution for both TDC and D4H was also found in
cotyledons of developing seedlings and no differences in the cellular distribution of D4H

were found in cotyledons of dark or light grown seedlings.

Key words: 2-oxoglutarate-dependent dioxygenase, alkaloid metabolism, Catharanthus
roseus, cell-specialization, desacetoxyvindoline 4-hydroxylase, developmental
regulation, light regulation, secondary metabolism, tryptophan decarboxylase, vindoline

biosynthesis
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Resumeé.

La vinblastine est un alcaloide cytotoxique qui est isolee des feuilles de la
pervenche de Madagascar (Catharanthus roseus). Cet alcaloide indole dimeérique est
formé par le couplage oxidatif de deux monomeéres, la catharanthine et la vindoline
(Svoboda et Blake, 1975). La vinblastine ainsi qu'un alcaloide apparentg, la vincristine,
sont utilisées pour le traitement de la maladie de Hodgkin, et pour certaines formes de
leucémie, respectivement (Johnson et coll., 1960). Etant donné limportance
pharmaceutique et la valeur marchande élevée de ces alcaloides dimériques, les
technologies de cultures in vitro de suspension cellulaire de Catharanthus ont été
développées afin de fournir des sources alternatives de production de ces substances
naturelles. Certaines lignées cellulaires produisant des niveaux élevés de catharanthine
ont été obtenues, cependant, aucune des suspensions cellulaires ne produit la vindoline

(Moreno et coll., 1995; van der Heijden et coll., 1989).

La vindoline est l'alcaloide majeur des feuilles des plantes matures ainsi que des
cotylédons des plantules de Catharanthus roseus. Cet alcaloide est élaboré par une
séquence de réactions enzymatiques longues et complexes a partir de précurseurs

provenant des voies de l'acide shikimique et de l'acide mévalonique.

La phase initiale de la biosynthése de la vindoline comprend la formation de
tryptamine a partir du tryptophane, et la condensation de la tryptamine avec un
glycoside iridoide, la sécologanine, qui produit l'intermédiaire central, la strictosidine.
Ces réactions sont catalysées respectivement par les enzymes tryptophane
décarboxylase (TDC) et strictosidine synthétase (SS), respectivement. Des études avec
des plantules en développement ont toutefois indiqué que l'apparition des activites TDC
et SS ne coincide pas avec la phase d'accumulation de la vindoline (Alvarez-Fernandez

et coll., 1989; De Luca et coll., 1986). En fait, ces étapes biosynthétiques initiales
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précédent |'apparition, au cours du développement des plantules, de la phase terminale

de la biosynthése.

La phase finale de la biosynthése de la vindoline inclu une séquence ordonnée
de six réactions enzymatiques qui sont responsables de la transformation du précurseur
tardif, la tabersonine. Cette séquence enzymatique comprend ['hydroxylation
aromatique en C-16, la 16-O-méthylation, 'hydration de la double liaison C2-C3, la
N(1)-méthylation, I'nydroxylation en C-4, et la 4-O-acétylation (Fig. 1; De Luca et coll.,
1986). La premiére réaction est catalysée par la tabersonine-16-hydroxylase (T16H),
une monooxygénase dépendante du cytochrome P-450 et associée avec la fraction
microsomale. Par la suite, une O-méthylation qui semble de nature cytosolique est
catalysée par I'AdoMet:16hydroxytabersonine O-méthyltransférase (16-OMT; St-Pierre
et De Luca, 1995). Aprés I'hydration de la double liaison C2-C3, la réaction suivante est
catalysée par I'AdoMet:2,3-dihydro-3-hydroxytabersonine-N-meéthyltransferase (NMT)
associé aux membranes des thylacoides (De Luca et coll.,, 1987; Dethier et De Luca,
1993), tandis que la 4-hydroxylation est catalysée par une dioxygénase soluble
dépendante du 2-oxoglutarate, la désacetoxyvindoline 4-hydroxylase (D4H; De Carolis
et coll., 1990; De Carolis et De Luca, 1993). Enfin, la derniére étape de la biosynthése
de la vindoline est catalysée dans le cytosol par ['acétyl-CoA: déacetylvindoline
O-acétyltransferase (DAT; De Luca et coll., 1985; Power et coll., 1990).

Les cultures de cellules en suspension possédent les activités enzymatiques
T16H et 16-OMT (St-Pierre et De Luca, 1995), mais sont déficientes en enzymes qui
catalysent les trois derniéres étapes de la biosynthése de la vindoline (De Carolis et
coll., 1990; De Luca et coll., 1987). Cela explique I'absence dans les cultures cellulaires
de la vindoline et de ces précurseurs immédiats, la désacetoxyvindoline et la

déacetylvindoline (Kurz et coll., 1980; Kutney et coll., 1980).

De maniére similaire, les plantules de C. roseus cultivées a ['obscurité

accumulent des niveaux eélevés de tabersonine et des traces d'autres intermédiaires
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ultérieurs a la tabersonine ainsi que de faibles quantités de vindoline (Balsevich et coll.,
1986: De Luca et coll., 1986). Par contre, I'exposition de plantules étiolées a la lumiére
induit une accumulation des activités enzymatiques de la D4H et de la DAT dans les
cotylédons (De Carolis et coll., 1990; De Luca et coll., 1986; De Luca et coll., 1989), et
lapparition de ces enzymes entraine une conversion quantitative de la tabersonine et
de ces métabolites en vindoline (Balsevich et coll., 1986; De Luca et coll., 1986).

L' induction de l'activitt enzymatique D4H ( De Carolis, 1994) et la conversion
quantitative de la tabersonine et de ses métabolites en vindoline sont aussi observées
dans les plantules étiolées soumises & une bréve exposition a la lumiére rouge. Le réle
du photorécepteur phytochrome dans ce processus fat démontré lorsque des
traitements a la lumiére rouge sombre ont renversé |'effet de la lumiére rouge. De plus,
le jasmonate de méthyle (Aerts et coll., 1994) et les régulateurs de croissance
auxiniques (Aerts et coll, 1992) altérent le niveau de plusieurs enzymes de la voie de
biosynthése de la vindoline ainsi que I' accumulation de la vindoline et de ses

intermédiaires dans les plantules.

Les études réalisées avec les cultures cellulaires et avec les plantules en
croissance de Catharanthus illustrent que les mécanismes de régulation de la phase
terminale de la biosynthése de la vindoline sont dépendants de 'environnement, du
stage de développement et du type de tissu. Cela suggere que les enzymes qui
catalysent les deux derniéres réactions jouent un réle crucial dans la regulation de la
biosynthése de vindoline. Dans le cadre des études sur la régulation du metabolisme
secondaire chez Catharanthus roseus, le projet de cette thése porte plus
particuliérement sur la régulation moléculaire de la désacetoxyvindoline 4-hydroxylase
(EC.1.14.11.11). Cet enzyme fait partie de la famille des dioxygenases a 2-oxoglutarate
puisque qu'il requiert, en pius de son substrat alcaloide, le 2-oxoglutarate, l'ascorbate,
lion ferreux, et l'oxygéne moléculaire pour son activité (De Carolis et coll.,, 1990; De
Carolis et De Luca, 1993). La régulation de la D4H a été caractérisée au niveau de
l'activité enzymatique dans les plantules en développement (De Carolis et coll., 1990).

Cet enzyme a aussi été purifié et sa cinétique caractérisée dans notre laboratoire (De
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Carolis et De Luca, 1993). De plus, des clones d' ADNc ont été isolés et partiellement

séquences.

Ce projet a pour objectifs:

1) La caractérisation compléte des clones d'ADNc de la D4H isolés par De
Carolis (1994).

2) L'analyse moléculaire de la régulation de la D4H au cours du développement.
3) L'étude des effets des inducteurs chimiques du metabolisme secondaire sur
la régulation de la D4H au cours du développement.

4) L'identification des types cellulaires impliqués dans la biosynthese de la

vindoline.

Résultats.

L'analyse compléte des clones d’ADNc a indiqué que la séquence en acides
aminés de la D4H partage 30% de similarité avec les autres dioxygénases de source
végétale ou fongique tel que I'enzyme formant l'éthyléne de la tomate, I'hyoscyamine 6-
R hydroxylase de I' Hyoscyamus niger et lisopénicilline N-synthétase de I' Aspergillus
niger. La similarité entre la D4H et les autres dioxygénases se prolonge aussi au niveau
de la structure du géne. L'analyse de la séquence d'un clone d'ADN génomique de
Catharanthus indique que le géne d4h est interrompu par deux introns insérés a des
positions identiques & celle des introns retrouvés dans les autres génes de
dioxygénase. Ce degré de conservation suggere que la D4H, ainsi que les autres
dioxygénases, pourrait avoir évolué d'un gene ancestral commun. L'analyse par
transfert de type Southern démontre que le géne d4h est présent a une seule copie par

génome haploide de Catharanthus.

La régulation tissulaire spécifique de la D4H dans la plante était apparemment

contrélée au niveau de la transcription puisque les niveaux maximaux de ['activité
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enzymatique et des transcrits sont observés dans les feuilles, tandis que des niveaux
beaucoup plus faibles sont présents dans les tiges et les fruits, et qu'ils sont absents

dans les racines.

