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Abstract: Quinine is a historically important natural
product containing a methoxy group that has been
assumed to be incorporated at a late pathway stage.
Here we show that the methoxy group in quinine and
related alkaloids is introduced onto the starting sub-
strate tryptamine. Feeding studies definitively show that
5-methoxytryptamine is utilized as a quinine biosyn-
thetic intermediate in planta. We discover the biosyn-
thetic genes that encode the responsible oxidase and
methyltransferase, and we use these genes to reconsti-
tute the early steps of the alkaloid biosynthetic pathway
in Nicotiana benthamiana to produce a mixture of
methoxylated and non-methoxylated alkaloid intermedi-
ates. Importantly, we show that the co-occurrence of
both tryptamine and 5-methoxytryptamine substrates,
along with the substrate promiscuity of downstream
pathway enzymes, enable parallel formation of both
methoxylated and non-methoxylated alkaloids.

Quinine (1), used for centuries as an antimalarial drug and
as a bittering ingredient, is a member of the Cinchona
alkaloids, a structurally diverse group of alkaloids produced
primarily by Cinchona plants.[1] In addition to quinine (1),
the quinine stereoisomer, quinidine (2), is commonly
prescribed as an antiarrhythmic medication.[2] Non-meth-
oxylated analogs (e.g. cinchonidine 3 and cinchonine 4) also
have established pharmacological properties[1d,3] and, more-
over, are used in synthetic chemistry as chiral catalysts and
additives.[4] Congeners with a single bond at C-10–C-11
(dihydro alkaloids; for structures, see 5–8 in Scheme S1 or
Figure S1) also occur in several Cinchona species and have
similar properties as 1–4.[1d,3a] While total syntheses of many
Cinchona alkaloids have been reported,[5] the biosynthesis of
these compounds is still largely unelucidated.

Early investigations established that Cinchona alkaloids
belong to the large family of monoterpenoid indole
alkaloids.[6] These alkaloids are derived from strictosidine
(12), which is formed from the Pictet–Spengler condensation
of a tryptophan-derived moiety, tryptamine (10), and the
iridoid-type monoterpene secologanin (11).[7] It has long
been hypothesized that strictosidine is converted to cincho-
nidinone (15a) and cinchoninone (15b), compounds that are
then methoxylated to form quinine (1) and quinidine (2),
respectively (Scheme 1).[8] Here we show through feeding
experiments that methoxylation instead occurs on the early
precursor tryptamine (10). We show that both tryptamine
and 5-methoxytryptamine (21) are carried through the
downstream pathway, leading to mixtures of methoxy (e.g.
1, 2) and non-methoxy (e.g. 3, 4) Cinchona alkaloids in
planta. Additionally, we report the discovery of the
biosynthetic genes that are responsible for this meth-
oxylation, allowing reconstruction of the early biosynthetic
steps of non-methoxy and methoxy Cinchona alkaloid
intermediates.
Methoxylation of cinchonidinone (15a) and cinchoni-

none (15b) was first proposed[8a] based on the incorporation
of the radio-labeled compounds corynantheal (13) and
cinchonidinone (15a) into quinine (1), though the incorpo-
ration was marginal (ca. 0.002%).[8b,c] Additionally, meth-
oxylated ketone 17a has been detected in C. ledgeriana,[8c]

and crude extracts of a cell culture derived from this species
showed the presence of NADPH-dependent reduction
activity that specifically reduced 17a/b to 1 and 2.[8f] More-
over, a recently discovered O-methyltransferase from C.
pubescens can methylate 6’-hydroxycinchoninone (16a/
16b).[8d] Together, these data are consistent with—though do
not prove—a pathway order of hydroxylation of 15a/b, O-
methylation, followed by keto-reduction to form 1 and 2
(Scheme 1). We set out to identify the missing oxidase that
would hydroxylate cinchonidinone/cinchoninone (15a/b). In
C. pubescens, 1 and 2, along with the C10–C11 dihydro
analogs (5 and 6), accumulate only in roots and stem,[8d]

leading us to hypothesize that the 15a/b-hydroxylase would
be specifically expressed in these two tissues. RNA-seq data
from C. pubescens were therefore mined and a total of 150
putative oxidases (cytochrome P450s, flavin-containing
monooxygenases, flavin adenine dinucleotide-dependent
enzymes, and polyphenol oxidases) that were enriched in
these tissues were selected, cloned into Agrobacterium
tumefaciens and transiently expressed in N. benthamiana
leaves. Infiltration of 15a/b into the treated N. benthamiana
leaves, followed by liquid chromatography–mass spectrome-

