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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 (1–3). 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 

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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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. 
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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 (11), 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 (14), we rationalized that tubo-
taiwine 12 could be the decomposition product of the actual 
substrate, which would correspond to iso-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 (15). Similar reactions with 
stemmadenine 1 resulted in deformylation to form condylo-
carpine 13 (16). 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 (17) 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) (17). 
When this oxidase gene was silenced in C. roseus, a com-
pound with a mass and 1H NMR spectrum corresponding to 
semi-synthetically prepared stemmadenine acetate 7 (the 
proposed oxidase substrate) accumulated, suggesting that 

this gene encoded the correct oxidase. We named this enzyme 
precondylocarpine acetate synthase (PAS) (figs. S9 to S11). 
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, 21). 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 

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 
iboga 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 (11), 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). 

REFERENCES AND NOTES 
1. S. E. O’Connor, J. J. Maresh, Chemistry and biology of monoterpene indole alkaloid 

biosynthesis. Nat. Prod. Rep. 23, 532–547 (2006). doi:10.1039/b512615k Medline 
2. T. Dugé de Bernonville, M. Clastre, S. Besseau, A. Oudin, V. Burlat, G. Glévarec, A. 

Lanoue, N. Papon, N. Giglioli-Guivarc’h, B. St-Pierre, V. Courdavault, 
Phytochemical genomics of the Madagascar periwinkle: Unravelling the last twists 
of the alkaloid engine. Phytochemistry 113, 9–23 (2015). 
doi:10.1016/j.phytochem.2014.07.023 Medline 

3. S. Vonny, V. De Luca, “Towards complete elucidation of monoterpene indole 
alkaloid biosynthesis pathway: Catharanthus roseus as a pioneer system” in 
“Advances in Botanical Research” (Elsevier, 2013), pp. 1–37. 

4. S. C. Benson, L. Lee, W. Wei, F. Ni, J. D. J. Olmos, K. R. Strom, A. B. Beeler, K. C.-C. 
Cheng, J. Inglese, S. Kota, V. Takahashi, A. D. Strosberg, J. H. Connor, G. G. 
Bushkin, J. K. Snyder, Truncated aspidosperma alkaloid-like scaffolds: Unique 
structures for the discovery of new, bioactive compounds. Heterocycles 84, 135–
155 (2012). doi:10.3987/REV-11-SR(P)4 

5. G. K. Jana, S. Paul, S. Sinha, Progress in the synthesis of iboga-alkaloids and their 

on M
ay 3, 2018

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

http://www.sciencemag.org/
http://dx.doi.org/10.1039/b512615k
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16874388&dopt=Abstract
http://dx.doi.org/10.1016/j.phytochem.2014.07.023
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25146650&dopt=Abstract
http://dx.doi.org/10.3987/REV-11-SR(P)4
http://science.sciencemag.org/


First release: 3 May 2018  www.sciencemag.org  (Page numbers not final at time of first release) 4 
 

congeners. Org. Prep. Proced. Int. 43, 541–573 (2011). 
doi:10.1080/00304948.2011.629563 

6. E. Wenkert, Biosynthesis of indole alkaloids. The aspidosperma and iboga bases. J. 
Am. Chem. Soc. 84, 98–102 (1962). doi:10.1021/ja00860a023 

7. J. P. Kutney, Y. Karton, N. Kawamura, B. R. Worth, Dihydropyridines in synthesis 
and biosynthesis. IV. Dehydrosecodine, in vitro precursor of indole alkaloids. Can. 
J. Chem. 60, 1269–1278 (1982). doi:10.1139/v82-187 

8. A. I. Scott, C. C. Wei, Regio- and stereospecific models for the biosynthesis of the 
indole alkaloids—II: Biogenetic type synthesis of Aspidosperma and Iboga 
alkaloids from a corynanthe precursor. Tetrahedron 30, 3003–3011 (1974). 
doi:10.1016/S0040-4020(01)97545-3 