Par contre dans les plantules, I'expression de la D4H est sujette a une régulation
complexe, sous linfluence du développement et de la lumiere, qui implique des
mécanismes aux niveaux transcriptionnels, post-transcriptionnels et post-traductionnels.
Dans les plantules étiolées, les niveaux d'activité enzymatique sont faibles méme
lorsque des quantités élevés de transcrit sont observées. Suite a une exposition a la
lumiére, l'activité enzymatique augmente de 4 a 8 fois selon le stade de développement
des plantules au moment du traitement lumineux. La reponse est plus prononcee a des
stades de développement hatifs (plantules de 5 jours) que tardifs (plantules de 7 jours).
L'augmentation induite par la lumiére de l'activitt enzymatique de Ié D4H dans les
plantules de 5 jours s'accompagne d'une augmentation notable de la quantité de
protéine immunoréactive a l'anticorps anti-D4H. Cependant, le niveau de transcrit
n'augmentait pas suite a ce traitement. Avec des plantules de 7 jours, l'augmentation
plus faible de l'activité enzymatique induite par la lumiére s'accompagne aussi d'une
augmentation plus modeste du niveau de protéine immunoréactive que dans les
plantules de 5 jours. Toutefois, le niveau de transcrit dans les plantules de 7 jours
augmente suite a l'exposition a la lumiére. En plus de ces effets, I'exposition des
plantules de Catharanthus a la lumiere initie l'apparition d'isoformes légérement plus
acides de la protéine D4H tel que démontré par l'analyse de type Western de gel
bidimensionnel IEF-SDS-PAGE. Les effets de la lumiére sur I'expression de la D4H sont
dépendants du phytochrome puisque une exposition de 30 minutes de lumiere rouge
suivie de 24 h d'obscurité était suffisant pour produire la méme réponse qu'une période
de 24 h de lumiére blanche en continu et puisque les effets de la lumiére rouge sont

abolis par une exposition subséquente a la lumiére rouge sombre.

L'application exogéne de jasmonate de méthyle, un inducteur chimique du

métabolisme secondaire, produit un augmentation de 80% du niveau d'activité
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enzymatiqgue de la D4H dans les plantules cultivees a la lumiere. Cependant, cet
inducteur chimique n'a aucun effet sur la D4H dans les plantules cultivées a I'obscurite,
ce qui confirme la dépendance a la lumiére pour l'activation de la D4H et pour la
biosynthése de vindoline. De plus, l'application de linducteur n'a pas altéré Ila

coordination de l'expression de la D4H au cours du développement avec la phase

initiale de la biosynthése de la vindoline, tel que la tryptophane decarboxylase (TDC).

L'analyse de la distribution des activiteés enzymatiques et des protéines TDC et
d4H dans les différents tissus de plant mature suggére qu'a la fois la phase initiale et la
phase terminale de la biosynthése de la vindoline soit principalement exprimées dans
les tissus juvéniles et en croissance active. En fait, méme dans les feuilles immatures,
la TDC et la D4H sont principalement détectées dans la base, la partie de la feuille qui

présente le plus haut taux de division cellulaire.

L'immunolocalisation des proteines TDC et D4H dans les différents tissus de
plant mature de Catharanthus a permis d'identifier des types cellulaires spécialisés
responsable de la biosynthése de la vindoline. La TDC est localisée exclusivement dans
I'épiderme des feuilles et des tiges et distribuée dans la plupart des cellules de 'apex
racinaire. En contrepartie, la D4H a été immunolocalisée dans les laticiferes des feuilles
et des tiges, et n'était pas présente dans les racines. La distribution cellulaire de TDC et
D4H dans les cotylédons de jeunes plantules était similaire a celles des plants matures.
Dans les cotylédons de plantules cultivées a l'obscurité ou a la lumiére, aucune

différence de distribution cellulaire de la D4H n'a été observée,

Les éliciteurs biotique et chimigues n'ont pas induit dans les cultures cellulaires
de Catharanthus I'expression de niveau detectable de l'activité enzymatique D4H, pas
plus que l'accumulation du transcrit de d4h, méme si ces traitements ont stimulé

l'activité enzymatique et I'accumulation de transcrits de la TDC.
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Preface

The Madagascar periwinkle, Catharanthus roseus (L.) G. Don produces the
cytotoxic bisindole alkaloids vinblastine and vincristine (Fig. 1). These important
anticancer drugs were discovered accidentally when searching for hypoglycemic agents
in Catharanthus plants. According to Jamaican folk medicine, teas>prepar.ed from leaves
of this plant were prescribed as a remedy against diabetes. However, when aqueous
leaf extracts were orally administrated to mice, glucose levels in blood remained
unchanged. In addition, injection of mice with the leaf extract caused death as a
consequence of an opportunistic septicemia. Further studies showed that leaf extracts
prevented white blood cell proliferation. Vinblastine and vincristine which are dimeric
alkaloids composed of catharanthine and vindoline (Fig. 1), were identified as active
components. After extensive studies, both drugs were marketed by Eli Lilly under the
brand names of Velban® and Oncovin®, respectively (Johnson et al.,, 1963; Noble et
al., 1958). Today, because of their powerful antimitotic effects, these drugs are still
widely used in various cancer treatments, including Hodgkins’ disease and certain types
of leukemia (Johnson et al., 1963).

The economic value of these dimers, together with their low abundance in
Catharanthus plants (Table 1), have prompted significant efforts to produce them
through cell culture technology. However, despite many years of work by different
research groups around the world, only a partial success has been achieved (see recent
reviews by Moreno et al.,, 1995; and van der Heijden et al., 1989). Cell cultures are
capable of producing high levels of catharanthine, as well as several other Catharanthus
alkaloids, but they do not accumulate vindoline. The capacity of cell cultures to produce
dimeric alkaloids in vitro is therefore hampered by this inability (but see O’Keefe et al.,
1997; Parr et al., 1988). These results suggest that vindoline biosynthesis is regulated
differently than the pathways governing the biosynthesis of other Catharanthus

alkaloids.

Within the broader research context of the regulation of secondary metabolism in
Catharanthus roseus, studies in this laboratory have focused on the purification,
biochemical characterization and kinetic analysis of desacetoxyvindoline 4-hydroxylase
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hydroxylase (D4H) (De Carolis, 1994), the enzyme which catalyzes the second to last
step in vindoline biosynthesis. This thesis focuses on the molecular characterization of
D4H and proposes to: a) further characterize the D4H cDNA clones previously isolated
by De Carolis, (1994); b) perform molecular studies of the developmental and light
regulation of D4H; c¢) determine the effects of chemical inducers of secondary
metabolism on the developmental regulation of D4H and, d) identify the cell types where
D4H is expressed.

This thesis has been written as a collection of 4 scientific articies which are
preceeded by a general introduction (Chapter 1) and are followed by a final discussion
(Chapter VI).
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TABLE 1. Economic importance of the Catharanthus alkaloids.

Generic Trade name Medical Yield Cost Annual

name applications (% on dry basis) (USD/g) market (kg)

Vinblastine Velban® Hodgkin's 0.0005 $1,000 12.00
disease

Vincristine Oncovin® Leukemias 0.0001 $3,500 1.00

Modified from: van der Heijden, R, Verpoorte, R, Ten Hoopen, JG (1989) Cell
and tissue culture of Catharanthus roseus (L.) G. Don: a literature survey. Plant Cell
Tissue and Org Cult 18: 231-280.
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Figure 1. Structures of the dimeric alkaloids of Catharanthus roseus and the subunits

which form them.
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List of generic names.
desacetoxyvindoline 16-methoxy-2,3-dihydro-3-hydroxy-N(1)-
methyltabersonine

desacetoxyvindorosine 2,3-dihydro-3-hydroxy-N(1)-
methyltabersonine

deacetylvindoline 16-methoxy-2,3-dihydro-3,4-dihidroxy-N(1)
-methyltabersonine

vindoline 16-methoxy-2,3-dihydro-3-hydroxy-4-
acetoxy-tabersonine

The numbering system used is as for aspidospermine alkaloids in Chemical
Abstracts (Collective Substance Index V 106-115 12CS3 p 5731CS, 1987-1991).

vindoline



Chapter I. Review of Literature.

I.1. Enzymology of Monoterpenoid Indole Alkaloid Biosynthesis in
Catharanthus roseus (L.) G. Don.

1.1.1. Introduction.

The genus Catharanthus, which is native to the island of Madagascar, belongs to
the Apocynaceae family. This genus is composed of 7 species: lanceous, longifolius,
ovalis, pusillus, roseus, scitulus and frichophylus (Stern, 1975), all of which produce
different indole alkaloids. Catharanthus roseus has, however, received the most
attention since it is the only commercial source for the valuable dimeric alkaloids,
vinblastine and vincristine.

The biosynthesis of Catharanthus alkaloids involves the participation of two major
metabolic routes which are the shikimate and the terpenoid pathways. Tryptophan-
derived tryptamine is combined with geraniol-derived secologanin to form the central
alkaloid intermediate, strictosidine. Intramolecular rearrangement of the terpene
component of strictosidine resuits in the formation of the aspidosperma, the corynanthe,
and the iboga families of alkal-oids (Fig. 2). Extensive reviews on the enzymology of this
pathway have been pubnlished in recent years (De Luca et al., 1992; De Luca, 1993;
Meijer et al., 1993b). Furthermore, the Introduction of each manuscript in this thesis
~ deals in detail with the enzymology of the late steps of vindoline biosynthesis. Only a
brief review on the enzymology of the biosynthesis of tﬁe Catharanthus alkaloids will
therefore be presented and special emphasis is given to those enzymes not discussed
in the manuscripts.

1.1.2. Early stages of Catharanthus alkaloid biosynthesis.
Early steps in monoterpenoid indole alkaloids biosynthesis involve the conversion

of tryptophan and geraniol into strictosidine (Fig. 3). These reactions are common to the
synthesis of all Catharanthus alkaloids.
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1.1.2.1. Formation of the indole component of Catharanthus alkaloids.

The indole nucleus of Catharanthus alkaloids is derived from tryptophan. This
amino acid, as well as the other aromatic amino acids, are synthesized through the
shikimate pathway (extensively reviewed by Bentley, 1990). Briefly, erythrose-4-
phosphate and phosphoenolpyruvate are condensed to form 3-deoxy-D-arabino-
heptulosonate (DAHP) by the enzyme DAHP synthase. Three further enzymatic
reactions transform DAHP into shikimate which is subsequently converted into
chorismate. This intermediate represents a critical branch point to the formation of
prephenate or anthranilate which are early precursors of tyrosine and phenylalanine or
of tryptophan, respectively (Fig. 3).

