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Figure 4. Biosynthesis of mavacurane-type alkaloids pleiocarpamine and 16-epi-pleiocarpamine
in C. roseus. (a) Proposed biosynthesis of mavacurane-type and strychnos-type alkaloids. (b)
Metabolite profiling of mavacurane-type alkaloids in C. roseus roots and leaf alongside the MS?
spectrum of authentic standards. (¢) In vitro and in vivo activity of CrGO in producing 16-epi-
pleiocarpamine. CrGO catalyzes oxidation of 19E-gesissoschizine to akuammicine forming C2-C16
bond. A minor product 16-epi-pleiocarpamine is observed forging the core mavacurane N1-C16 bond.
(d) Silencing CrGO in C. roseus by VIGS leads to significant decrease of the mavacurane-type
alkaloids. Bar graphs represents the values of the mean + standard deviation (SD), p values present
statistical analysis of two-tailed Student's ¢-test. Extracted ion chromatograms (EIC) are presented

with MS? spectra displaying the fragmentation of the parent [M+H]" ion.

We initially suspected that these low levels of 16-epi-pleocarpamine were simply an artifact
of the in vitro enzymatic reaction. However, when we silenced CrGO in C. roseus using VIGS, a
significant reduction in the levels of pleiocarpamine and 16-epi-pleocarpamine in C. roseus leaf was
observed (Figure 4d, S9). Therefore, the minor product of this enzymatic reaction may play a
physiologically significant role. Although it has been reported that 16-epi-pleocarpamine is the more
thermostable epimer'!, it is not clear why 16-epi-pleocarpamine predominates in the in vitro enzyme
assay (Figure 4c¢) and why in the plant, the kinetic product pleocarpamine is predominantly observed
(Figure 4b). We speculate that the conditions under which this cyclization takes place must impact

the specificity of the subsequent deformylation.

Here we report the discovery of two cytochrome P450 enzymes, CrRS (rhazimal synthase)
and CrSBE (sarpagan bridge enzyme), from C. roseus. Although enzymes with these activities had
been identified from other plant species, C. roseus was not reported to have alkaloids derived from the
products of these enzymes. Subsequent analysis revealed the presence of a CrRS-derived alkaloid, but
the function of CrSBE remains unknown. The sequences of these three enzymes could be compared to
demonstrate which residues are responsible for the regioselectivity of the oxidation and cyclization of
geissoschizine. Additionally, we show that CrGO (geissoschizine oxidase), in addition to catalyzing
C16-C2 bond formation, also catalyzes the C16-N1 bond formation required for the formation of the
mavacurane-type alkaloids pleiocarpamine and 16-epi-pleiocarpamine (Figure 1). Mavacurane-type
alkaloids have received limited attention'®!” but are known to converted into a range of complex
bisindole alkaloids™'®. Silencing of GO in C. roseus strongly suggests that, although pleiocarpamine
and 16-epi-pleiocarpamine are only formed as minor products by GO, this enzyme may contribute to
mavacurane biosynthesis in the C. roseus plant. This raises the intriguing possibility that the
production of minor side products in enzyme reactions can play a significant role in shaping the

evolution of metabolic diversity.


https://doi.org/10.1101/2024.10.22.619577
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.22.619577; this version posted October 25, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

ASSOCIATED CONTENT
Supporting Information

Supplemental information: Additional experimental details, assays, materials, and methods, and NMR

spectra described in this study.

Accession Codes

Genbank accession numbers: MH213134 (CrGO), pending (CrRS), pending (CrSBE)

Corresponding Authors

*Sarah E. O’Connor — Department of Natural Product Biosynthesis, Max Planck Institute for
Chemical Ecology, Hans-Knoll-Strafe 8, Jena 07745 Germany; Email: oconnor@ice.mpg.de

Notes: The authors declare no competing financial interests.

ACKNOWLEDGMENT

Polyneuridine aldehyde was a generous gift from Dr. Laurent Evanno (Univ. Paris-Sud, CNRS,
Université Paris-Saclay, France), 16-epi-pleiocarpamine was a generous gift from Dr. Guillaume
Vincent (Univ. Paris-Sud, CNRS, Université Paris-Saclay, France) and pleiocarpamine was a generous
gift from Prof. Dr. Hartmut Laatsch (Georg-August-Universitit Gottingen, Germany). We would like
to thank Sarah Heinicke for assistance with mass spectrometry. We also thank the members of the Max
Planck Institute for Chemical Ecology Research Greenhouse for their care and provision of Nicotiana

benthamiana and Catharanthus roseus plants.