9. H. Mizoguchi, H. Oikawa, H. Oguri, Biogenetically inspired synthesis and skeletal 
diversification of indole alkaloids. Nat. Chem. 6, 57–64 (2014). 
doi:10.1038/nchem.1798 Medline 

10. F. Kellner, J. Kim, B. J. Clavijo, J. P. Hamilton, K. L. Childs, B. Vaillancourt, J. Cepela, 
M. Habermann, B. Steuernagel, L. Clissold, K. McLay, C. R. Buell, S. E. O’Connor, 
Genome-guided investigation of plant natural product biosynthesis. Plant J. 82, 
680–692 (2015). doi:10.1111/tpj.12827 Medline 

11. Y. Qu, M. E. A. M. Easson, R. Simionescu, J. Hajicek, A. M. K. Thamm, V. Salim, V. 
De Luca, Solution of the multistep pathway for assembly of corynanthean, 
strychnos, iboga, and aspidosperma monoterpenoid indole alkaloids from 19E-
geissoschizine. Proc. Natl. Acad. Sci. U.S.A. 115, 3180–3185 (2018). 
doi:10.1073/pnas.1719979115 Medline 

12. N. Petitfrere, A. M. Morfaux, M. M. Debray, L. Le Men-Olivier, J. Le Men, Alcaloides 
des feuilles du Pandaca minutiflora. Phytochemistry 14, 1648–1649 (1975). 
doi:10.1016/0031-9422(75)85373-8 

13. B. A. Dadson, J. Harley-Mason, Total synthesis of (±)-tubotaiwine 
(dihydrocondylocarpine). J. Chem. Soc. D 1969, 665b (1969). 
doi:10.1039/C2969000665B 

14. E. C. Tatsis, I. Carqueijeiro, T. Dugé de Bernonville, J. Franke, T.-T. T. Dang, A. 
Oudin, A. Lanoue, F. Lafontaine, A. K. Stavrinides, M. Clastre, V. Courdavault, S. E. 
O’Connor, A three enzyme system to generate the Strychnos alkaloid scaffold 
from a central biosynthetic intermediate. Nat. Commun. 8, 316 (2017). 
doi:10.1038/s41467-017-00154-x Medline 

15. A. I. Scott, C. C. Wei, Regio- and stereospecific models for the biosynthesis of the 
indole alkaloids. The Corynanthe-Aspidosperma relationship. J. Am. Chem. Soc. 
94, 8264–8265 (1972). doi:10.1021/ja00778a074 Medline 

16. A. I. Scott, Biosynthesis of the indole alkaloids. Acc. Chem. Res. 3, 151–157 (1970). 
doi:10.1021/ar50029a002 

17. N. G. H. Leferink, D. P. H. M. Heuts, M. W. Fraaije, W. J. H. van Berkel, The growing 
VAO flavoprotein family. Arch. Biochem. Biophys. 474, 292–301 (2008). 
doi:10.1016/j.abb.2008.01.027 Medline 

18. A. Stavrinides, E. C. Tatsis, E. Foureau, L. Caputi, F. Kellner, V. Courdavault, S. E. 
O’Connor, Unlocking the diversity of alkaloids in Catharanthus roseus: Nuclear 
localization suggests metabolic channeling in secondary metabolism. Chem. Biol. 
22, 336–341 (2015). doi:10.1016/j.chembiol.2015.02.006 Medline 

19. A. Stavrinides, E. C. Tatsis, L. Caputi, E. Foureau, C. E. M. Stevenson, D. M. Lawson, 
V. Courdavault, S. E. O’Connor, Structural investigation of heteroyohimbine 
alkaloid synthesis reveals active site elements that control stereoselectivity. Nat. 
Commun. 7, 12116 (2016). doi:10.1038/ncomms12116 Medline 

20. A. I. Scott, “Laboratory models for the biogenesis of indole alkaloids” in Recent 
Advances in Phytochemistry, V. C. Runeckles, Ed. (Plenum Press, 1975), chap. 9, 
pp. 189–241. 