1.1.2.1.A. Anthranilate synthase. Anthranilate synthase (AS; EC. 4.1.3.27) is the
only enzyme involved in ftryptophan biosynthesis which has been studied in
Catharanthus roseus (Poulsen and Verpoorte, 1992; Poulsen et al, 1993). In
comparison with cell cultures from other plants, high levels of AS enzyme activity were
detected in Catharanthus cell suspensions. A slight increase in this enzyme was noticed
when the cultures were transferred to an alkaloid production medium, suggesting a
possible involvement of the pre-tryptophan pathway in triggering the accumulation of
alkaloids (Poulsen and Verpoorte, 1992). Initial experiments with crude extracts from
cell cultures indicated that AS could be resolved as two peaks of activity by anion
exchange chromatography, but furthér studies showed the enzyme to occur as a single
isoform which was located in chloroplasts and which was strongly inhibited by
tryptophan (Poulsen et al., 1993). The purified enzyme is a heterotetramer composed of
two 67 and two 25 kDa subunits, respectively (Poulsen et al., 1993), which have yet to

be cloned.

1.1.2.1.B. Tryptophan decarboxylase. The decarboxylation of tryptophan to
produce tryptamine is catalyzed by the pyridoxal phosphate dependent tryptophan
decarboxylase (TDC; EC 4.1.1.28). This cytosolic enzyme (De Luca and Cutler, 1997) is
a dimeric protein composed of identical 54 kDa subunits (Alvarez-Fernandez et al.,
1989; Noe et al.,, 1984). Complete TDC cDNA clones were isolated by antibody
screening of a ¢cDNA library produced from developing Catharanthus seedlings (De
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Luca et al., 1989) and the identity of TDC was confirmed by expressing active enzyme
in E. coli (De Luca et al., 1989) and in Nicotiana tabacum (Songstad et al., 1990). The
sequence of a genomic clone together with Southern blot analysis suggested that tdc is
present as a single, uninterrupted gene in the Catharanthus roseus genome (Goddijn et
al., 1994). The regulation of this enzyme in relation to the biosynthesis of vindoline is
discussed in section 1.3.3.1.

I.1.2.2. Formation of the terpene moiety of Catharanthus alkaloids.

Mevalonate is the building block for the formation of a wide variety of plant
products, including terpenoids. The biosynthesis of mevalonic acid involves the
condensation of three units of acetyl-CoA, to form 3-hydroxy-3-methylglutaryl-CoA
(HMG-CoA). In plants, these reactions are catalyzed by either one or two enzymes
(Bach et al., 1991). Two units of acetyl-CoA can be condensed into acetoacetyl-CoA by
acetoacetyl-CoA thiolase (AACT; EC. 2.3.1.9) and the third acetyl-CoA unit is added by
the action of HMG-CoA synthase (EC. 4.1.3.5) to form HMG-CoA. Bach et al (1991)
also proposed that a single enzyme may catalyze the direct formation of HMG-CoA from
three molecules of acetyl-CoA. Mevalonate is then formed irreversibly from HMG-CoA
by the action of HMG-CoA reductase (EC. 1.1 .1.34; Chappell, 1995).

1.1.2.2.A. Enzymes involved in mevalonate biosynthesis. Activities for both
AACT and HMG-CoA synthase have been detected in Catharanthus roseus cell and
root cultures, as well as in dark and light grown seedlings (van der Heijden et al., 1994).
The roots, stems and flowers of mature plants compared to leaves contained the
highest enzyme activities. However, it was suggested that the low activity observed in
leaves was due to artefacts caused by chlorophyll interference in the enzyme assay
(van der Heijden et al., 1994).

A putative HMG-CoA reductase cDNA clone has been isolated from a C. roseus
cDNA library. The open reading frame of this clone encodes a 64 kDa membrane-
associated protein that contains two predicted transmembrane spanning domains
(Maldonado-Mendoza et al.,, 1992). HMG-CoA reductase transcripts occur at high
levels in all tissues of mature plants (Maldonado-Mendoza et al.,, 1992) whereas it is
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induced in cell cultures after methyl jasmonate treatment (Maldonado-Mendoza et al.,
1994).

1.1.2.2.B. Synthesis of secoioganin. The secoiridoid glycoside, secologanin,
provides the C9-C10 unit for the biosynthesis of monoterpenoid indole alkaloids in C.
roseus (Meehan and Coscia, 1973). This product is formed from mevalonate via
geraniol which arises from the removal of two phosphate groups from geranyl
diphosphate (Fig. 3). Nerol, the cis isomer of geraniol can also be used as a precursor
in the synthesis of secologanin (Balsevich et al., 1982).

The first committed step in the formation of secologanin involves the conversion
of either geraniol or nerol to the respective 10-hydroxy-derivatives. This reaction is
catalyzed by geraniol-10-hydroxylase (G10H), a cytochrome P-450 dependent
monooxygenase, which hydroxylates both geraniol and nerol at similar rates
(Madyastha and Coscia, 1979a). This activity has been detected in 5 day old etiolated
seedlings (Meehan and Coscia, 1973), as well as in cell cultures of C. roseus (Spitsberg
et al.,, 1981). The enzyme is apparentiy located in a provacuolar membrane fraction
(Madyastha et al., 1977) and it can be separated into cytochrome P-450 and NADPH
cytochrome ¢ reductase components by a combination of membrane solubilization and
ion exchange chromatography (Madyastha et al., 1976). Enzyme activity can be
restored by incubating the reductase component with a crude preparation of
Catharanthus lipids containing the cytochrome P-450 component (Madyastha et al.,
1976). NADPH cytochrome ¢ reductase (EC. 1.6.2.4) was first purified to homogeneity
from seedlings (Madyastha and Coscia, 1979a), and later from cell cultures (Meijer et
al., 1993a). Polyclonal antibodies to the reductase were used to isolate a complete
cDNA clone which was expressed in bacteria as an active protein with the expected Mr
of 75 kDa (Meijer et al., 1993a). The reductase is present as a single copy gene (Cpr) in
the Catharanthus genome, which suggests that all the cytochrome P-450 proteins in this
plant are associated to this reductase for catalysis (Meijer et al., 1993a). The transcripts
for this reductase were mainly detected in roots and flowers, but were also found in
stems and leaves of mature plants. Cell cultures also contained Cpr transcripts, which
were induced after treatment with fungal elicitors (Meijer et al., 1993a). Several
Cathararithus cytochrome P-450 cDNA clones have been isolated by differential
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screening, but none were shown to have G10H activity or any other alkaloid
hydroxylase activity (Vetter et al., 1992; Mangold et al., 1994).

The formation of secologanin from 10-hydroxygeraniol involves the reduction of
the latter to 10-oxogeranial, which is then transformed into iridodial. Some of the
enzymes involved in these reactions have been characterized and partially purified in
Rauwolfia serpentina, another member of the Apocynaceae family, but not in
Catharanthus roseus (De Luca, 1993; Meijer et al., 1993b). Further uncharacterized
enzyme reactions transform iridodial to loganic acid, which is then O-methylated at the
carboxyl group to produce loganin. The enzyme which can also methylate secologanic
acid, has been named S-adenosyl-L-methionine: loganic acid methyltransferase (LAMT;
Fig. 3), and it has been partially purified from 6-8 day old etiolatéd seedlings, where it
occurs at high levels (Madyastha and Coscia, 1979b).

1.1.2.3. The condensation of tryptamine with secologanin.

Strictosidine synthase (SS; EC. 4.3.3.2), the enzyme catalyzing the
stereospecific condensation of tryptamine and secologanin, has been purified to
homogeneity from cell (Treimer and Zenk, 1979) and root (De Waal et al., 1995)
cultures. SS occurs as a single copy intronless gene in Catharanthus (Pasquali, 1994)
and the numerous isoforms of this enzyme which have been isolated are based on a
differential glycosylation pattern (De Waal et al., 1995; Pfitzner and Zenk, 1989). The
predicted ORF of strictosidine synthase cDNA clone encodes a 39 kDa polypeptide
(McKnight et al., 1990; Pasquali et al., 1992) which includes a putative signal peptide at
the N terminus (McKnight et al., 1990). The presence of such a sequence is consistent
with the vacuolar localization of this enzyme (McKnight et al., 1991). Transcripts for ss
which were abundant in roots of mature plants, were also detected in lower amounts in
leaves (Pasquali et al., 1992). The expression of ss transcripts could be transiently
induced in cell suspension cultures with elicitor treatment, in coordination with the
accumulation of fdc (Pasquali et al, 1992; Roewer et al, 1992) and Cpr transcripts
(Pasquali et al, 1992). These results suggest that a common mechanism exists in
Catharanthus for the activation of the early alkaloid biosynthetic pathway.



1.1.2.4. Post-strictosidine reactions.

The glucose moiety of strictosidine is removed by a specific glucosidase
(Hemscheidt and Zenk, 1980) to produce a highly reactive aglycone precursor of the
aspidosperma, corynanthe and iboga alkaloids (Fig. 2; Scott, 1970). The biosynthesis of
the corynanthe alkaloids, ajmalicine and serpentine, has been studied at some length
(reviewed by De Luca, 1993; Meijer et al.,, 1993b) and will not be discussed here.
Stemmadenine apparently represents the branch point in the synthesis of both the
iboga (catharanthine), and aspidosperma (vindoline) type alkaloids (Fig. 2). However,
the enzymology of many of the reactions leading to the production of catharanthine and
tabersonine, which is a late precursor of vindoline, remain to be studied (Scott, 1970).