[*] Dr. B. K. Lombe, T. Zhou, Dr. L. Caputi, K. Ploss,
Prof. Dr. S. E. O’Connor
Department of Natural Product Biosynthesis
Max Planck Institute for Chemical Ecology
Hans-Knöll-Straße 8, 07745 Jena, Germany
E-mail: oconnor@ice.mpg.de

© 2024 The Author(s). Angewandte Chemie International Edition
published by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution License, which
permits use, distribution and reproduction in any medium, provided
the original work is properly cited.

Angewandte
ChemieCommunication
www.angewandte.org

How to cite: Angew. Chem. Int. Ed. 2025, 64, e202418306
doi.org/10.1002/anie.202418306

Angew. Chem. Int. Ed. 2025, 64, e202418306 (1 of 8) © 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

http://orcid.org/0000-0003-4298-3108
http://orcid.org/0000-0002-7783-6733
https://doi.org/10.1002/anie.202418306
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202418306&domain=pdf&date_stamp=2024-11-22


try (LC–MS) analysis of the crude transformed leaf extracts,
indicated that none of the enzyme candidates could hydrox-
ylate or otherwise metabolize 15a/b.
This failure to identify 15a/b-hydroxylase, along with

previously reported unsuccessful attempts,[8d] prompted us
to consider that methoxylation may occur at an earlier stage
of the biosynthetic pathway. Strictosidine (12), dihydrocor-

ynantheal (18), and cinchonamine (19) were tested as
substrates with the oxidase gene candidates as described
above, but no activity could be detected. Therefore, to
pinpoint the stage at which methoxylation occurs, we
performed untargeted and targeted metabolomics analyses
of young tissue from C. pubescens leaves, stem, and root.
These analyses revealed the presence of the putative
intermediates tryptamine (10), strictosidine (12), corynan-
theal (13), dihydrocorynantheal (18), cinchoni(di)none (15a/
b) (along with cinchonamine (19) and tetrahydroalstonine
(20), which are not predicted to be on pathway for 1 and 2)
(Figures S2–S7). Notably, for each of these metabolites a
compound corresponding to the methoxylated analog was
also detected (Figures S2–S7). These observations clearly
indicated that two parallel pathways, one with methoxy and
one with non-methoxy substrates, operate in C. pubescens
(Scheme 2). The detection of 5-methoxytryptamine (21) in
C. pubescens suggested that the aromatic hydroxylation
occurs either on tryptamine (10) or tryptophan (9). How-
ever, the hydroxylated or methoxylated derivatives of
tryptophan (9) were not detected in these metabolomic
analyses.[9] Therefore, we speculated that 5-meth-
oxytryptamine (21) derives from hydroxylation of trypt-
amine (10) to form serotonin (27), which is then O-
methylated to form 21 (Scheme 2).

Scheme 1. Previously accepted hypothetical biosynthetic pathway to
quinine (1) and congeners 2–4. Highlighted in red are the putative
steps installing the methoxy group. The asterisk designates previously
reported proteins that have been biochemically characterized from
crude Cinchona tissues, but the corresponding gene remains undis-
covered. The dashed double bond at C18� C19 in 13 indicates that this
compound also occurs in the dihydro form (i.e., with a single bond, see
18).

Scheme 2. Revised biosynthetic pathway for Cinchona alkaloids. The
key steps and involved enzymes that introduce the aromatic methoxy
group and leading to parallel pathways are highlighted in red. For a
detailed scheme see Scheme S1.
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To identify C. pubescens enzyme candidates that catalyze
formation of 5-hydroxytryptamine (27) from tryptamine
(10), we BLAST-searched for orthologs of CYP71P1 from
Oryza sativa, the only reported functionally characterized
tryptamine-5-hydroxylase.[10] We transiently expressed the
15 top candidates in N. benthamiana leaves and infiltrated
tryptamine substrate 10 into these infected leaves. LC–MS
analysis of the resulting leaf extracts indicated the formation

of 27 (m/z 177.102 [M+H]+) only in N. benthamiana leaves
expressing either of two highly similar candidate enzymes
(97.9% identical amino acids, Figure S8), which we thus
named CpT5H1 and CpT5H2 (Figure 1a). Notably, CpT5H1
and CpT5H2 have complementary gene expression profiles
(Figure 1b), consistent with the presence of different meth-
oxylated alkaloid types (quinoline-, indole-, yohimbine-, and

