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Vinblastine, a potent anticancer drug, is produced by Madagascar periwinkle in small quantities:
heterologous reconstitution of vinblastine biosynthesis could provide an additional source of this drug.
The chemistry underlying vinblastine synthesis makes identification of the biosynthetic genes
challenging. Here we identify the two missing steps of vinblastine biosynthesis in this plant, namely an
oxidase and a reductase that isomerize stemmadenine acetate into dihydroprecondylocarpine acetate,
which is then deacetoxylated and cyclized to either catharanthine or tabersonine via two herein
characterized hydrolases. The pathways show how plants create chemical diversity and also enable
development of heterologous platforms for generation of stemmadenine-derived bioactive compounds.

Anticancer drugs vincristine 5 and vinblastine 6 were seren-
dipitously discovered 60 years ago in Catharanthus roseus
(Madagascar periwinkle). These compounds have been used
for the treatment of several types of cancer, including Hodg-
kin’s lymphoma, lung and brain cancers. Much of the meta-
bolic pathway (31 steps from geranyl pyrophosphate to
vinblastine) has been elucidated (I-3). Here we report the
genes encoding the missing enzymes that complete the vin-
blastine pathway. Two redox enzymes convert stemmadenine
acetate 7 into an unstable molecule, likely dihydroprecondy-
locarpine acetate 11, which is then desacetoxylated by one of
two hydrolases to generate, through Diels-Alder cyclizations,
either tabersonine 2 or catharanthine 3, scaffolds that are
ultimately dimerized to yield vinblastine and vincristine (Fig.
1A). In addition to serving as the precursors for vincristine 5
and vinblastine 6, tabersonine 2 and catharanthine 3 are also
precursors for other biologically active alkaloids (4, 5) (Fig.
1B). The discovery of these two redox enzymes (precondylo-
carpine acetate synthase and dihydroprecondylocarpine ace-
tate synthase), along with the characterization of two
hydrolases (tabersonine and catharanthine synthase), pro-
vides insight into the mechanisms that plants use to create
chemical diversity and also enables production of a variety of
high value alkaloids.

Catharanthine 3 (iboga-type alkaloid) and tabersonine 2
(aspidosperma-type) scaffolds are likely generated by dehy-
dration of the biosynthetic intermediate stemmadenine 1 to
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dehydrosecodine 9, which can then cyclize to either
catharanthine 3 or tabersonine 2 via a net [4+2] cycloaddi-
tion reaction (Fig. 2) (6-9). We speculated that the missing
components were an enzyme with dehydration and cycliza-
tion function. We hypothesized that the unstable nature of
the dehydration product dehydrosecodine 9 (7) would pre-
clude its diffusion out of the enzyme active site, and thus
searched for an enzyme that could catalyze both dehydration
and cyclization reactions.

Since the biosynthetic genes for vincristine 5 and vinblas-
tine 6 are not clustered in the plant genome (10), we searched
for gene candidates in RNA-seq data (10) from the vincris-
tine/vinblastine producing plant C. roseus. Two genes anno-
tated as alpha/beta hydrolases were identified by a shared
expression profile with previously identified vinblastine bio-
synthetic enzymes (fig. S1A and data S1). A dehydratase could
facilitate the isomerization of the 19,20-exo-cyclic double
bond of stemmadenine 1 to form iso-stemmadenine 8 (Fig.
2), which would then allow dehydration to form dehydro-
secodine 9 and, consequently, catharanthine/tabersonine (8).
Virus-induced gene silencing (VIGS) of herein named Ta-
bersonine Synthase (TS) and Catharanthine Synthase (CS)
(Fig. 1 and figs. S2 and S3) in C. roseus resulted in a marked
reduction of tabersonine 2 (p = 0.0048) and catharanthine (p
= 0.01), respectively. These silencing experiments implicate
CS and TS in catharanthine 3 and tabersonine 2 biosynthesis
in C. roseus. However, when CS and TS were heterologously
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expressed in E. coli (fig. S4A) and tested for reactivity with
stemmadenine 1 (fig. S5) or the acetylated form of stemmad-
enine 7 (fig. S6), in which spontaneous deformylation would
be hindered (Fig. 2, figs. S5 and S6, and tables S4 and S5), no
reaction was observed. Although TS and CS are known to be
implicated in vinblastine biosynthesis (1I), the substrates,
and therefore the specific catalytic functions, remained elu-
sive.