1.1.2.5. The biosynthesis of vindoline from tabersonine.

Six enzymatic reactions are involved in the transformation of tabersonine to
vindoline. These reactions include: 16-hydroxylation, 16-O-methylation, hydration of the
2,3 double bond, N-methylation, 4-hydroxylation and 4-O-acetylation (Fig. 4, Balsevich
et al., 1986; De Luca et al., 1986). The enzymes involved in this part of the pathway are
discussed in detail in the Introduction of each manuscript and only the recent molecular
cloning and characterization of acetyl-CoA: deacetylacetylvindoline 4-O-
acetyltransferase (DAT; EC 2.3.1-) is reviewed here (St-Pierre et al., 1998). DAT was
cloned using a PCR approach based on the amplification of specific internal amino acid
sequences of a peptide obtained from sequencing the purified protein (Alarco, 1995;
Power et al., 1990). Degenerate oligonucleotides containing additional restriction
cloning sites were produced corresponding to the N and C terminus of a 22 amino acid
oligopeptide and were used to amplify reverse transcribed leaf RNA. The resulting 73 bp
fragment was cloned and sequenced to reveal the corresponding DNA sequence of the
peptide. This unique sequence was used as a probe to isolate cDNA and genomic
clones (St-Pierre et al., 1998). The predicted amino acid sequence of a genomic clone
confirmed the presence of several sequenced peptides obtained from the purified
protein. These results suggest that DAT is a 45 kDa monomer and that the two subunit
heterodimer previously isolated by Fahn et al (1985) and Power et al (1990) may have
arisen as artefacts of protein purification (St. Pierre et al., 1998). The dat gene occurs in
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a single copy in the Catharanthus genome and is uninterrupted by introns (St-Pierre et
al., 1998). The tissue distribution and regulation of DAT is discussed in following
sections.

.1.2.6. Enzymes involved in the synthesis of dimeric alkaloids.

The oxidative coupling of catharanthine and vindoline results in the formation of
a-3'.4’-anhydrovinblastine (AVBL), which is the precursor of catharine, leurosine,
vinblastine and vincristine (Endo et al., 1987). These coupling reactions can be
performed in in vitro with cell-free extracts from Catharanthus plants and from cell
cultures (Baxter et al., 1979; Kutney et al., 1982; 1988), as well as with commercial
preparations of horseradish peroxidase (Goodbody et al., 1988).

It has been proposed that the coupling of vindoline with catharanthine may be
catalyzed by a vacuolar peroxidase with specific AVBL synthase activity. However,
attempts to purify this enzyme have yet to produce clear results (Sottomayor et al.,
1996). The suspected location of this peroxidase activity in the tonoplast (Sottomayor et
al., 1996) may have implications in the compartmentation of the dimeric alkaloids which,
apparently, do not move freely across this membrane (McCaskill et al., 1988).



10

]
H  COOCH;

16-hyd roxytabersqnine

AdoMet

® &
H  COOCHs;

16-methoxytabersonine

16-methoxy-2,3-dihydro-
3-hydroxytabersonine

2-oxoglutarate

Succinate
+C02

O, + Fe®*  HsCo T'H .. OH
+ CHy OH COOCH;
: . Ascorbate :
desacetoxyvindoline deacetylvindoline

AcetylCoA
CoA

vindoline

Figure 4. Conversion of tabersonine to vindoline. Tabersonine-16-hydroxylase (1);
AdoMet:16-hydroxytabersonine-16-O-methyltransferase  (2); an  uncharacterized
hydroxylase (3);, AdoMet:2,3-dihydro-3-hydroxytabersonine N-methyltransferase (4);
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1.2. Alkaloid Metabolism in Catharanthus roseus.

The biosynthesis of vindoline in Catharanthus roseus is regulated by
development-, tissue- and environment-specific controls which are coordinated with the
early phases of seedling germination through to the mature stages of vegetative growth.
Even after normal cellular events are disrupted by production of in vitro cell cultures,
some of these regulatory mechanisms tend to persist, leading to cell lines which
produce a spectrum of monoterpenoid indole alkaloids.

The following section reviews the developmental aspects of alkaloid metabolism
in germinating seedlings, mature plants and cell cultures. Certain data referring to the
accumulation of catharanthine and dimers are also included.

1.2.1. Alkaloid metabolism in etiolated and light grown seedlings

Alkaloid metabolism appears to be a very active process in developing seedlings

of Catharanthus roseus. More than 30% of the label in 14[C]-tryptophan fed to 6 day old
seedlings was incorporated into indole alkaloids over a 3 day period and 7% of the total
radioactivity was recovered in vindoline (Scott et al, 1974). The accumulation of
vindoline in relation to seedling development was first described by Mothes et al (1965),
who observed that dry seeds were devoid of alkaloids. However, during germination and
subsequent seedling unfolding, vindoline accumulation began after one week of growth
and continued for a further two weeks of seedling development (Mothes et al., 1965). A
more detailed seedling study was presented by Scott (1970) who described the
developmentally regulated accumulation of  vindoline precursors of increasing
complexity. As early as 26 h after planting Catharanthus seeds in agar, low but
significant amounts of strictosidine were recovered from germinating seedlings. More
complex and elaborate alkaloids like tabersonine were detected after 2 days of growth
while catharanthine became a major product after 4 days of seedling development.
Despite the early accumulation of advanced vindoline precursors (tabersonine),
vindoline was only detected after 8 days of growth (Scott, 1970). These data suggest

that vindoline is only produced after seedlings had reached a more advanced
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developmental growth stage than those required for catharanthine and tabersonine
biosynthesis.

Besides this developmental control, the requirement for light to activate vindoline
‘accumulation in developing seedlings, clearly differentiates the processes required for
vindoline biosynthesis from those of the other Catharanthus alkaloids. When grown in
the dark, seedlings accumulated catharanthine and tabersonine but not vindoline. Upon
illumination, high levels of vindoline were detected while the levels of other alkaloids
remained unaffected by the light regime (Mothes et al., 1965; Scott, 1970). However,
light treatment only activated vindoline biosynthesis within a program already triggered
by seedling development (Aerts et al., 1994; Balsevich et al., 1986; De Luca et al.,
1986), since only older seedlings were capable of accumulating vindoline. Five- to
seven-day old etiolated seedlings accumulated tabersonine as well as several post-
tabersonine intermediates, whereas these alkaloids were quantitatively converted into
vindoline when etiolated seedlings ‘were exposed to light (Balsevich et al., 1986; De
Luca et al., 1986). It should be noted that the tabersonine intermediates clearly reflect
the biosynthetic pathway involved in the conversion of tabersonine to vindoline (Fig. 4).

1.2.2. Alkaloid metabolism during vegetative development.

As a rule, alkaloids .are mainly accumulated in young and actively growing
tissues. For this reason and due to their toxic nature, alkaloids have been associated
with a protective or defensive function (Robinson, 1974; 1980; Frischknecht et al.,
1987). In agreement with this rule, alkaloid biosynthesis in Catharanthus plants does not
proceed at the same rate in young and mature tissues, suggesting that, as in seedlings,
specific developmental stages for alkaloid biosynthesis also occur in the plant. This
knowledge has been useful to commercial producers for estimating the best timing for
the harvesting of Catharanthus plants (Morton, 1977).

Alkaloid metabolism in Catharanthus plants is particularly active during flowering
(Balsevich and Bishop, 1989; Frischknecht et al., 1987; Reda, 1974) where important
variations in alkaloid contents are observed in aerial and underground tissues. Leaf
concentrations of catharanthine and vindoline peak right after full-flowering
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(Frischknecht et al., 1987), whereas the amounts of the corynanthe alkaloids ajmalicine,
serpentine (Levy et al., 1983) and perivine (Reda, 1974) reach their maximum levels
during the period of fruit maturation. In contrast, no differences in the timing for
maximum accumulation in corynanthe alkaloids were noticed between roots and leaves
(Levy, 1983; Sevestre-Rigouzzo et al., 1993). These data may indicate different
phenological requirements for the synthesis of structurally more complex aspidosperma
and iboga alkaloids in comparison with the corynanthe type alkaloids.

1.2.2.1. Distribution of alkaloids in mature plants.

Except for vindoline and the dimeric alkaloids, which occur exclusively in aerial
tissues, other alkaloids produced in Catharanthus have been detected in all plant
tissues. Nevertheless, their distribution seems to follow a general pattern. The major
corynanthe type alkaloids, ajmalicine and serpentine, occur predominantly in roots while
catharanthine can be accumulated in roots and in leaves in a 6 to 4 ratio (Deuss
Neumann et al., 1987). Although catharanthine was mainly detected in young tissues of
both organs (Deus Neumann et al., 1987), its distribution profile in leaves seems more
variable compared to that of vindoline. Some studies which determined the
concentration of catharanthine in different leaves by chemical analytical methods
(Balsevich and Bishop, 1989) or by radioimmunoassay (Deus Neumann et al., 1987)
showed a 3 and 20-fold concentration difference, respectively, between the youngest
and subsequent leaves. Other reports describe a more gradual decrease in the contents
of catharanthine in leaves of different ages, following a similar pattern to that of
vindoline (Frischknecht et al., 1987; Naaranlahti et al., 1991). Although variations in
genotype, experimental procedures, or plant age may account for these described
differences, the same factors did not seem to affect the pattern of vindoline
accumulation. These data again suggest vindoline biosynthesis is more tightly regulated

than those of other alkaloids.

Vindoline represents the dominant alkaloid in Catharanthus leaves
(Westekemper et al., 1980), where the highest levels occur in young actively growing
tissues, whereas older leaves contain progressively lower levels of vindoline (Balsevich
and Bishop, 1989; Frischknecht et al., 1987; Naaranlahti et al., 1991; Westekemper et
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al., 1980). In contrast, dimeric alkaloids are not primarily accumulated in young tissues
(Balsevich and Bishop, 1989; Naaranlahti et al., 1991). In fact, as the levels of
catharanthine and vindoline decrease from young to older leaves, there is an increase in
dimer content, but not in an equivalent proportion, since the dimeric alkaloids only
represent 1.0% of the combined catharanthine and vindoline levels in the plant (Hirata
et al., 1993; Naaranlahti et al., 1991).