Figure 1. (a) Identification and functional characterization of 5-methoxytryptamine (21) biosynthetic genes; (b) expression profiles of identified
genes in C. pubescens (* indicates previously reported genes; # denotes previously reported but here functionally repurposed gene); (c)
reconstruction of the pathways to early Cinchona alkaloids in N. benthamiana (for further details see Figure S16); (d) LC–MS peak areas of key
metabolites, strictosidines and corynantheal-type alkaloids, produced when only biosynthetic genes are co-expressed in N. benthamiana leaves
(Date are mean�s.e.m.; n=3 biological replicates); and (e) accumulation of the same key metabolites when the transporter gene CpSTTr is co-
expressed with the biosynthetic genes in N. benthamiana leaves (Date are mean�s.e.m.; n=3 biological replicates). The plant image indicates
that the displayed data are from in planta biochemical assays while the image of the tube indicates that the data are from in vitro biochemical
assays.
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corynanthe-type) across different C. pubescens tissues
(Figures S2–S7, and S9).
Subsequent O-methylation of serotonin (27) is required

to install the methoxy group on 5-methoxytryptamine (21).
To identify candidate enzymes that methylate the hydroxyl
function of 27, we searched for transcripts annotated as
hydroxyindole-O-methyltransferase genes in the C. pubes-
cens transcriptome, focusing on those that were expressed in
all tissues (fragments per kilobase per million mapped
fragments (FPKM) >4) and having a similar co-expression
profile with either CpT5H1 or CpT5H2 (Pearson correlation
coefficient >0.5). From this process, seven candidates were
identified, expressed in Escherichia coli, purified, and
assayed in vitro using 27 as a substrate. Among these
candidates was the previously[8d] identified 6’-hydroxycincho-
ninone-O-methyltransferase (CpOMT1) mentioned above.
Surprisingly, only CpOMT1 showed methyltransferase activ-
ity with 27, and the methylated product was identical to an
authentic standard of 5-methoxytryptamine (21) (Figure 1a).
This enzyme more efficiently consumed 5-hydroxytrypt-
amine (27) than 6’-hydroxycinchoninone (16a/16b) (sub-
strate conversion after 60 min: >80% and <20%, respec-
tively, Figure S10). This finding was corroborated by assays
using transient expression in N. benthamiana, where 27 was
almost fully converted to 21 after 3 h, while no methylation
activity on 6’-hydroxycinchoninone (16a/b) could be de-
tected, even after 2d. Together, these data suggest that 27 is
the native substrate for CpOMT1. We further tested in
planta the catalytic activity of CpOMT1 on two other
hydroxy-indole substrates, 5-hydroxytryptophan and N-
acetyl-serotonin. We also tested the phenolic substrates
quercetin-3-β-glucoside, quercitrin and caffeic acid, since C.
pubescens also produces a wide range of phenolic natural
products (Figure S11). Only N-acetyl-serotonin was meth-
ylated by CpOMT1 to yield melatonin (Figure S12a), though
since this compound was not detected in C. pubescens, this
enzyme activity may not be physiologically relevant. More-
over, in substrate competition assays, CpOMT1 preferred 27
over N-acetyl-serotonin (65% and 40% of conversion,
respectively, Figure S12b). Finally, CpOMT1 appears to be
evolutionarily related to aromatic O-methyltransferases
from other monoterpenoid indole alkaloid pathways (Fig-
ure S13a). We henceforth reclassify CpOMT1 as a seroto-
nin-O-methyltransferase.
We then characterized how CpT5H1/2 and CpOMT1

