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Ipecac alkaloids are medicinal monoterpenoid-derived
tetrahydroisoquinoline alkaloids found in two distantly related plants:
Carapichea ipecacuanha (Gentianales) and Alangium salviifolium
(Cornales). Here we provide evidence suggesting that both plants initiate
ipecac alkaloid biosynthesis through anonenzymatic Pictet-Spengler
reaction and we elucidate the biosynthetic fate of both the 1Rand 1S
stereoisomers that are produced in this nonstereoselective reaction.
Although the biosynthesis of the 1S-derived protoemetine proceeds
according to the same chemical logicin both species, each plant uses a
distinct monoterpene precursor. Phylogenetic analyses show examples of

independent pathway evolution through parallel and convergently evolved
enzymes. Thiswork provides insight into how nature can capitalize on highly
reactive starting substrates and the manner in which multistep pathways can

arise and lays the foundation for metabolic engineering of these important
medicinal compounds.

Plants produce an enormous diversity of natural products or special-
ized metabolites. Although natural product pathways are typically
lineage specific, in some cases, evolutionarily distant plants indepen-
dently evolved pathways to synthesize the same molecule'’. Examples
include glucosinolates?, benzoxazinoids*, caffeine’”, cannabinoids®
and cardenolides’ . Ipecac alkaloids are monoterpenoid-derived tet-
rahydroisoquinoline alkaloids that occur in Carapichea ipecacuanha
(Gentianales) and Alangium salviifolium (Cornales). Both species are
known medicinal plants: ipecac syrup made from C. ipecacuanha rhi-
zomes has been used as avomit-inducing medicine in cases of intoxica-
tion, while A. salviifolium, also known as Ankol(a), isused as an emetic
and to treat a variety of diseases in traditional ayurvedic medicine'>".
Theactive emeticingredients are the tetrahydroisoquinoline alkaloid
pathway products, cephaeline and emetine, both derived from pro-
toemetine (Fig. 1). Additionally, anticancer and antimalarial activities

have been described for other protoemetine-derived alkaloids such as
tubulosine'*". Because Cornales and Gentianales are estimated to have
diverged approximately 150 million years ago', these plants serve as
excellent models to study the evolution of acomplex medicinal alkaloid
biosynthesis pathway.

In C. ipecacuanha, ipecac alkaloid biosynthesis begins with a
Pictet-Spengler reaction that couples the monoterpenoid secolo-
ganin 1 with dopamine to generate the initial tetrahydroisoquino-
line scaffold. Conflicting studies suggest that either secologanin 1
or secologanic acid 2 can be similarly conjugated with dopamine
3 in A. salviifolium"°, although secologanic acid has been shown
to be the monoterpene precursor in indole alkaloid biosynthesis in
Camptotheca acuminata, also in the Cornales lineage”**. Although
previously identified enzymes that catalyze the Pictet-Spengler reac-
tion are stereoselective, unusually, both S and R stereoisomers of the
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Fig.1|Ipecac alkaloid biosynthesisin C. ipecacuanhaand A. salviifolium
based on the literature. Either secologanin1or secologanic acid 2 is coupled
withdopamine 3 in a Pictet-Spengler reaction to yield deacetylisoipecoside
DAII (S-epimer) 4a and deacetylipecoside DAI (R-epimer) 4b or the respective
acids deacetylisoipecosidic acid DAIIA (S-epimer) 5a and deacetylipecosidic
acid DAIA 5b. Derivatized forms of the R-epimer are the N-acetylated ipecoside
foundin C. ipecacuanha and 6-O-Me-deacetylipecosidic acid or 7-O-Me-

Protoemetine (8)

19 21
20

Ipecoside 11

deacetylipecosidic acid found in A. salviifolium. The S-epimer undergoes a

series of reactions including methylations, deglycosylation, reduction and,
inthe case of deacetylisoipecoside, deesterification to form protoemetine 8,
whichis then derivatized to form downstream alkaloids in both plants as shown.
Compounds specific to C. ipecacuanha are shown in blue; compounds specific to
A. salviifolium are shown in magenta.