These data suggest that a certain degree of leaf maturity is necessary for the
formation of the bisindole alkaloids. The capacity for dimeric alkaloid production is
present in 11 day old seedlings (Aerts et al., 1996), although accumulation is not
completely stable before plants have reached the 3 week stage of growth (Datta and
Srivastava, 1997). The developmental control of dimer formation observed in these
experiments further confirm the rigorous regulation which is apparent for alkaloid
biosynthesis in Catharanthus. As stated earlier (section 1.1.2.6), the enzymatic coupling
reaction is catalysed in vitro by nonspecific commercial peroxidase preparations, and it
has been suggested that endogenous peroxidases in tissues containing catharanthine
and vindoline catalyse enzymatic coupling in planta (Kutney et al., 1982). These
assertions do not, however, help to explain why plants only accumulate low levels of

dimers.
1.2.2.2. Alkaloid metabolism in in vitro cultures.

The accumulation of secondary products in in vitro cultures is frequently
associated with their level of cellular differentiation (Kutchan, 1983; Lindsey and
Yeoman, 1983). In the case of Catharanthus roseus, most of the alkaloids found in the
entire plant also occur in cell cultures. Vindoline however, only has been randomly
reported in in vitro systems, despite the common accumulation of some of its advanced
biosynthetic precursors (De Luca and Kurz, 1988; Moreno et al., 1995). Nevertheless,
the biosynthetic capacity for vindoline reappears upon shoot regeneration (Constabel et
al., 1982). These observations suggest that the last few steps of vindoline biosynthesis
are indeed controlled differently than the rest of the pathway. The reader is referred to
other extensive reviews, which illustrate the importance of this system in plant cell
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biotechnology (Carew, 1975; De Luca and Kurz, 1988; Ganapathi and K‘argi, 1990;
Moreno et al., 1995; van der Heijden et al., 1989).

1.2.2.2.A. Alkaloid metabolism during callus formation. In this section, only
those reports dealing with the association between vindoline production and cellular

differentiation have been covered.

Callus formation from aerial tissues involves a shift from autotrophy to either total
or partial heterotrophy (Constabel, 1984). As part of this dedifferentiation process in
Catharanthus roseus leaf explants, alkaloid metabolism is also shifted towards a more
root-like (but not identical) alkaloid profile (Endo et al., 1987a; Morris, 1986b). The
capacity for vindoline biosynthesis decreased as leaf organization was lost in favor of
dedifferentiated callus tissue and a pronounced increase in the ability of callus to
synthesize catharanthine was noticed. The biosynthetic abilities of the callus continued
to change with a gradual shift towards the accumulation of ajmalicine and serpentine
which are the dominant alkaloids of roots, but this also resulted in a sharp decline in the
levels of catharanthine (Morris, 1986b). Since catharanthine» is also a predominant root
alkaloid (Deus Neuman et al., 1987), these data cannot only be explained on the basis
of a metabolic shift (Morris, 1986b). A careful analysis of the original data shows that the
total molar concentration of alkaloids was constant during the 40 days of culture. These
data may, therefore, be explained as a progressive loss in the capacity to synthesize
structurally complex alkaloids, which may be coupled to the loss in tissue complexity.
Since the capacity for vindoline biosynthesis was affected earlier, it seems that the leaf-
based morphological structures required for vindoline biosynthesis are more complex
than those required for ajmalicine, catharanthine, serpentine and tabersonine
biosynthesis. In this context, specialized cell types are usually most sensitive to cell
culture conditions (Constabel, 1984). It is interesting to note that the capacity for
synthesis of catharanthine, but not vindoline, usually reappears when callus cultures
have been well-established (Endo et al., 1987a; Morris, 1986a).

1.2.2.2.B. Recovery of vindoline production during shoot regeneration.

Although the loss of photosynthetic capacity has often been associated with the inability
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of cell cultures to produce vindoline, the induction of photoautotrophic undifferentiated
cell cultures did not result in the accumulation of this alkaloid (Tyler et al., 1986).
However, when calli of Catharanthus roseus were induced to form shoots, the capacity

to synthesize vindoline and the dimeric alkaloids reappeared simultaneously (Constabel

et al., 1982; Datta and Srivastava, 1997; Endo et al., 1987; Hirata et al., 1993; Miura et
al., 1988). In fact, complete shoot formation is apparently not necessary as long some
leafly structures have developed. Callus with such structures (“leafy callus”) also
recovered the ability to make vindoline (Krueger et al., 1982; O’Keefe et al., 1997).
These data appear to suggest that root participation is not required for vindoline

biosynthesis.

1.2.2.2.C. Vindoline production by cell and root cultures. The use of highly
sensitive analytical techniques, such as mass spectroscopy (Naaranlahti et al., 1989:
O'Keefe et al., 1997) or radioimmunoassays (Parr et al., 1988), have shown that low
amounts of vindoline may accumulate in cell and root cultures. Tabersonine, 16-
hydroxytabersonine and 16-methoxytabersonine (Fig. 4) have been reproduceably
detected in cell (Kurz et al., 1980; Kuthey et al., 1980) and root (Bhadra et al., 1993;
Toivonen et al., 1989) cultures. A leaky vindoline pathway which accounts for the low
levels of this alklaloid detected in etiolated seedlings (De Luca et al., 1986) could also
account for the low levels of vindoline detected in cell cultures.
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1.3. Factors Affecting Regulatory Control of Vindoline Biosynthesis.

1.3.1. Tissue-specific distribution of the early and late stages of vindoline
biosynthesis in developing seedlings.

Vindoline is mainly accumulated in cotyledons of illuminated seedlings and in
lower amounts in hypocotyls, but it is absent in roots (Balsevich et al., 1986; De Luca et
al., 1986). The distribution of the enzymes responsible for the transformation of
tabersonine into vindoline, such as NMT, DAT (De Luca et al., 1986; 1988) and D4H
(Chapter V) corresponds exactly to the tissues where vindoline is accumulated. In
contrast, both catharanthine and tabersonine, as well as the early pathway enzymes
TDC and SS, are equally distributed throughout radicles, hypocotyls and cotyledons of
both etiolated and light grown seedlings (Balsevich et al., 1986; De Luca et al., 1986).

1.3.2. Tissue-specific distribution of the early and late stages of vindoline
biosynthesis in mature plants.

The profiles of enzyme activities involved in alkaloid biosynthesis followed closely
the tissue-specific distribution of alkaloid products in the plant. Common indole alkaloid
pathway enzyme activities, such as G10H, LAMT (Madyastha and Coscia, 1979b), TDC
(Alvarez Fernandez et al., 1989) and SS (Pasquali, 1994) occurred at high levels in the
youngest components of leaves, stems and roots. Among the enzymes involved in the
late stages of vindoline biosynthesis, only NMT, D4H and DAT were restricted to leaves
and stems (De Carolis et al., 1990; De Luca et al., 1985; 1987; St-Pierre et al., 1998),
whereas 16-OHT, which was detected in roots, was also predominantly expressed in
young leaves (St-Pierre et al., 1995). The distributions of D4H (De Carolis, 1994) and
DAT (De Luca et al., 1985) were very similar, as their activities decreased continuously
from terminal buds to more mature leaves. However, D4H enzyme activity could still be
detected in the eighth pair of leaves, whereas DAT activity was absent after the fourth
leaf pair (De Carolis, 1994, De Luca et al., 1985).
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1.3.3. Coordinate regulation of the early and late stages of vindoline biosynthesis.

TDC and SS, which catalyse early steps of monoterpenoid indole alkaloid
biosynthesis, peak about 24 to 36 hours before those of NMT, D4H and DAT (De
Carolis et al., 1990; De Luca et al., 1986; 1987; 1988) which catalyze the terminal 3
steps of vindoline biosynthesis. The timing of TDC and SS expression which coincides
with the timing of catharanthine and tabersonine accumulation, suggests that the
remainder of the pathway leading to these products may be activated by a similar
developmental program. In contrast the portion of the pathway leading to vindoline from
tabersonine is regulated by different development-, tissue- and environment-specific
controls than the rest of the pathway (Balsevich et al., 1986; De Luca, 1988).

1.3.3.1. Regulation of TDC during seedling development.

The pattern of TDC activation appears to be under complex transcriptional, post-
transcriptional and post-transiational control (AIvarez-F_emandez et al., 1989,
Fernandez, 1989; Roewer et al., 1992). Northern blot analysis has revealed that fdc
transcripts appear ftransiently during seedling development and that their levels
increased simultaneously with enzyme activity over a narrow 36-48 h developmental
window in 4- to 6-day old seedlings (Alvarez-Fernandez et al., 1989; De Luca et al.,
1986, 1988; Roewer et al., 1992). ‘However, later in seedling development, as TDC
activity decreased, tdc transcript levels remained high and did not decrease as quickly
(Roewer et al., 1992; Appendix ll). In contrast, immunological studies showed a more
direct correlation between TDC activity and accumulation of TDC protein. The transient
appearance of TDC activity coincided with the immunological detection of a 55.0 and a
related 54.8 kDa protein (Alvarez-Fernandez et al., 1989). TDC in its active form is a
110 kDa homodimer composed of two identical 55 kDa subunits (Noe et al., 1984; Noe
and Berlin, 1985; Alvarez-Fernandez et al., 1989) and it has been suggested that
regulation of TDC activity is controlled by an equilibrium between a stable dimer and an
unstable monomer (Fernandez et al., 1989) which is subject to irreversible inactivation
by an undetermined post-translational modification of TDC protein (Fernandez et al.,
1989). Inactive protein is then subject to rapid degradation by a process requiring ATP
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and which may involve the ubiquitin proteolytic pathway (Alvarez-Fernandez and De
Luca, 1994).