21. M. El-Sayed, Y. H. Choi, M. Frédérich, S. Roytrakul, R. Verpoorte, Alkaloid 
accumulation in Catharanthus roseus cell suspension cultures fed with 
stemmadenine. Biotechnol. Lett. 26, 793–798 (2004). 
doi:10.1023/B:BILE.0000025879.53632.f2 Medline 

22. T. T. Dang, X. Chen, P. J. Facchini, Acetylation serves as a protective group in 
noscapine biosynthesis in opium poppy. Nat. Chem. Biol. 11, 104–106 (2015). 
doi:10.1038/nchembio.1717 Medline 

23. A. Bock, G. Wanner, M. H. Zenk, Immunocytological localization of two enzymes 
involved in berberine biosynthesis. Planta 216, 57–63 (2002). 
doi:10.1007/s00425-002-0867-5 Medline 

24. Y. Qu, M. L. A. E. Easson, J. Froese, R. Simionescu, T. Hudlicky, V. De Luca, 
Completion of the seven-step pathway from tabersonine to the anticancer drug 

precursor vindoline and its assembly in yeast. Proc. Natl. Acad. Sci. U.S.A. 112, 
6224–6229 (2015). doi:10.1073/pnas.1501821112 Medline 

25. N. Lenfant, T. Hotelier, E. Velluet, Y. Bourne, P. Marchot, A. Chatonnet, ESTHER, 
the database of the α/β-hydrolase fold superfamily of proteins: Tools to explore 
diversity of functions. Nucleic Acids Res. 41, D423–D429 (2013). 
doi:10.1093/nar/gks1154 Medline 

26. E. M. Stocking, R. M. Williams, Chemistry and biology of biosynthetic Diels-Alder 
reactions. Angew. Chem. Int. Ed. 42, 3078–3115 (2003). 
doi:10.1002/anie.200200534 Medline 

27. A. Casini, F.-Y. Chang, R. Eluere, A. M. King, E. M. Young, Q. M. Dudley, A. Karim, K. 
Pratt, C. Bristol, A. Forget, A. Ghodasara, R. Warden-Rothman, R. Gan, A. 
Cristofaro, A. E. Borujeni, M.-H. Ryu, J. Li, Y.-C. Kwon, H. Wang, E. Tatsis, C. 
Rodriguez-Lopez, S. O’Connor, M. H. Medema, M. A. Fischbach, M. C. Jewett, C. 
Voigt, D. B. Gordon, A pressure test to make 10 molecules in 90 days: External 
evaluation of methods to engineer biology. J. Am. Chem. Soc. 140, 4302–4316 
(2018). doi:10.1021/jacs.7b13292 Medline 

28. M. Sottomayor, A. Ros Barceló, Peroxidase from Catharanthus roseus (L.) G. Don 
and the biosynthesis of α-3′,4′-anhydrovinblastine: A specific role for a 
multifunctional enzyme. Protoplasma 222, 97–105 (2003). doi:10.1007/s00709-
003-0003-9 Medline 

29. H. Ishikawa, D. A. Colby, S. Seto, P. Va, A. Tam, H. Kakei, T. J. Rayl, I. Hwang, D. L. 
Boger, Total synthesis of vinblastine, vincristine, related natural products, and key 
structural analogues. J. Am. Chem. Soc. 131, 4904–4916 (2009). 
doi:10.1021/ja809842b Medline 

30. H. M. do Carmo, R. Braz-Filho, I. J. C. Vieira, A novel alkaloid from aspidosperma 
pyricollum (Apocynaceae) and complete 1H and 13C chemical shift assignments. 
Helv. Chim. Acta 98, 1381–1386 (2015). doi:10.1002/hlca.201500176 