initial tetrahydroisoquinoline Pictet-Spengler product are observed
in C. ipecacuanha (deacetylisoipecoside DAIl 4a (S-epimer) and dea-
cetylipecoside DAI 4b (R-epimer))®* (Fig. 1). Similarly, methylated
forms of both S and R stereoisomers of the corresponding acids (dea-
cetylisoipecosidic acid DAIIA 5a (S-epimer) and deacetylipecosidic
acid DAIA 5b (R-epimer)) are observed in A. salviifolium'**. Early work
suggested that a Pictet-Spenglerase enzyme is present in A. salviifo-
liumbut agene encoding this enzyme has never been identified'®*. In
both C. ipecacuanha and A. salviifolium, the S-epimers are converted
by O-methylation, deglycosylation, reduction and decarboxylation
to protoemetine 8, an ipecac alkaloid common to both species® %,
In C. ipecacuanha, protoemetine is converted into cephaeline and
emetine®, whereas, in A. salviifolium, proteoemetine is converted to
cephaeline, alangimarckine and tubulosine®°.In C. ipecacuanha, the
R-epimeris N-acetylated toipecoside 11 (ref. 31), whereas, in A. salviifo-
lium, the R-epimer is converted to 6-O-Me-DAIA 6b and 7-O-Me-DAIA
12b (ref. 24) (Fig. 1).

A few ipecac alkaloid biosynthetic genes from C. ipecacuanha
encoding glucosidases and O-methyltransferases (OMTs) have been
reported®** but the biosynthesis of ipecac alkaloids remains largely
unknown. Here, we report the complete discovery of protoemetine
biosynthesisinboth C. ipecacuanha and A. salviifolium, which we show
proceeds through an unexpected order of enzymatic reactions. We
provide evidence that the Pictet-Spengler reaction initiating the path-
way can occur spontaneously in the vacuole, which would explain the
presence of both 1R and 1S stereoisomers in these plants. While pro-
toemetineis derived from the 1S-epimer, we also identify biosynthetic
genes that derivatize the 1R-epimer in C. ipecacuanha and A. salviifo-
lium. Phylogenetic analyses suggest that the enzymes that convert
DAII(A) to protoemetine evolvedindependently in C. ipecacuanha and
A. salviifolium through means of parallel and convergent evolution.
This collection of metabolic pathways provides a striking example of
evolution of complex, medicinally important compounds in phyloge-
netically distant plants.

Results

Metabolite profiling of C. ipecacuanha and A. salviifolium

We isolated C. ipecacuanha and A. salviifolium tissues for RNA
sequencing and for metabolomic profiling. Protoemetine (8) (1S
stereoisomer)-derived alkaloids were found in C. ipecacuanha rhi-
zomes (cephaeline and emetine) and in A. salviifoliumroot (cephaeline)
(Fig. 2a). The 1R-derived products were also found in C. ipecacuanha
rhizomes (ipecoside, 11) and A. salviifolium root (6-O-Me-DAIA, 6b)
(Fig. 2a,d). Tissue-specific metabolite profiling (Fig. 2e,f and Supple-
mentary Figs.1and 2; comparisons to standards in Supplementary
Figs.3-7) revealed that C. ipecacuanha accumulates similar amounts
ofipecacalkaloids inboth youngleaves and rhizomes (Fig. 2f). In con-
trast, A. salviifolium pathway intermediates up to protoemetine 8 are
detected in high levels in leaf buds but cephaeline only accumulates
inroots and barks of older stems (Fig. 2e). We used these metabolite
profiles to guide the search for protoemetine gene candidates in the
corresponding RNA-seq datasets.

A Pictet-Spengler reaction in ipecac alkaloid biosynthesis

In the metabolite profiling experiments described above, we also
noted that secologanin (1) is only observed in C. ipecacuanha while
secologanic acid (2) is observed only in A. salviifolium (Fig. 2b,c).
This suggests that C. ipecacuanha uses secologanin in ipecac alka-
loid biosynthesis while A. salviifolium uses the corresponding acid.
Consistent with this, DAIl 4a and DAI 4b are detected in C. ipecacu-
anhabut not A. salviifolium (Fig. 2d). Unexpectedly, we noticed that
when we infiltrated the starting substrates (secologanin or secolo-
ganic acid together with dopamine) into Nicotiana benthamiana
leaves, the corresponding Pictet-Spengler products DA(I)I or DAI(I)
A (both1S and 1R stereoisomers) were formed within 24 h (Fig. 2g,h).
Moreover, when Catharanthus roseus flower petals, which contain
endogenous secologaninlbutdonot produceipecacalkaloids, were
infiltrated with dopamine, accumulation of DAl 4b (1R) and DAIl 4a
(1S) was also observed after 24 h (Fig. 2i), clearly demonstrating that
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Fig. 2| Metabolite profiling and evidence for anonenzymatic Pictet-Spengler
reactioninC. ipecacuanhaandA. salviifolium. a-d, LC-MS analysis of