1.3.3.2. Developmental regulation of secologanin biosynthesis.

Dry seeds of Catharanthus accumulate large pools of loganic acid which are
practically depleted after 6 days of seedling growth (Guarnaccia et al., 1971). However
throughout this growth period, loganin and secologanin levels remained low, suggesting
a coordinate activation of the terminal reactions which convert loganic acid into
secologanin with the alkaloid pathway enzymes that channel secologanin into indole
alkaloids (Guarnaccia et al., 1971).

The first committed step in the formation of secologanin is catalysed by geraniol
hydroxylase (G10H; section 1.1.2.2). This cytochrome P450-dependent monooxygenase
appears to regulate the entry of geraniol into secologanin biosynthesis and the supply of
this precursor for the production of indole alkaloids (Meehan and Coscia, 1973). The
appearance of G10H activity is detected in young developing seedlings with maximum
activities occurring after 5 to 6 days of growth and decreasing thereafter (Madyastha
and Coscia, 1974; Meehan and Coscia, 1973). This enzyme may also be subject to the
same developmental control as for TDC (Meijer et al., 1993b). The enzymes involved in
the early and late steps of secologanin formation also seem to be coordinately regulated
during seedling development since loganic acid O-methyltransferase activity (LAMT;
section 1.1.2.2) peaked 36 to 48 h later than the G10H (Madyasta et al., 1973). It should
be pointed out that after induction, both enzyme activities remained high for up to 11
days of seedling growth. Neither enzyme was induced by light treatment (Madyasta et
al.,, 1973; 1976; Meehan and Coscia, 1973), and nor were those involved in the
formation of mevalonate (van der Heijden et al., 1994).

1.3.3.3. Regulation of SS during seedling development.
The appearance of ss ftranscripts and enzyme activity during seedling

development followed a similar transient induction pattern as those observed for TDC,
suggesting a coordinate transcriptional regulation of these genes (Roewer et al., 1992;
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Appendix Il). The presence of SS enzyme activity, however, persisted for a longer
developmental period than TDC (De Luca et al., 1988). These differences may in part
be due to the fact that SS is a glycosylated vacuolar protein (De Waal et al.,, 1995;
Pfitzner and Zenk, 1989) in contrast to the cytosolic TDC (De Luca and Cutler, 1987).

1.3.3.4. Light regulation of the late steps in vindoline biosynthesis.

The six step transformation of tabersonine into vindoline (section 1.1.2.5) involves
3 hydroxylations, an O-methylation, a N-methylation and an O-acetylation which occur
in a specific order depicted in Figure 4. Five enzymes involved in this pathway (16-OH,
16-OMT, NMT, D4H and DAT) have been characterized. Expression of most of these
activities appears to be confined to leaves, stems, cotyledons and hypocotyls (De
Carolis et al.,, 1990; De Luca et al., 1987; 1988, St-Pierre and De Luca, 1995). The
levels of T16H, D4H and DAT activities are very low or absent in dark grown seedlings
and light treatment induces a 6-, 8- and 9-fold increase of the respective enzyme
activities (De Carolis et al., 1990; De Luca et al., 1985; 1986; 1988; St-Pierre et al.,
1998), which coincides with the accumulation of vindoline (Aerts et al., 1994; 1996; De
Luca et al., 1986).

The phytochrome photoreceptor may be involved in the light activation of D4H
and DAT, since treatment of etiolated seedlings with short pulses of red light could
replace the white light required to induce these enzyme activities (Aerts and De Luca,
1992; De Carolis, 1994). Red light activation of D4H and DAT could be reversed with a
subsequent exposure to far red light and re-induction was achieved by re-exposure to
red light (Aerts and De Luca, 1992; De Carolis, 1994). Although the light-mediated
control of D4H and DAT differentiates them from the majority of enzymes in the rest of
this pathway, each enzyme also had different minimal light requirements for full
activation. A short 5 min red light pulse (Aerts and De Luca, 1992) was sufficient to fully
activate DAT, whereas a 30 min red light treatment was required to completely activate
D4H (De Carolis, 1994).
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1.3.4. Modulation of vindoline biosynthesis by chemical effectors.

The external application of auxin and ABA growth regulators (Aerts et al., 1992;
1996), or of chemical inducers, such as methyl jasmonate and salicylic acid (Aerts et
al.,1994; 1996), can alter the pattern of enzyme activity and alkaloid accumulation in
developing seedlings.

1.3.4.1. Jasmonate enhancement of alkaloid biosynthesis.

The exposure of 3 day old light grown seedlings to jasmonate vapors for 96 h
caused a more than 200% increase in the accumulation of catharanthine, tabersonine
and vindoline, together with an increase in TDC, SS, D4H and DAT enzyme activities
(Aerts et al., 1994). However, the developmental profile for alkaloid accumulation and
the timing of appearance of each enzyme activity remained unaltered by this treatment
(Aerts et al., 1996). Furthermore, the stoichiometry between the concentrations of
catharanthine, tabersonine and vindoline remained the same as in untreated seedlings
(Aerts et al., 1994, 1996). These data indicate that the enhancing effects of jasmonate
on alkaloid metabolism occurs within the framework of the developmental program
which regulates this pathway (Aerts et al., 1994). The modulatory effects of jasmonate
on alkaloid biosynthesis appeared to be specific, since other chemical inducers of
secondary metabolism, including salicylic acid, did not have this effect (Aerts et al.,
1996). However, the application of a jasmonate metabolic precursor or of an inhibitor of
jasmonate synthesis did not affect the alkaloid profile in seedlings. These results
suggest that jasmonate may not be part of a signaling cascade which triggers alkaloid
biosynthesis during seedling development (Aerts et al., 1996). Nevertheless, jasmonate
may be involved in the additional alkaloid accumulation occurring as a response to
injury or to other types of stresses (Farmer and Ryan, 1992; Frischknecht et al., 1987).

Even when jasmonate treatment caused an important accumulation of
catharanthine and vindoline, the levels of vinblastine remained unaffected in comparison
with seedlings of untreated controls (Aerts et al.,, 1996). The coupling of catharanthine
and vindoline into dimers will, therefore, not necessarily increase simultaneously when
the levels of these 2 alkaloids increase. A possible explanation for this may be due to
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undetermined differences in the mechanisms controlling the formation of the monomeric
subunits and their subsequent coupling into AVBL.

1.3.4.2. Auxin effects on vindoline biosynthesis.

Auxins supplied externally to 3 day old seedlings produced a noteworthy increase
in immunologically detectable TDC proteins and in TDC activity in radicles. In
cotyledons and hypocotyls, 2,4-dichlorophenoxyacetic acid (2,4-D), but not indolbutyric
acid (IBA), extended the developmental period when high TDC antigen and enzyme
activity could be detected (Aerts et al., 1992). In contrast to the positive effects
observed with expression of TDC, both auxins seemed to delay and reduce the light-
mediated induction of DAT (Aerts et al., 1992). Perhaps these effects were associated
with the morphological changes produced by auxin treatment, which included hypocotyl
shortening and thickening. The morphological changes described for auxin treated
seedlings are similar to those occurring in the early stages of callus formation (Carew,
1975), which also have drastic effects on alkaloid metabolism (Morris et al., 1986; see
section 1.2.2.2.A).

1.3.5. Cellular and subcellular location of the enzymes involved in alkaloid

biosynthesis.

1.3.5.1. Cell types involved in alkaloid metabolism.

Cytochemical and immunolocalization studies of vindoline have suggested that it
is accumulated in vacuoles (Brisson et al., 1992), which coincides with the previously
reported localization of the dimeric indole alkaloids (McCaskill et al., 1988). However
these studies failed to reveal if particular leaf cells were involved in vindoline
biosynthesis. Catharanthus roseus possesses unbranched laticifer cells which are
distributed throughout leaves, stems and fruits (Mersey and Cutler, 1986; Eilert et al,,
1985: Yoder and Mahlberg, 1976). Laticifers are specialized cell types containing latex
and other excretory substances (Fahn, 1988). These cells were shown to react
specifically with histochemical alkaloid dyes (Yoder and Mahlberg, 1976) and the
reaction products present a characteristic emission spectra when cells are observed by
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epifluorescence ‘microscopy (Mersey and Cutler, 1986). In addition to these laticifers,
Catharanthus leaves and fruits also have idioblasts (Constabel, 1982; Mersey and
Cutler, 1984). Idioblasts are specialized cells occurring in several plant families which
are probably morphologically related to laticifers (Fahn, 1988). Such cell types are
.usually associated with the biosynthesis and accumulation secondary products (Eilert et
al., 1986; Piatt and Thomson, 1992; Postek and Tucker, 1983). Neither laticifers nor
idioblasts appear to be produced in cell cultures (Eilert et al., 1985) and in roots (Yoder
and Mahlberg, 1976) and it has been speculated that the lack of these structures may
account for the inability of cell and root cultures to produce vindoline.