31. E. Góngora-Castillo, K. L. Childs, G. Fedewa, J. P. Hamilton, D. K. Liscombe, M. 
Magallanes-Lundback, K. K. Mandadi, E. Nims, W. Runguphan, B. Vaillancourt, M. 
Varbanova-Herde, D. Dellapenna, T. D. McKnight, S. O’Connor, C. R. Buell, 
Development of transcriptomic resources for interrogating the biosynthesis of 
monoterpene indole alkaloids in medicinal plant species. PLOS ONE 7, e52506 
(2012). doi:10.1371/journal.pone.0052506 Medline 

32. R. M. Payne, D. Xu, E. Foureau, M. I. S. Teto Carqueijeiro, A. Oudin, T. D. Bernonville, 
V. Novak, M. Burow, C.-E. Olsen, D. M. Jones, E. C. Tatsis, A. Pendle, B. Ann Halkier, 
F. Geu-Flores, V. Courdavault, H. H. Nour-Eldin, S. E. O’Connor, An NPF 
transporter exports a central monoterpene indole alkaloid intermediate from the 
vacuole. Nat. Plants 3, 16208 (2017). doi:10.1038/nplants.2016.208 Medline 

33. T. Dugé de Bernonville, I. Carqueijeiro, A. Lanoue, F. Lafontaine, P. Sánchez Bel, F. 
Liesecke, K. Musset, A. Oudin, G. Glévarec, O. Pichon, S. Besseau, M. Clastre, B. 
St-Pierre, V. Flors, S. Maury, E. Huguet, S. E. O’Connor, V. Courdavault, Folivory 
elicits a strong defense reaction in Catharanthus roseus: Metabolomic and 
transcriptomic analyses reveal distinct local and systemic responses. Sci. Rep. 7, 
40453 (2017). doi:10.1038/srep40453 Medline 

34. I. Carqueijeiro, T. Dugé de Bernonville, A. Lanoue, T. T. Dang, C. N. Teijaro, C. 
Paetz, K. Billet, A. Mosquera, A. Oudin, S. Besseau, N. Papon, G. Glévarec, L. 
Atehortùa, M. Clastre, N. Giglioli-Guivarc’h, B. Schneider, B. St-Pierre, R. B. 
Andrade, S. E. O’Connor, V. Courdavault, A BAHD acyltransferase catalyzing 19-
O-acetylation of tabersonine derivatives in roots of Catharanthus roseus enables 
combinatorial synthesis of monoterpene indole alkaloids. Plant J. 94, 469–484 
(2018). Medline 

35. T. Dugé de Bernonville, E. Foureau, C. Parage, A. Lanoue, M. Clastre, M. A. 
Londono, A. Oudin, B. Houillé, N. Papon, S. Besseau, G. Glévarec, L. Atehortùa, N. 
Giglioli-Guivarc’h, B. St-Pierre, V. De Luca, S. E. O’Connor, V. Courdavault, 
Characterization of a second secologanin synthase isoform producing both 
secologanin and secoxyloganin allows enhanced de novo assembly of a 
Catharanthus roseus transcriptome. BMC Genomics 16, 619 (2015). 
doi:10.1186/s12864-015-1678-y Medline 

36. R. Patro, G. Duggal, M. I. Love, R. A. Irizarry, C. Kingsford, Salmon provides fast 
and bias-aware quantification of transcript expression. Nat. Methods 14, 417–419 
(2017). doi:10.1038/nmeth.4197 Medline 

37. F. Liesecke et al., Ranking genome-wide correlation measurements improves 
microarray and RNA-seq based global and targeted co-expression networks. 
bioRxiv 299909 [Preprint]. 12 April 2018. https://doi.org/10.1101/299909 