C. ipecacuanharhizome extracts (blue) and A. salviifolium root extracts
(magenta). a, Base peak chromatograms (BPC) of extracts at 2 mg FW ml ™
(Supplementary Fig. 3). b-d, EICs of extracts at 10 mg FW mI™. b, The EIC of
secologanin ([M - glucose + H]* =227.09 m/z) indicates that it is only found in
C.ipeacuanha.c, The EIC of secologanicacid ([M - glucose + H]" = 213.08 m/2)
indicates that itaccumulates only in A. salviifolium (Supplementary Fig. 4).

d, DAI/I (4a/4b) and O-Me-DAI/IA have identical m/z[M + H]" = 524.21 but

are distinguished by different retention times and MS?fragmentation
(Supplementary Fig. 5). DAI/I (4a/4b) is exclusively found in C. ipecacuanha and
notinA. salviifolium, where 6-O-Me-DAIA and 7-O-Me-DAIA (1R) (6b and 12b)
accumulate in large amounts. A putative intermediate en route to protoemetine
biosynthesis, 6-O-Me-DAIIA 6a (15), is found in both species (Supplementary

Peak area (x10°)

Fig.5). Assignment of 4a as 1S and 4b as 1R was confirmed by NMR spectroscopy
(Supplementary Figs. 24 and 25 and Supplementary Tables 2 and 3). Stnd,
standard. e,f, Tissue-specific relative distribution of selected ipecac alkaloids in
C. ipecacuanha (e) and A. salviifolium (f). Heat maps depict zscores of average
peak areas of three biological replicates for each metabolite (Supplementary
Figs.1and2).g-i, LC-MS peak areas are shown as bars of the mean of three
biological replicates; error bars denote the s.e.m. and dots are single data points.
g h, Reaction products DAI/I or DAI/IA from coupling reaction of dopamine

with secologanin (g) or secologanic acid (h) are observed after within 24 h after
infiltration into N. benthamianaleaves. i, Infiltration of dopamine to flower
petals of the natural secologanin producer C. roseus also leads to the appearance
of DAl/Iwithin 24 h.j, Ratio of S-epimers to R-epimers upon reaction in vitro or
inplanta. LC-MS peak areas of epimers are shown as bars of the mean as relative
parts of their sum; error bars denote the s.e.m.

this nonenzymatic reaction can take place in planta. We were unable
to detect enzymatic activity in C. ipecacuanha or A. salviifolium that
impacted the rate or stereoselectivity of this nonenzymatic reaction
(Supplementary Fig. 8). Dopamine is a highly activated substrate for
the Pictet-Spengler reaction, reacting rapidly inanonstereoselective
manner under mild acidic conditions®. In contrast, we showed that
Pictet-Spengler reactions with tryptamine, eitherin N. benthamiana
leaves or in C. roseus flower petals, resulted in much lower levels of
nonenzymatically formed coupled product, suggesting that dopamine
ischemically activated compared to tryptamine (Extended Data Fig.1).
Although enzymes that catalyze the Pictet-Spengler reaction with
dopamine are known, these enzymes are stereoselective®®. Because
C. ipecacuanha and A. salviifolium produce products derived from

both stereoisomers and because we demonstrated that this reaction
can occur in two different plants lacking a dedicated enzyme, we
hypothesize that this Pictet-Spengler coupling may occur nonenzy-
matically and nonstereoselectively in these plants.