We attempted to isolate the active substrate for the TS and
CS enzymes from various aspidosperma- and iboga-alkaloid
producing plants using enzyme-assay guided fractionation.
We focused on Tabernaemontana plants that are known to
accumulate more stemmadenine 1 intermediate relative to
downstream alkaloids (12). These experiments demonstrated
that TS and CS were always active with the same fractions
(fig. S7), consistent with previous hypotheses (6) that both
enzymes utilize the same substrate. However, attempts to
structurally characterize the substrate were complicated by
its rapid decomposition, and the deformylated product tubo-
taiwine 12 (previously synthesized in reference (13)) was the
major compound detected in the isolated mixture (Fig. 2 and
NMR data in fig. S8). Given the propensity for deformylation
in these structural systems (I4), we rationalized that tubo-
taiwine 12 could be the decomposition product of the actual
substrate, which would correspond to zso-stemmadenine 8
(dihydroprecondylocarpine) or its protected form (dihydro-
precondylocarpine acetate 11) (Fig. 2). We surmised that a
coupled oxidation-reduction cascade could perform a net
isomerization to generate dihydroprecondylocarpine 8 (or di-
hydroprecondylocarpine acetate 11) from stemmadenine 1
(or stemmadenine acetate 7). This idea was initially proposed
by Scott, who indicated that stemmadenine acetate ‘7 can be
oxidized to precondylocarpine acetate 10, after which the
19,20-double bond can then be reduced to form dihydropre-
condylocarpine acetate 11, which could then form traces of
tabersonine 2 upon thermolysis (I5). Similar reactions with
stemmadenine 1 resulted in deformylation to form condylo-
carpine 13 (I16). Therefore, we re-examined the RNA-seq da-
taset for two redox enzymes that could -convert
stemmadenine acetate 7 to dihydroprecondylocarpine ace-
tate 11.

We noted a gene annotated as reticuline oxidase that had
low absolute expression levels, but a similar tissue expression
pattern to the TS gene (fig. S1B). The chemistry of reticuline
oxidase enzymes (I7) such as berberine bridge enzyme and
dihydrobenzophenanthridine oxidase, suggests that these en-
zymes are capable of C-N bond oxidation, which is what
would be required in this reaction sequence (Fig. 2) (I7).
When this oxidase gene was silenced in C. roseus, a com-
pound with a mass and 'H NMR spectrum corresponding to
semi-synthetically prepared stemmadenine acetate 7 (the
proposed oxidase substrate) accumulated, suggesting that
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this gene encoded the correct oxidase. We named this enzyme
precondylocarpine acetate synthase (PAS) (figs. S9 to SI11).
Similarly, silencing of a medium chain alcohol dehydrogen-
ase, as part of an ongoing screen of alcohol dehydrogenases
in C. roseus (14, 18, 19), resulted in accumulation of a com-
pound with a mass, retention time and fragmentation pattern
consistent with a partially characterized synthetic standard
of precondylocarpine acetate 10 (the proposed substrate of
the reductase) (figs. S12 to S14). This standard could be syn-
thesized from stemmadenine acetate 7 using Pt and O2 by
established methods (8, 15, 20). With our small-scale reac-
tions yields were low and variable, and the product decom-
posed during characterization. However, the limited 2D NMR
data set was consistent with an assignment of precondylocar-
pine acetate 10. Thus, we renamed this alcohol dehydrogen-
ase dihydroprecondylocarpine synthase (DPAS). Collectively,
these data suggest that PAS and DPAS act in concert with CS
or TS to generate catharanthine 3 and tabersonine 2.