38. R Core Team, R: A Language and Environment for Statistical Computing (2017); 

on M
ay 3, 2018

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

http://www.sciencemag.org/
http://dx.doi.org/10.1080/00304948.2011.629563
http://dx.doi.org/10.1021/ja00860a023
http://dx.doi.org/10.1139/v82-187
http://dx.doi.org/10.1016/S0040-4020(01)97545-3
http://dx.doi.org/10.1038/nchem.1798
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24345948&dopt=Abstract
http://dx.doi.org/10.1111/tpj.12827
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25759247&dopt=Abstract
http://dx.doi.org/10.1073/pnas.1719979115
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29511102&dopt=Abstract
http://dx.doi.org/10.1016/0031-9422(75)85373-8
http://dx.doi.org/10.1039/C2969000665B
http://dx.doi.org/10.1038/s41467-017-00154-x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28827772&dopt=Abstract
http://dx.doi.org/10.1021/ja00778a074
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=5079973&dopt=Abstract
http://dx.doi.org/10.1021/ar50029a002
http://dx.doi.org/10.1016/j.abb.2008.01.027
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18280246&dopt=Abstract
http://dx.doi.org/10.1016/j.chembiol.2015.02.006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25772467&dopt=Abstract
http://dx.doi.org/10.1038/ncomms12116
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27418042&dopt=Abstract
http://dx.doi.org/10.1023/B:BILE.0000025879.53632.f2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15269549&dopt=Abstract
http://dx.doi.org/10.1038/nchembio.1717
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25485687&dopt=Abstract
http://dx.doi.org/10.1007/s00425-002-0867-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12430014&dopt=Abstract
http://dx.doi.org/10.1073/pnas.1501821112
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25918424&dopt=Abstract
http://dx.doi.org/10.1093/nar/gks1154
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23193256&dopt=Abstract
http://dx.doi.org/10.1002/anie.200200534
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12866094&dopt=Abstract
http://dx.doi.org/10.1021/jacs.7b13292
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29480720&dopt=Abstract
http://dx.doi.org/10.1007/s00709-003-0003-9
http://dx.doi.org/10.1007/s00709-003-0003-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14513315&dopt=Abstract
http://dx.doi.org/10.1021/ja809842b
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19292450&dopt=Abstract
http://dx.doi.org/10.1002/hlca.201500176
http://dx.doi.org/10.1371/journal.pone.0052506
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23300689&dopt=Abstract
http://dx.doi.org/10.1038/nplants.2016.208
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28085153&dopt=Abstract
http://dx.doi.org/10.1038/srep40453
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28094274&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29438577&dopt=Abstract
http://dx.doi.org/10.1186/s12864-015-1678-y
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26285573&dopt=Abstract
http://dx.doi.org/10.1038/nmeth.4197
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28263959&dopt=Abstract
https://doi.org/10.1101/299909
http://science.sciencemag.org/


First release: 3 May 2018  www.sciencemag.org  (Page numbers not final at time of first release) 5 
 

www.R-project.org/. 
39. G. Csardi, T. Nepusz, The igraph software package for complex network research. 

InterJ. Complex Syst. 1695, 1–9 (2006). 
40. A. Clauset, M. E. Newman, C. Moore, Finding community structure in very large 

networks. Phys. Rev. E 70, 066111 (2004). doi:10.1103/PhysRevE.70.066111 
Medline 

41. F. Geu-Flores, N. H. Sherden, V. Courdavault, V. Burlat, W. S. Glenn, C. Wu, E. Nims, 
Y. Cui, S. E. O’Connor, An alternative route to cyclic terpenes by reductive 
cyclization in iridoid biosynthesis. Nature 492, 138–142 (2012). 
doi:10.1038/nature11692 Medline 

42. D. K. Liscombe, S. E. O’Connor, A virus-induced gene silencing approach to 
understanding alkaloid metabolism in Catharanthus roseus. Phytochemistry 72, 
1969–1977 (2011). doi:10.1016/j.phytochem.2011.07.001 Medline 

43. J. Pollier, R. Vanden Bossche, H. Rischer, A. Goossens, Selection and validation of 
reference genes for transcript normalization in gene expression studies in 
Catharanthus roseus. Plant Physiol. Biochem. 83, 20–25 (2014). 
doi:10.1016/j.plaphy.2014.07.004 Medline 