impact the ratio of methoxylated to non-methoxylated
products when reconstituted with previously reported down-
stream Cinchona pathway enzymes in planta. Specifically,
we intended to determine if downstream enzymes CpDCS
and CpDCE, which produce intermediate dihydrocorynan-
theal (18) from strictosidine aglycone,[8d] could produce both
methoxy and non-methoxy products. However, while pre-
vious feeding studies have shown that many downstream
monoterpene indole alkaloid pathway enzymes turn over
substituted tryptamine analogs,[11] known strictosidine syn-
thase (STR) enzymes do not turn over tryptamine substrates
with substituents at the C-5 position.[12] Rationalizing that
the C. pubescens strictosidine synthase must be able to turn
over both tryptamine and 5-methoxytryptamine, we identi-

fied and functionally characterized strictosidine synthase
from C. pubescens, (CpSTR) (Figure S14). We also identi-
fied two off-pathway enzymes (CpTHAS1 and CpTHAS2)
that reduce the reactive strictosidine aglycone into tetrahy-
droalstonine 20 (Figure S15).
We transiently co-expressed CpT5H, CpOMT1, CpSTR,

CpDCS, CpDCE, CpTHAS1, and Catharanthus roseus
strictosidine glucosidase (CrSGD, previously[13] shown to
accept 10-methoxy strictosidine) in N. benthamiana leaves
along with co-infiltration of tryptamine (10) and secologanin
(11). LC–MS analysis of the transformed leaf extracts
showed the presence of 5-methoxytryptamine (21) in
addition to the downstream products strictosidine (7),
dihydrocorynantheal (18), tetrahydroalstonine (20), along
with the respective methoxylated analogs (Figures 1c and
S16). We also noticed that the aldehydes dihydrocorynan-
theal (18) and methoxy dihydrocorynantheal (24) were
reduced into the corresponding alcohols 34 and 35 by
endogenous tobacco reductases (Figure S17). While these
results demonstrated that CpSTR and all downstream
enzymes could turn over both methoxy and non-methoxy
intermediates, we noted that all observed dihydrocorynan-
theal-type products (18, 24, 34, or 35) were produced in low
amounts (Figure 2d). In contrast, 10-methoxystrictosidine
(22) and strictosidine (12) accumulated to higher levels
(Figure 1d). We hypothesized that 10-methoxystrictosidine
(22) and strictosidine (12), which are likely produced in the
vacuole,[14] are not efficiently exported from the vacuole of
N. benthamiana, and thus cannot access the downstream
cytosolic enzymes. Therefore, we searched for and identified
an ortholog of a Catharanthus roseus strictosidine
transporter[15] in the C. pubescens transcriptome (CpSTTr),
which, when co-expressed in N. benthamiana leaves along
with other biosynthetic enzymes, improved the metabolic
flux of both strictosidine (12) and 10-methoxystrictosidine
(22), as evidenced by the relatively higher levels of down-
stream products, most notably 10-meth-
oxydihydrocorynantheol (35) (Figure 1e).
Methoxylated alkaloids appear to be present in larger

quantities than non-methoxy alkaloids in Cinchona mature
plants.[3a,16] We also observed substantial overproduction of
methoxylated products compared to non-methoxy products
in N. benthamiana reconstitution, though only when the
transporter CpSTTr was included. The observed ratios of
combined production of methoxylated aldehyde 24 and
corresponding alcohol 35 versus combined formation of
their non-methoxylated counterparts 18 and 34 were 1.23
and 0.23 with and without the transporter, respectively. This
highlights how the inclusion of a vacuole transporter can
impact the distribution of products, demonstrating the key
role transporters can play in controlling product distribution
both in the native producing organism and when hetero-
logously reconstituting pathways. Moreover, these results
indicate that CpSTR, CpDCS, and CpDCE are not specific
for non-methoxylated substrates. This is particularly remark-
able for CpSTR, since orthologs from C. roseus (CrSTR)
and Rauvolfia serpentina (RsSTR) are highly specific for
tryptamine.[17] We separately tested CpSTR in N. benthami-
ana with tryptamine (10), 5-methoxytryptamine (21) and 5-
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hydroxytryptamine (27) confirming that this enzyme turns
over all of these substrates (Figures S18 and S19). This is
consistent with early studies using enzyme activity purified
from Cinchona robusta suspension culture.[18] Notably, it has
been shown that a single point mutation enables CrSTR to
accept C5-substituted tryptamine analogs,[12] but this muta-
tion is not observed in CpSTR. Instead, we noted that
CpSTR is phylogenetically distant to CrSTR and RsSTR
(Figure S20), which are part of alkaloid pathways where the
aromatic methoxylation occurs at a late biosynthetic stage,
after formation of strictosidine.