To validate whether these enzymes produce
catharanthine 3 and tabersonine 2, we transiently co-ex-
pressed PAS, DPAS and CS or TS in the presence of stemmad-
enine acetate 7 in Nicotiana benthamiana. These
experiments illustrated the sequential activity of the newly
discovered enzymes, whereby we observed formation of
catharanthine 3 in plant tissue overexpressing PAS/DPAS/CS
or tabersonine 2 in plant tissue overexpressing
PAS/DPAS/TS, when the leaf was also co-infiltrated with
stemmadenine acetate 7 (Fig. 3A). The presence of all pro-
teins was validated by proteomics analysis (fig. S4B and data
S2). Formation of precondylocarpine acetate 10 was observed
when stemmadenine acetate 7 was infiltrated into N. ben-
thamiana in the absence of any heterologous enzymes (Fig.
3A), suggesting that an endogenous redox enzyme(s) of N.
benthamiana can oxidize stemmadenine acetate 7. For-
mation of 3 and 2 was validated by co-elution with commer-
cial standards, and formation of 10 was validated by co-
elution with the semi-synthetic compound.

Purified proteins were required to validate the biochemi-
cal steps of this reaction sequence in vitro. While CS, TS and
DPAS all expressed in soluble form in E. coli (fig. S4A), the
flavin-dependent enzyme PAS failed to express in standard
expression hosts such as E. coli or S. cerevisiae. To overcome
this obstacle, we expressed the native full-length PAS in N.
benthamiana plants using a transient expression system (fig.
S4B), in Pichia pastoris (fig. S4, C and D) and in Sf9 insect
cells (fig. S4E). The presence of PAS was validated by proteo-
mic data (data S3). Reaction of PAS from each of these ex-
pression hosts with stemmadenine acetate 7 produced a
compound that had an identical mass and retention time to
our semi-synthetic standard of precondylocarpine acetate 10
(figs. S15 and S16). The enzymatic assays with PAS protein
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derived from P. pastoris and Sf9 insect cells ensure that for-
mation of the expected products is not the result of a protein
contaminant found in the plant-expressed PAS protein. When
the PAS proteins (from N. benthamiana and P. pastoris),
along with stemmadenine acetate '7, were combined with het-
erologous DPAS and CS, catharanthine 3 was formed, and
when combined with DPAS and TS, tabersonine 2 was ob-
served (figs. S17 and S18).

Semisynthetic precondylocarpine acetate 10 could be re-
acted with DPAS and TS/CS to yield tabersonine 2 or
catharanthine 3, respectively (fig. S19). In addition, a crude
preparation of what is proposed to be dihydroprecondylocar-
pine acetate 11, synthesized according to (8), was converted
to catharanthine 3 and tabersonine 2 by the action of CS and
TS, respectively (figs. S20). Reaction of PAS (purified from N.
benthamiana) and DPAS with stemmadenine acetate '7 in the
absence of CS or TS yielded a compound isomeric to ta-
bersonine 2 and catharanthine 3, suggesting that cyclization
can occur spontaneously under these reaction conditions (fig.
S17). As observed during attempts to purify the CS/TS sub-
strate from Tabernaemontana plants, dihydroprecondylocar-
pine acetate 11 can also deformylate to form tubotaiwine 12.
Solvent and reaction conditions likely determine how the re-
active dihydroprecondylocarpine acetate 11 decomposes.

PAS failed to react with stemmadenine 1, indicating the
enzyme recognized the acetyl group (fig. S21). Oxidation of
stemmadenine 1 produced a compound with a mass con-
sistent with that of the shunt product condylocarpine 13. This
identification was supported by comparison of the MS/MS
spectrum to the related compound tubotaiwine 12 (fig. S22).
The transformation of stemmadenine 1 to condylocarpine 13
is known (15, 2I). We therefore suspect that the acetylation of
stemmadenine 1 is necessary to slow spontaneous deformyla-
tion after oxidation, while also serving as a leaving group to
allow formation of dehydrosecodine 9 (20). Acetylation also
functions as a protecting group in the biosynthesis of noscap-
ine in opium poppy (22).