10


https://doi.org/10.1101/2024.10.22.619577
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.22.619577; this version posted October 25, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

References

(1) O’Connor, S. E.; Maresh, J. J. Chemistry and Biology of Monoterpene Indole Alkaloid
Biosynthesis. Nat Prod Rep 2006, 23 (4), 532-547. https://doi.org/10.1039/b512615k.

(2) Tatsis, E. C.; Carqueijeiro, I.; Bernonville, T. D. de; Franke, J.; Dang, T.-T. T.; Oudin, A.; Lanoue,
A.; Lafontaine, F.; Stavrinides, A. K.; Clastre, M.; Courdavault, V.; O’Connor, S. E. A Three Enzyme
System to Generate the Strychnos Alkaloid Scaffold from a Central Biosynthetic Intermediate. Nat
Commun 2017, 8 (1), 316. https://doi.org/10.1038/s41467-017-00154-x.

(3) Qu, Y.; Easson, M. E. A. M.; Simionescu, R.; Hajicek, J.; Thamm, A. M. K.; Salim, V.; Luca, V.
D. Solution of the Multistep Pathway for Assembly of Corynanthean, Strychnos, Iboga, and
Aspidosperma Monoterpenoid Indole Alkaloids from 19E-Geissoschizine. Proc. Natl. Acad. Sci.
United States Am. 2018, 115 (12), 3180-3185. https://doi.org/10.1073/pnas.1719979115.

(4) Qu, Y.; Thamm, A. M. K.; Czerwinski, M.; Masada, S.; Kim, K. H.; Jones, G.; Liang, P.; Luca, V.
D. Geissoschizine Synthase Controls Flux in the Formation of Monoterpenoid Indole Alkaloids in a
Catharanthus Roseus Mutant. Planta 2018, 247 (3), 625—634. https://doi.org/10.1007/s00425-017-
2812-7.

(5) Mauger, A.; Jarret, M.; Kouklovsky, C.; Poupon, E.; Evanno, L.; Vincent, G. The Chemistry of
Mavacurane Alkaloids: A Rich Source of Bis-Indole Alkaloids. Nat. Prod. Rep. 2021, 38 (10), 1852—
1886. https://doi.org/10.1039/d0np00088d.

(6) Sakamoto, J.; Kitajima, M.; Ishikawa, H. Total Syntheses of (+)-Villocarine A, (—)-
Apogeissoschizine, and (+)-Geissoschizine. Chem. A Eur. J. 2023, 29 (18), ¢202300179.
https://doi.org/10.1002/chem.202300179.

(7) Dang, T.-T. T.; Franke, J.; Carqueijeiro, L. S. T.; Langley, C.; Courdavault, V.; O’Connor, S. E.
Sarpagan Bridge Enzyme Has Substrate-Controlled Cyclization and Aromatization Modes. Nat. Chem.
Biol. 2018, 14 (8), 760-763. https://doi.org/10.1038/s41589-018-0078-4.

(8) Yamamoto, K.; Grzech, D.; Koudounas, K.; Stander, E. A.; Caputi, L.; Mimura, T.; Courdavault,

V.; O’Connor, S. E. Improved Virus-Induced Gene Silencing Allows Discovery of a Serpentine

11


https://doi.org/10.1101/2024.10.22.619577
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.22.619577; this version posted October 25, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Synthase Gene in Catharanthus Roseus. Plant Physiol. 2021, 187 (2), 846—857.
https://doi.org/10.1093/plphys/kiab285.

(9) Wang, Z.; Xiao, Y.; Wu, S.; Chen, J.; Li, A.; Tatsis, E. C. Deciphering and Reprogramming the
Cyclization Regioselectivity in Bifurcation of Indole Alkaloid Biosynthesis. Chem. Sci. 2022, 13 (42),
12389-12395. https://doi.org/10.1039/d2sc03612f.

(10) Hong, B.; Grzech, D.; Caputi, L.; Sonawane, P.; Lopez, C. E. R.; Kamileen, M. O.; Lozada, N. J.
H.; Grabe, V.; O’Connor, S. E. Biosynthesis of Strychnine. Nature 2022, 607 (7919), 617-622.
https://doi.org/10.1038/s41586-022-04950-4.