1.3.5.2. Subcellular localization of enzymes involved in vindoline biosynthesis.

The enzymes involved in vindoline biosynthesis occur in different subcellular
compartments. Biochemical and molecular studies suggest that TDC, strictosidine
glucosidase, OMT, D4H and DAT are cytosolic enzymes (De Luca and Cutler, 1987; De
Carolis and De Luca, 1993; Stevens et al., 1993; St-Pierre and de Luca, 1995). In
contrast, the predicted amino acid sequence of SS includes a putative transit peptide
characteristic for proteins localized in plant vacuoles (McKnight et al., 1990).
Immunological studies in Catharanthus roseus and in SS expressing transgenic tobacco
confirmed the vacuole localization of this enzyme (McKnight et al., 1991). The
cytochrome P-450 dependent monooxygenases, G10H (Madyastha and Coscia, 1979)
and 16-OHT (St-Pierre and De Luca 1995) were localized in microsomal fractions, in
agreement with the well-known association of this family of mono-oxygenases with the
external face of the endoplasmic reticulum (Donaldson and Luster, 1991). The NMT
appears to be tightly associate with thylakoid membranes of mature chloroplasts (De
Luca and Cutler, 1987; De Luca et al., 1987; Dethier and De Luca, 1994). However,
since high levels of NMT can be detected in etiolated seedlings (De Luca et al., 1988;
section 11.1.1), complete chloroplast development may not be absolutely required for
expression of this activity (De Luca et al.,, 1988). In fact, the NMT activity of etiolated
seedlings was associated with both endoplasmic reticulum and plastid markers (De
Luca and Cutler, 1987; De Luca et al.,, 1988). Although the significance of the latter
results remain to be explained, a complex traffic of alkaloid pathway intermediates
within the cell is suggested by the participation of the cytosol, endoplasmic reticulum,
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plastid and vacuole compartments in vindoline biosynthesis. The mobilization of
precursors from one compartment to another may, therefore, be an additional
component in the regulation of this pathway (De Luca et al., 1992),

I.4. Concluding Remarks.

This short review illustrates the close relationship which appears to exist between
plant development and induction of monoterpenoid indole alkaloid biosynthesis in
Catharanthus roseus. This association is particularly evident in the case of vindoline
biosynthesis, which apparently requires a certain degree of tissue organization, as
suggested by the inability of cell cultures to synthesize this alkaloid , or by the precise
developmental stages where it can be detected during seedling germination and
development. The participation of light is also critical for the process of vindoline
biosynthesis. The close association between light, development and the onset of
vindoline biosynthesis observed in Catharanthus, suggests that these components may
operate in a coordinate manner. Since the developmental regulation of vindoline
biosynthesis appears to be exerted mainly through the controlled expression of the
terminal hydroxylase and O-acetyltransferase, these enzymes could be used as
biochemical markers for vindoline biosynthesis.

The developmental and light induction of D4H activity has previously been
studied at the level of enzyme activity (De Carolis et al., 1990) and the present study
focuses on the molecular regulation of D4H. In order to gain a better understanding of
the regulatory levels which control D4H expression, the present thesis proposes to
perform complementary molecular, immunological and enzymatic studies of D4H. The
identification of the components involved in the activation of this enzyme by light would
help to understand the nature of the relationship between vindoline biosynthesis and
light-induced development in Catharanthus seedlings. The results obtained indicate that
a complex ontogenic program may be involved in controlling the level of this enzyme
through a multilevel regulatory process.



Chapter Il. Molecular Cloning and Characterization of
Desacetoxyvindoline 4-Hydroxylase. A 2-Oxoglutarate Dependent-
Dioxygenase Involved in the Biosynthesis of Vindoline in
Catharanthus roseus (L.) G. Don.

Objectives.
General objective.

1) To isolate and characterize D4H cDNA and genomic clones.
Specific objectives.

1) To complete the characterization of D4H cDNA clones previously isolated by
De Carolis (1994).

2) To isolate and characterize the d4h gene.

3) To compare the D4H protein sequence and d4h gene to other 2-oxoglutarate
dependent dioxygenases.

4) To express active D4H protein in in Escherichia coli cells.

5) To estimate d4h gene copy number.

6) To analyse the tissue and cellular distribution of D4H protein.

7) To analyse the effect of light and development on expression of D4H.

Publication of Chapter Il: Plant Molecular Biology 34: 935-948 (1997). Emidio
De Carolis isolated and partially characterized 3 D4H cDNA clones. Anne-Marie Alarco
made the Catharanthus roseus genomic library and helped to sequence one cDNA
clone (cD4H-3).
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ABSTRACT.

A 2-oxoglutarate-dependent dioxygenase (EC 1.14.11.11) which catalyzes the 4-
hydroxylation of desacetoxyvindoline was purified to homogeneity (according to
DeCarolis and De Luca, J. Biol. Chem. 268, 5504-5511). Three oligopeptides isolated
from a tryptic digest of the purified protein were microsequenced and one oligopeptide
showed significant homology to hyoscyamine 6R-hydroxylase from Hyoscyamus niger.
A 36-mer degenerate oligonucleotide based on this peptide sequence was used to
screen a C. roseus cDNA library and three clones, cD4H-1 to 3 were isolated. Although
none of the three clones were full length, the open reading frame of each clone encoded
a putative protein containing the sequence of all three peptides. Primer extension
analysis suggested that cD4H-3, the longest cDNA clone, was missing 163 bp at the 5'
end of the clone and sequencing of the genomic clone, gD4H-8, confirmed these
results. Southern blot analysis suggested that d4h is present as a single copy gene in
C. roseus which is a diploid plant, and the significant differences in the sequence of the
3'UTR between ¢D4H-1 and -3 suggested that they represent dimorphic alleles of the
same hydroxylase. The identity of the clone was further confirmed when extracts of
transformed Escherichia coli expressed D4H enzyme activity. The D4H clone encoded
a putative protein of 401 amino acids with a calculated molecular mass of 45.5 kDa and
the amino acid sequence showed a high degree of similarity with those of a growing
family of 2-oxoglutarate-dependent dioxygenases of plant and fungal origin. The
similarity was not restricted to the dioxygenase protein sequences but was also
extended to the gene structure and organization since the 205 and 1627 bp introns of
d4h were inserted around the same highly conserved amino acid consensus sequences
as those for e8 protein, hyoscyamine 6R-hydroxylase and ethylene forming enzyme.
These results provide further support that a common ancestral gene is responsible for
the appearance of this family of dioxygenases.

Hydroxylase assays and RNA blot hybridization studies showed that enzyme
activity followed closely the levels of d4h transcripts, occurring predominantly in young
leaves and in much lower levels in stems and fruits. In contrast, etiolated seedlings
which contained considerable levels of d4h transcripts had almost undetectable
hydroxylase activity, whereas exposure of seedlings to light resulted in a rapid increase
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of enzyme activity without a significant further increase in d4h transcripts over those
detected in dark grown seedlings. These results suggest that the activating effect of
light may occur at a point downstream of transcription which remains to be elucidated.

Key Words: Catharanthus roseus, dioxygenases, indole alkaloids, molecular
regulation, secondary metabolism.
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INTRODUCTION.

The cytotoxic dimeric indole alkaloids vinblastine and vincristine, which
accumulate in the leaves of Catharanthus roseus, are composed of catharanthine and
vindoline monomers (Svoboda and Blake, 1975). Vinblastine is employed in the
treatment of Hodgkin's disease ‘while vincristine is used to treat certain types of
leukemia (Jonhson et al., 1960). The pharmaceutical importance of these dimers,
together with the high cost of extraction and purification of these products from the
plant, have prompted many efforts to produce them in Catharanthus cell culture
systems. These efforts which resulted in the successful production of high
catharanthine-accumulating cell lines, failed to produce lines which also accumulated
vindoline monomers (Moreno et al., 1995; van der Heijden et al., 1989). Further studies
have shown that the genetic potential for the biosynthesis of vindoline is not lost, but
only repressed in cell cultures, since vindoline accumulation reappears concomitantly
with shoot regeneration (Constabel et al., 1982).

The early stages of vindoline biosynthesis involve the formation of tryptamine
from tryptophan followed by the condensation of tryptamine with secologanin to produce
the central intermediate, strictosidine. The énzymes catalyzing these two reactions are
tryptophan decarboxylase (TDC) and strictosidine synthase (SS), respectively. Studies
with developing Catharanthus seedlings have suggested that the appearance of TDC
and SS activities do not coincide with vindoline accumulation (Alvarez-Fernandez et al.,
1989; De Luca et al., 1986) and that the post-tabersonine pathway is under additional
tissue-specific and developmental control compared to earlier stages of vindoline
- biosynthesis. Transformation of strictosidine into tabersonine requires the participation
of several enzymes and hydroxylation at C-16, 16-O-methylation, hydration of the
2,3-double bond, N(1)-methylation, hydroxylation at C-4, and 4-O-acetylation (Fig. 4; De
Luca et al., 1986) is required to convert tabersonine into vindoline. The first of these
reactions is catalyzed by tabersonine 16-hydroxylase (T16H), a cytochrome P-450
dependent monooxygenase associated with the microsomal fraction while the following
O-methylation apparently occurs in the cytosol and it is catalyzed by
AdoMet: 16hydroxytabersonine O-methyltransferase (16-OMT; St-Pierre and De Luca,
1995). The third to last reaction in the pathway is catalyzed by an AdoMet:2,3-dihydro-
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3-hydroxytabersonine-N-methyltransferase (NMT) associated with the thylakoid
membrane (De Luca et al., 1987; Dethier and De Luca, 1993), whereas 4-hydroxylation
is catalyzed by a soluble 2-oxoglutarate dependent dioxygenase named
desacetoxyvindoline 4-hydroxylase (D4H; De Carolis et al., 1990; De Carolis and De
Luca, 1993) and the final step in vindoline biosynthesis is catalyzed by a cytosolic
Acetyl-CoA: deacetylvindoline-O-acetyltransferase (DAT; De Luca et al., 1985: Power et
al., 1990).