44. N. S. Berrow, D. Alderton, S. Sainsbury, J. Nettleship, R. Assenberg, N. Rahman, D. 
I. Stuart, R. J. Owens, A versatile ligation-independent cloning method suitable for 
high-throughput expression screening applications. Nucleic Acids Res. 35, e45 
(2007). doi:10.1093/nar/gkm047 Medline 

45. J. A. Lindbo, TRBO: A high-efficiency tobacco mosaic virus RNA-based 
overexpression vector. Plant Physiol. 145, 1232–1240 (2007). 
doi:10.1104/pp.107.106377 Medline 

46. F. Sainsbury, P. Saxena, K. Geisler, A. Osbourn, G. P. Lomonossoff, Using a virus-
derived system to manipulate plant natural product biosynthetic pathways. 
Methods Enzymol. 517, 185–202 (2012). doi:10.1016/B978-0-12-404634-
4.00009-7 Medline 

47. D. Wessel, U. I. Flügge, A method for the quantitative recovery of protein in dilute 
solution in the presence of detergents and lipids. Anal. Biochem. 138, 141–143 
(1984). doi:10.1016/0003-2697(84)90782-6 Medline 

48. S. Tyanova, T. Temu, J. Cox, The MaxQuant computational platform for mass 
spectrometry-based shotgun proteomics. Nat. Protoc. 11, 2301–2319 (2016). 
doi:10.1038/nprot.2016.136 Medline 

49. G. Guirimand, V. Burlat, A. Oudin, A. Lanoue, B. St-Pierre, V. Courdavault, 
Optimization of the transient transformation of Catharanthus roseus cells by 
particle bombardment and its application to the subcellular localization of 
hydroxymethylbutenyl 4-diphosphate synthase and geraniol 10-hydroxylase. 
Plant Cell Rep. 28, 1215–1234 (2009). doi:10.1007/s00299-009-0722-2 Medline 

50. G. Guirimand, V. Courdavault, A. Lanoue, S. Mahroug, A. Guihur, N. Blanc, N. 
Giglioli-Guivarc’h, B. St-Pierre, V. Burlat, Strictosidine activation in Apocynaceae: 
Towards a “nuclear time bomb”? BMC Plant Biol. 10, 182 (2010). Medline 

51. R. Waadt, L. K. Schmidt, M. Lohse, K. Hashimoto, R. Bock, J. Kudla, Multicolor 
bimolecular fluorescence complementation reveals simultaneous formation of 
alternative CBL/CIPK complexes in planta. Plant J. 56, 505–516 (2008). 
doi:10.1111/j.1365-313X.2008.03612.x Medline 

52. G. Guirimand, A. Guihur, O. Ginis, P. Poutrain, F. Héricourt, A. Oudin, A. Lanoue, B. 
St-Pierre, V. Burlat, V. Courdavault, The subcellular organization of strictosidine 
biosynthesis in Catharanthus roseus epidermis highlights several trans-tonoplast 
translocations of intermediate metabolites. FEBS J. 278, 749–763 (2011). 
doi:10.1111/j.1742-4658.2010.07994.x Medline 

53. J. M. Mérillon, P. Doireau, A. Guillot, J. C. Chénieux, M. Rideau, Indole alkaloid 
accumulation and tryptophan decarboxylase activity in Catharanthus roseus cells 
cultured in three different media. Plant Cell Rep. 5, 23–26 (1986). 
doi:10.1007/BF00269710 Medline 

54. E. Foureau, I. Carqueijeiro, T. Dugé de Bernonville, C. Melin, F. Lafontaine, S. 
Besseau, A. Lanoue, N. Papon, A. Oudin, G. Glévarec, M. Clastre, B. St-Pierre, N. 
Giglioli-Guivarc’h, V. Courdavault, Prequels to synthetic biology: From candidate 
gene identification and validation to enzyme subcellular localization in plant and 
yeast cells. Methods Enzymol. 576, 167–206 (2016). 
doi:10.1016/bs.mie.2016.02.013 Medline 