(11) Jarret, M.; Tap, A.; Turpin, V.; Denizot, N.; Kouklovsky, C.; Poupon, E.; Evanno, L.; Vincent, G.
Bioinspired Divergent Oxidative Cyclizations of Geissoschizine: Total Synthesis of (—)-17-nor-
Excelsinidine, (+)-16-epi-Pleiocarpamine, (+)-16-Hydroxymethyl-Pleiocarpamine and (+)-
Taberdivarine H. Eur. J. Org. Chem. 2020, 2020 (40), 6340-6351.
https://doi.org/10.1002/ej0c.202000962.

(12) Dogru, E.; Warzecha, H.; Seibel, F.; Haebel, S.; Lottspeich, F.; Stockigt, J. The Gene Encoding
Polyneuridine Aldehyde Esterase of Monoterpenoid Indole Alkaloid Biosynthesis in Plants Is an
Ortholog of Theo/p Hydrolase Super Family. Eur. J. Biochem. 2000, 267 (5), 1397-1406.
https://doi.org/10.1046/].1432-1327.2000.01136.x.

(13) Gerasimenko, I.; Ma, X.; Sheludko, Y.; Mentele, R.; Lottspeich, F.; Stockigt, J. Purification and
Partial Amino Acid Sequences of the Enzyme Vinorine Synthase Involved in a Crucial Step of
Ajmaline Biosynthesis. Bioorg. Med. Chem. 2004, 12 (10), 2781-2786.
https://doi.org/10.1016/1.bmc.2004.02.028.

(14) Ma, X.; Koepke, J.; Panjikar, S.; Fritzsch, G.; Stockigt, J. Crystal Structure of Vinorine Synthase,
the First Representative of the BAHD Superfamily*. J. Biol. Chem. 2005, 280 (14), 13576—13583.
https://doi.org/10.1074/jbc.m414508200.

(15) Wenkert, E.; Wickberg, B. General Methods of Synthesis of Indole Alkaloids. IV. A Synthesis of
DI-Eburnamonine 1,2. J. Am. Chem. Soc. 1965, 87 (7), 1580—1589.
https://doi.org/10.1021/ja01085a029.

(16) Battersby, A. R.; Hodson, H. F. Chapter 15 Alkaloids of Calabash Curare and Strychnos
Species**The Majority of Strychnos Alkaloids Which Are Based upon the Strychnine Skeleton Are

12


https://doi.org/10.1101/2024.10.22.619577
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.22.619577; this version posted October 25, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Covered in Chapter 17. Alkaloids: Chem. Physiol. 1965, 8, 515-579. https://doi.org/10.1016/s1876-
0813(08)60054-8.

(17) Jacquier, M. J.; Vercauteren, J.; Massiot, G.; Men-Olivier, L. L.; Pussett, J.; Sevenet, T. Alkaloids
of Alstonia Plumosa. Phytochemistry 1980, 21 (12), 2973-2977. https://doi.org/10.1016/003 1-
9422(80)85080-1.

(18) Pandey, K. P.; Rahman, M. T.; Cook, J. M. Bisindole Alkaloids from the Alstonia Species:
Recent Isolation, Bioactivity, Biosynthesis, and Synthesis 7. Molecules 2021, 26 (11), 3459.
https://doi.org/10.3390/molecules26113459.

13


https://doi.org/10.1101/2024.10.22.619577
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.22.619577; this version posted October 25, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Supporting Information

Divergent biosynthesis of monoterpene indole alkaloids from geissoschizine in Catharanthus

roseus.

Mohamed O. Kamileen'?"", Benke Hong'*"*, Klause Gasse', Maritta Kunert!, Lorenzo Caputi',

Benjamin R. Lichman?, Sarah E. O’Connor""

! Department of Natural Product Biosynthesis, Max Planck Institute for Chemical Ecology, D-07745

Jena, Germany.

? Centre for Novel Agricultural Products, Department of Biology, University of York, York YO10
5DD, UK.

3 Department of Chemistry, Westlake University, 18 Shilongshan Road, 310024, Hangzhou, China.

**These authors contributed equally to this work

*Corresponding Authors

Table of Contents

Materials and Methods Supporting information pages 02-07
Supporting Tables Supporting information pages 08-12
Supporting Figures Supporting information pages 13-22
Supporting NMR Supporting information pages 23-28
Supporting References Supporting information pages 29-31

14


https://doi.org/10.1101/2024.10.22.619577
http://creativecommons.org/licenses/by-nc-nd/4.0/