Catharanthus cell suspension cultures which contain T16H and 16-OMT enzyme
actitivities (St-Pierre and De Luca, 1995), lack the enzymes responsible for the last
three steps in vindoline biosynthesis (De Carolis et al.,, 1990; De Luca et al., 1987;
Appendix Ill) and this may explain why cell cultures fail to accumulate vindoline and its
immediate precursors, desacetoxyvindoline and deacetylvindoline (Kurz et al., 1980;
Kutney et al., 1980). Similarly, dark grown C. roseus seedlings accumulate high levels
of tabersonine together with traces of other post-tabersonine intermediates as well as
low levels of vindoline (Balsevich et al., 1986; De Luca et al., 1986). Exposure of
etiolated seedlings to light induces D4H and DAT enzyme activities in cotyledons (De
Carolis et al., 1990; De Luca et al., 1986; De Luca et al., 1989) and the appearance of
these enzymes results in the quantitative conversion of tabersonine and intermediates
into vindoline (Balsevich et al., 1986; De Luca et al., 1986). The induction of D4H (De
Carolis, 1994) enzyme activities and the quantitative conversion of tabersonine and
intermediates into vindoline also occured when etiolated seedlings were treated for
short periods with red light. The likely involvement of the phytochrome photoreceptor in
this process was shown when far red light treatment reversed the effect of red light. In
addition, treatment of developing seedlings with methyl jasmonate (Aerts et al, 1994)
and auxin growth regulators (Aerts et al, 1992) also modulated the levels of several
enzymes in the pathway for vindoline biosynthesis and affected the accumulation of
pathway intermediates as well as vindoline. The studies performed with Catharanthus
cell cultures and with developing seedlings illustrate the additional development-, tissue-
and environment-specific controls which appear to regulate the late steps in vindoline
biosynthesis.
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Recently, D4H (EC.1.14.11.11) was purified to homogeneity and characterized in
our laboratory (De Carolis et al., 1990; De Carolis and De Luca, 1993). This
2-oxoglutarate dioxygenase typically requires alkaloid substrate, 2-oxoglutarate,
ascorbate, ferrous ions and molecular oxygen for activity (De Carolis et al., 1990; De
Carolis and De Luca, 1993). This member of a growing number of dioxygenases
belongs to a subclass of genes which include anthocyanidin synthase (Dauvis, 1993),
hyoscyamine 6B-hydroxylase (H6H; Matsuda et al., 1991), flavonol synthase (Holton et
al., 1993), and flavanone 3R-hydroxylase (Bristsch et al., 1993). A second subclass of
dioxygenases which include ethylene forming enzyme (EFE; Holdsworth et al., 1987a),
gibberellin 20-oxidase (G5O; Phillips et al., 1995) and a fungal isopenicillin N-synthase
(IPNS; Ramon et al., 1987), do not require 2-oxoglutarate as a cosubstrate. Amino acid
sequence comparisons from dioxygenases of both subclasses reveal a minimum 30%
amino acid identity and 45% amino acid similarity which is generally shared throughout
most of the protein sequence (De Carolis and De Luca, 1994). In addition, the initial
event in the reaction mechanism of both subclasses of dioxygenase, involves the
formation of a ferryl oxidant by the binding of dioxygen to the non-heme iron in the
active site of the enzyme (Ming et al., 1991).

Using internal peptide sequences from the purified D4H, degenerate
oligonucleotide probes were synthesized in order to isolate a cDNA clone for D4H. The
identity of this clone was confirmed after identifying all three peptides in the predicted
amino acid sequence of the cDNA clbne and by the heterologous expression of active

.D4H in E. coli. This paper describes the molecular cloning and characterization of D4H
and its position in a growing family of plant dioxygenases. The availability of this clone
represents a unique complementary tool to previously isolated vindoline pathway genes
(Kutchan et al., 1988; McKnight et al., 1990; De Luca et al., 1989) for the study of
vindoline biosynthesis in this interesting medicinal plant.
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MATERIALS AND METHODS.

Plant material. Catharanthus roseus (L.) G. Don cv. Little Delicata plants (W.H.
Perron, Laval, Québec) were grown under greenhouse conditions. For the time course
of D4H expression, seedlings were germinated in the dark at 25 °C and 80% relative
humidity (De Luca et al., 1986). For the light treatments, seedlings were exposed for
specified times (Fig. 7) to a 18 h photoperiod (10 pmol m™ 5'1) after 7 days of dark
growth. Seedlings were collected, frozen in liquid nitrogen and kept at -80 °C until
analysis.

Screening of cDNA and genomic libraries. The purified D4H (De Carolis and
De Luca, 1993) was submitted to SDS-polyacrylamide gel electrophoresis (SDS-PAGE),
transferred electrophoretically from the gel onto nitrocellulose and the protein was
submitted to in sifu enzymatic cleavage (Aebersol et al., 1987). Trypsin digestion was
performed in 0.1 M ammonium bicarbonate (pH 8.2) containing 0.1 M calcium chloride
for 16 h at room temperature (enzyme/substrate ratio 1:20). Tryptic peptides were
fractionated by reverse-phase high pressure liquid chromatography (HPLC) on a Vydac
C-18 column (2.1 x 150 mm; Alltech Inc, Deerfield IL) and eluted with a linear 0-60%
acetonitrile-isopropanol 1:1 (v/v) gradient in 0.1% trifluoroacetic acid. Three peptides (#
48, 61, énd 92) were selected for sequencing by automated Edman degradation.
Enzyme digestion, chromatography and sequencing services were performed by
Harvard Microchemistry, Harvard University, Cambridge, Mass. Since peptide # 48
(ELISEENPPIYK) showed significant homology to amino acids 304-316 of HBH from
Hyoscyamus niger (Matsuda et al., 1991), a degenerate oligonucleotide based on this
peptide was used to screen the cDNA library. Inosine was incorporated when
convenient to reduce the final degeneracy of the probe, which was 144. The sequence
of the 36 mer oligonucleotide probe, named 48¢c, was:

5'GAGTTIAT(H)(W)(S)(I/C)GAGGAGAATCCICC(I/C)AT(H) TATAAG3'

The oligonucleotide was end labeled with [**P]JATP and was used to screen a A
ZAP cDNA library made from light-induced C. roseus seedlings (De Luca et al., 1989).
Approximately 2 x 10° pfu were screened using standard protocols (Sambrook et al.,
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1989) and three clones, cD4H-1 to 3 were isolated according to the manufacturer’s
instructions (Stratagene, San Diego, CA). An EMBL3 (Clonetech, Palo Alto, CA)
genomic library was constructed from DNA isolated from C. roseus which had been
partially digested with Mbol (Sambrook et al.,, 1989). A primary library of 1.0 x 10’
plagues was obtained and 2 x 10° pfu of the amplified library were screened with a 1.2
kb EcoRIl fragment isolated from cD4H-3 (Fig. 5). Genomic fragments were cloned into
the Sall site of pBluescript Il (SK™) (Stratagene) for further characterization (Sambrook
et al., 1989).

DNA sequencing. Putative D4H genomic and cDNA clones were sequenced on
both strands by the dideoxynucleotide chain-termination method (Sanger et al., 1977)
using a commercial kit (USBiochemicals, Cleveland, OH) and synthetic oligonucleotide
primers (16-18 mers).

Sequence alignment. Sequences of other dioxygenases were obtained from the
literature and from the GenBank data base (home page: http://www.ncbi.nim.nih.gov).
Alignment of D4H with the other dioxygenases was made using the MultiAlin software
package (Corpet, 1985), which is based in the FASTP algorithm (Lipman and Pearson,
1985).

Isolation and analysis of nucleic acids. Genomic DNA was isolated from C.
roseus leaves (Murray and Thompson, 1980) digested with different restriction enzymes
and separated on 0.8% agarose gels. After electrophoresis, the digested DNA was
depurinated with 0.2 N HC| and then denatured and transfered by capillarity to nylon
membranes (Hybond-N+, Amersham, Airlington Heights, IL) in the presence of 0.4 M
NaOH (Sambrook et al., 1989). The blots were hybridized under high stringency
conditions (65°C in 0.25M sodium phosphate buffer, pH 8.0, 7% SDS, 1% BSA, 1mM
EDTA) with the 1.2 kb EcoRI fragment from cD4H-3 (Fig. 5) labeled by random priming
with [**P]JdCTP (Feinberg and Vogelstein, 1984). After hybridization, the blots were
washed at 55°C, once with 4X SSC, 0.1% SDS, then with 2X SSC, 0.1% SDS and
finally twice with 0.2X SSC, 0.1% SDS (1X SSC is 0.15 M NaCl, 0.015 M sodium citrate,
pH 7.0) (Sambrook et al., 1989). Blots were autoradiographed with an intensifying
screen on Fuji RX 100 X-ray film at -80°C.
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Total RNA was prepared from different tissues of mature 6 month old plants or
from developing seedlings by phenol/chloroform extraction followed by lithium chloride
precipitation (Jones et al., 1985). Poly(A)" RNA was isolated by oligo(dT) cellulose
chromatography (Gubler and Hoffman, 1983). For RNA blots, 4 mg of poly(A)" RNA or
10 mg of total RNA were fractionated on 1% agarose gels containing formaldehyde and
transferred by capillarity to nitrocellulose membranes (Schleicher & Schuell, Keene, NH)
with 10X SSC. Hpybridization probes, hybridization conditions, washes and
autoradiography methods used for the RNA blots were identical to those used for DNA
blots described above.

Heterologous expression of D4H activity in E. coli. Since clone ¢D4H-3 had
the longest open reading frame (ORF), it was selected for heterologous expression.
However, the D4H ORF in this clone was in a -1 reading frame in réspect to the -
galactosidase promotor of the vector (pBluscript). This clone also contained additional
unrelated cDNAs attached to the 3' end which were eliminated by digestion of the clone
with BstXl. A 1.2 kb (Fig. 5) fragment which included an additional 44 bp segment
between the BstXl and EcoRl sites of the pBluescriptll polylinker (Appendix ), was
isolated after purification by PAGE (Sambrook et al., 1989). After filling the ends with
free nucleotides in the presence of T4 DNA polymerase, the DNA fragment was
digested with Xbal and subsequently inserted back into pBluescriptll (SK) between
Xbal and EcoRV in order to to regain the multiple cloning site. This new construct,
cD4H-3A (Appendix [) which contained the complete ORF of D4H plus 53 