The reactivity of the intermediates involved in the trans-
formation of stemmadenine acetate 7 to catharanthine 3 or
tabersonine 2 suggests that PAS, DPAS and CS/TS should be
co-localized, since the unstable post precondylocarpine ace-
tate 10 intermediates may not remain intact during transport
between cell types or compartments. Using YFP-tagged pro-
teins in C. roseus cell suspension culture, we showed that PAS
is targeted to the vacuole through small vesicles budding
from the endoplasmic reticulum (ER), as was previously ob-
served for the PAS homolog, berberine bridge enzyme (23)
(fig. S23). This localization suggests that stemmadenine ace-
tate '7 oxidation occurs in the ER-lumen, ER-derived vacuole-
targeted vesicles and/or vacuole. In contrast, co-localization
of DPAS, CS and TS were confirmed in the cytosol (figs. S24:
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and S25). Bimolecular fluorescence complementation sug-
gested preferential interactions between DPAS and TS (Fig.
3B and figs. S26 and S27). Such interactions may not only
prevent undesired reactions on the reactive dihydroprecon-
dyocarpine acetate 11 intermediate but may control the flux
of 11 into tabersonine 2.

Homologs of PAS are utilized throughout benzylisoquino-
line and pyridine alkaloid biosynthesis. Certain PAS muta-
tions characterize the enzymes found in aspidosperma and
1boga alkaloid producing plant clades (Fig. 3C). For instance,
PAS lacks the His and Cys residues involved in covalent bind-
ing of the FAD cofactor (fig. S28). We anticipate that these
aspidosperma-associated PAS homologs populate the meta-
bolic pathways for the wide range of aspidosperma alkaloids
found in nature. DPAS is a medium chain alcohol dehydro-
genase, enzymes widely used in monoterpene indole alkaloid
biosynthesis (14, 18, 19, 24). We hypothesize that CS and TS
may retain the hydrolysis function of the putative ancestor
hydrolase enzyme (25) to allow formation of dehydrosecodine
9 from dihydroprecondylocarpine acetate 11. In principle, the
formation of tabersonine 2 and catharanthine 3 is formed via
two different modes of cyclization, and dehydrosecodine 9
can undergo two distinct Diels-Alder reactions (26) to form
either catharanthine 3 or tabersonine 2 (Fig. 2).

Here we report the discovery of two enzymes—PAS and
DPAS—along with the discovery of the catalytic function of
two other enzymes—CS and TS (11)—that convert stemmade-
nine acetate 7 to tabersonine 2 and catharanthine 3. Chemi-
cal investigations of this system (6-8, 15), coupled with plant
DNA sequence data, enabled discovery of the last enzymes
responsible for the construction of the tabersonine 2 or
catharanthine 3 scaffolds. With the biosynthesis of stemmad-
enine acetate 7 (1I), this completes the biosynthetic pathway
for vindoline 4 and catharanthine 3, compounds that can be
used to semi-synthetically prepare vinblastine. These discov-
eries allow the prospect of heterologous production of these
expensive and valuable compounds in alternative host organ-
isms, providing a new challenge for synthetic biology (27).
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Fig. 1. Vincristine and vinblastine biosynthesis. (A) Vincristine 5 and
vinblastine 6 are formed by dimerization from the monomers catharanthine
3 and vindoline 4 by a peroxidase (28) or chemical methods (29). The genes
that convert tabersonine 2 to vindoline 4 have been identified (24). (B)
Representative bioactive alkaloids derived from stemmadenine.
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alternatively can be generated synthetically using conditions as reported by Scott and co-workers (8) ii. (Pt (from
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Fig. 3. Biosynthesis of tabersonine 2 and catharanthine 3 from stemmadenine acetate 7 starting substrate.
(A) Reconstitution of tabersonine 2 and catharanthine 3 in N. benthamiana from stemmadenine acetate 7.
Extracted ion chromatograms for ions m/z 397.19 (stemmadenine acetate 7), m/z 395.19 (precondylocarpine
acetate 10) and m/z 337.19 (catharanthine at RT 4.0 and tabersonine at RT 4.4 min) are shown. (B) Interaction
of CS and TS with DPAS by bimolecular fluorescence complementation (BiFC) in C. roseus cells. Efficiency of BiFC
complex reformation reflected by YFP fluorescence intensity highlighted that CS and DPAS performed weak
interactions (i-iii) while TS and DPAS strongly interacted (iv-vi). No interactions with loganic acid
methyltransferase (LAMT) were observed (vii-ix). (C) Phylogenetic relationship of PAS with other functionally
characterized berberine bridge enzymes.
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