55. R. C. Edgar, MUSCLE: Multiple sequence alignment with high accuracy and high 
throughput. Nucleic Acids Res. 32, 1792–1797 (2004). doi:10.1093/nar/gkh340 
Medline 

56. R. K. Grover, S. Srivastava, D. K. Kulshreshtha, R. Roy, A new stereoisomer of 

stemmadenine alkaloid from Tabernaemontana heyneana. Magn. Reson. Chem. 
40, 474–476 (2002). doi:10.1002/mrc.1039 

57. T. Feng, X.-H. Cai, Y.-P. Liu, Y. Li, Y.-Y. Wang, X.-D. Luo, Melodinines A–G, 
monoterpenoid indole alkaloids from Melodinus henryi. J. Nat. Prod. 73, 22–26 
(2010). doi:10.1021/np900595v Medline 

58. T. Yamauchi, F. Abe, W. G. Padolina, F. M. Dayrit, Alkaloids from leaves and bark of 
Alstonia scholaris in the Philippines. Phytochemistry 29, 3321–3325 (1990). 
doi:10.1016/0031-9422(90)80208-X 

59. C. L. Martin, S. Nakamura, R. Otte, L. E. Overman, Total synthesis of (+)-
condylocarpine, (+)-isocondylocarpine, and (+)-tubotaiwine. Org. Lett. 13, 138–
141 (2011). doi:10.1021/ol102709s Medline 

ACKNOWLEDGMENTS 

We gratefully acknowledge Dr. Gerhard Saalbach of the John Innes Proteomics 
Centre for proteomics work. We thank Dr. Franziska Kellner and Dr. Fernando 
Geu Flores for early silencing results with CS/TS, and we thank Dr. Benjamin 
Lichman for helpful discussions. We thank Dr. Richard Hughes and Dr. Marina 
Franceschetti for preparing the modified TRBO vector. We also thank MRCPPU 
Reagents and Services for PAS expression in insect cells. Funding: This work 
was supported by grants from the European Research Council (311363), BBSRC 
(BB/J004561/1) (S.E.O.) and from the Région Centre-Val de Loire, France 
(CatharSIS grant and BioPROPHARM project–ARD2020) (V.C.). J.F. gratefully 
acknowledges DFG postdoctoral funding (FR 3720/1-1) and T.T.T.D. (ALTF 239-
2015) and S.F. (ALTF 846-2016) an EMBO Long term Fellowship. K.K. gratefully 
acknowledges the French Embassy in Greece for a SSHN grant. R.E.M.P. 
gratefully acknowledges the support of BBSRC for a PhD studentship. Author 
contributions: L.C. characterized all proteins, purified substrates, coordinated 
all experiments; J.F. performed experiments with PAS and developed chemical 
mechanism and synthetic strategy; S.F. helped with candidate selection, VIGS 
and performed the qPCR experiments; K.C. performed all semi-synthetic 
transformations; R.M.E.P. performed initial cloning and characterization of PAS; 
D.N. expressed PAS in P. pastoris; T.T.T.D. performed reconstitution in N. 
benthamiana; B.A. performed cloning and silencing experiments; M.J. helped 
identify PAS and designed initial silencing constructs; I.J.C.V purified 
stemmadenine; I.C., K.K., T.D.D.B., V.C. performed localization and interaction 
studies; L.C. and S.E.O. wrote manuscript; S.F., J.F., K.C., V.C. revised 
manuscript. Competing interests: A patent on PAS and DPAS is currently being 
filed. Data and materials availability: Sequence data for PAS (MH213134), 
DPAS (KU865331), CS (MF770512) and TS (MF770513) are deposited in 
GenBank and are also provided in the supplementary materials. Transcriptome 
data used in this study has already been published as referenced in the 
manuscript (see also, http://medicinalplantgenomics.msu.edu/). Cell lines used 
in this manuscript will be made available upon request. Data supporting the 
findings of this study are available within the article and the supplementary 
materials files. 