We next wanted to conclusively demonstrate that
hydroxylation at this early biosynthetic stage actually occurs
in C. pubescens, particularly since CpOMT1 can also meth-
ylate 6’-hydroxycinchoninone (16a/16b), albeit at low effi-
ciency. Therefore, we synthesized isotopically labeled trypt-
amine-(indole-d5) (10a) and 5-methoxytryptamine-(O-
methyl-13C, d3) (21a) and administrated these two com-
pounds separately to roots and leaf tissues from in vitro
generated C. pubescens plantlets (Figure 2a). Gratifyingly,
both labeled substrates were incorporated into quinine (1)
and quinidine (2) (Figure 2b) along with other related

Figure 2. (a) synthesis of the labeled precursors tryptamine-(indole-d5) (10a) and 5-methoxytryptamine-(O-methyl-13C, d3) (21a), which were
separately fed to the roots and leaves of C. pubescens; (b) key methoxylated Cinchona alkaloids 1 and 2, and extracted ion chromatograms of the
corresponding isotope-labeled analogs, MS isotopic patterns, MS/MS spectrum (20.0–50.0 eV), and selected putative MS/MS fragments I–V, all
evidencing the incorporation of 21a and 10a.
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alkaloids (Figures S21–S29), as evidenced by LC–MS analy-
sis. In particular, the incorporation of 5-methoxytryptamine
(21) into 1 and 2, along with the detection of 5-meth-
oxytryptamine-(indole-d4) 21b in the feeding experiments
with labeled tryptamine (10a) (Figure S25), firmly demon-
strated that 1 and related methoxylated metabolites derive
from 5-methoxytryptamine (21), which, in turn, is formed
from tryptamine (10) (Schemes 2 and S1).
Since the non-methoxylated alkaloid corynantheal (13)

had been suggested to be an intermediate of the meth-
oxylated metabolites 1 and 2,[8b] we also wanted to
conclusively determine whether 13 would be incorporated
using our established system for feeding studies. Since
labeled 13 was not available, we enzymatically synthesized
an aromatic ring-d4 labeled form of the dihydro analog 18
(i.e., 18a, Figure S30), to track its incorporation into the
downstream dihydro quinine-like compounds present in
Cinchona. Feeding tissues of Cinchona plantlets with 18a
followed by LC–MS analyses of the resulting extracts
revealed that 18a was incorporated into dihydrocinchoni-
dine and dihydrocinchonine (7 and 8) (Figure S30). Impor-
tantly however, there was no observable conversion of 18a
into the dihydro methoxylated analogs 5 and 6. Moreover,
the labeled isotopic pattern of 18a was observed in a
metabolite tentatively assigned as dihydrocinchonamine 32
(a mid-pathway biosynthetic shunt alkaloid, Figure S31).
Hence, this experiment corroborated the finding that meth-
oxylation occurs prior to the formation of 18
((dihydro)corynantheal) and 32 ((dihydro)cinchonaminal)).
In addition, these feeding studies also suggest that the
biogenic relationship between 1–4 and the respective
dihydro analogs 5–8 diverge early in the pathway, most
likely by equilibration of the cyclized forms of strictosidine
aglycone as previously[8d] proposed.
In conclusion, metabolomics, transcriptomics and feed-

ing experiments using stable isotope-labeled precursors
demonstrate that the biosynthesis of quinine (1) and related
methoxylated Cinchona alkaloids are initiated by the
hydroxylation of tryptamine, followed by O-methylation to
produce 5-methoxytryptamine. The co-occurrence of both
tryptamine and 5-methoxytryptamine in planta and the
promiscuity of the pathway enzymes drive concomitant
parallel formation of methoxylated and non-methoxylated
alkaloids in C. pubescens by the same pathway enzymes. We
additionally showed that we could modulate the product
profile by inclusion of a vacuolar transporter in reconstitu-
tion experiments. This work therefore sets the stage for
production of valuable Cinchona alkaloids via synthetic
biology.

Supporting Information

The Supporting Information contains detailed methods and
materials. Likewise contained are supplementary scheme,
figures and data including chemical structures, LC–MS
results, gene nucleotide sequences, phylogenetic analysis,
and characterization data of synthesized labeled compounds.
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