SUPPLEMENTARY MATERIALS 
www.sciencemag.org/cgi/content/full/science.aat4100/DC1 
Materials and Methods 
Figs. S1 to S28 
Tables S1 to S7 
References (30–59) 
Data S1 to S3 
 
5 March 2018; accepted 24 April 2018 
Published online 3 May 2018 
10.1126/science.aat4100 
 

on M
ay 3, 2018

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

http://www.sciencemag.org/
https://www.r-project.org/
http://dx.doi.org/10.1103/PhysRevE.70.066111
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15697438&dopt=Abstract
http://dx.doi.org/10.1038/nature11692
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23172143&dopt=Abstract
http://dx.doi.org/10.1016/j.phytochem.2011.07.001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21802100&dopt=Abstract
http://dx.doi.org/10.1016/j.plaphy.2014.07.004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25058454&dopt=Abstract
http://dx.doi.org/10.1093/nar/gkm047
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17317681&dopt=Abstract
http://dx.doi.org/10.1104/pp.107.106377
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17720752&dopt=Abstract
http://dx.doi.org/10.1016/B978-0-12-404634-4.00009-7
http://dx.doi.org/10.1016/B978-0-12-404634-4.00009-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23084939&dopt=Abstract
http://dx.doi.org/10.1016/0003-2697(84)90782-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=6731838&dopt=Abstract
http://dx.doi.org/10.1038/nprot.2016.136
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27809316&dopt=Abstract
http://dx.doi.org/10.1007/s00299-009-0722-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19504099&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20723215&dopt=Abstract
http://dx.doi.org/10.1111/j.1365-313X.2008.03612.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18643980&dopt=Abstract
http://dx.doi.org/10.1111/j.1742-4658.2010.07994.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21205206&dopt=Abstract
http://dx.doi.org/10.1007/BF00269710
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24247959&dopt=Abstract
http://dx.doi.org/10.1016/bs.mie.2016.02.013
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27480687&dopt=Abstract
http://dx.doi.org/10.1093/nar/gkh340
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15034147&dopt=Abstract
http://dx.doi.org/10.1002/mrc.1039
http://dx.doi.org/10.1021/np900595v
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20041704&dopt=Abstract
http://dx.doi.org/10.1016/0031-9422(90)80208-X
http://dx.doi.org/10.1021/ol102709s
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21133399&dopt=Abstract
http://medicinalplantgenomics.msu.edu/
http://www.sciencemag.org/cgi/content/full/science.aat4100/DC1
http://science.sciencemag.org/


First release: 3 May 2018  www.sciencemag.org  (Page numbers not final at time of first release) 6 
 

 
  

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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Fig. 2. Biosynthesis of catharanthine and tabersonine scaffolds. Stemmadenine acetate 7 (generated from 
stemmadenine 1 using conditions i. (Ac2O (excess) pyridine (excess) r.t., 4 hours, >99%) undergoes an oxidation to 
form precondylocarpine acetate 10. This is catalyzed enzymatically by the reticuline oxidase homolog PAS, or 
alternatively can be generated synthetically using conditions as reported by Scott and co-workers (8) ii. (Pt (from 
7.5 eq. PtO2), EtOAc, O2 atm., r.t.,10 hours, yields varied). Next, precondylocarpine acetate 10 is reduced by the 
alcohol dehydrogenase DPAS. This reduced intermediate could not be isolated due to its lability, but it is assumed to 
be dihydroprecondylocarpine acetate 11 based on the degradation product tubotaiwine 12. 
Dihydroprecondylocarpine acetate 11, in the open form, can form dehydrosecodine 9 through the action of CS or TS 
to form catharanthine 3 and tabersonine 2, respectively. 
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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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