Ipecacalkaloid biosynthetic gene candidates

After the Pictet-Spengler reaction, protoemetine is generated from
DAII (4a) or DAIIA (5a) (1S-epimers) by O-methylation, deglycosylation,
reduction and, in the case of C. ipecacuanha, deesterification (Fig. 1).
The 1R-epimers (DAIIA 5a or DAIA 5b) are either acetylated to form
ipecoside (11) in C. ipecacuanha or O-methylated to form 6-O-Me-DAIA
6band 7-0-Me-DAIA12bin A. salviifolium. We searched for genes in our
generated transcriptomes that encode enzymes that could catalyze
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thesereactions. First, weidentified the previously published C. ipecacu-
anha OMT genes (renamed CiDOMT1, CiDOMT2 and CiDPOMT) and
glucosidase (CiDGD)****. Expression levels of the three OMT genesin
our C. ipecacuanha transcriptome were highest in young leaves and
rhizome (Extended DataFig. 2a), consistent with the metabolite profile
ofipecacalkaloid accumulation (Fig. 2f). Using the previously discov-
ered CiDOMTI gene as bait for coexpression analysis, we identified two
reductase and three esterase transcripts. Surprisingly, the previously
reported glucosidase gene, CiDGD, was not coexpressed with the CiOMT
genes (-0.49 Pearson correlation with CiDOMTI); however, among
the highly coexpressed contigs, a new glucosidase, named CiS6DGD
(71.4% amino acid identity to CiDGD), was found. A gene annotated
as an acetyl transferase was also identified. Additionally, we noticed
that orthologs of known precursor-generating enzymes secologanin
synthase (SLS; which catalyzes the final step of secologanin biosyn-
thesis) and tyrosine decarboxylase (TyrDC; predicted to be involvedin
dopamine biosynthesis) were also tightly coexpressed with CiDOMT1.

No pathway genes from A. salviifolium have been reported and
the A. salviifolium transcriptome did not contain orthologs of the
previously published CiOMT genes. Therefore, we mined the A. salvii-
foliumtranscriptome for orthologs of putative precursor genes TyrDC
and SLAS (secologanic acid synthase), which catalyzes the last step of
secologanic acid biosynthesis”. The expression profile of these two
identified orthologs was highest in leaf buds and roots (Extended
DataFig.2b), consistent with metabolite data (Fig. 2e). Using TyrDC as
bait for coexpression analysis, we identified coexpressed genes that
had functional annotations consistent with OMT, dehydrogenase and
glycosyl hydrolase activity. Because metabolite data indicated that
A. salviifolium uses secologanic acid to formtheinitial Pictet-Spengler
product DAIIA, we predicted that an esterase would not be required for
protoemetine biosynthesis in this plant.

Comparative discovery of protoemetine biosynthesis

Transient expression of pathway gene candidates along with infiltration
ofthe starting substrate in N. benthamiana enabled us to successfully
deconvolute the complete protoemetine (8) biosynthetic pathway
fromboth C. ipecacuanha and A. salviifolium (Fig. 3 and Extended Data
Figs.3-6). Combinatorial expression of theidentified gene candidates
was followed by assay of individual genes. On the basis of previous pro-
posalsand the chemical logic established for other secologanin-derived
natural products such as corynantheal (Cinchona pubescens)***>3,
we initially hypothesized that, in C. ipecacuanha, DAIIl (4a) would be
deglycosylated, reduced and deesterified, which wouldin turnlead to
spontaneous decarboxylationto form protoemetine. However, because
we observed DAIIA (5a) and 6-O-Me-DAIIA (6a) in C. ipecacuanha (Fig. 2f
and Supplementary Fig. 2), we speculated that deglycosylation may
happen after deesterification. Indeed, the identified esterase (CiDE)
deesterifies the glucosylated intermediate DAII (4a) to yield DAIIA
(5a) (Fig. 3 and Extended Data Fig. 4). In A. salviifolium, the pathway
directly starts with deesterified DAIIA, derived from the Pictet-Spen-
gler condensation of secologanic acid (2) with dopamine. Thus, both
C. ipecacuanha and A. salviifolium use DAIIA (5a) as a protoemetine
(8) intermediate.

DAIIA (5a) is then 6-O-methylated by CiDOMT1 (previously iden-
tified by Nomura) or by AsDOMT1 and AsDOMT2 (Fig. 3). Although
an authentic standard is not available, the resulting product has an
m/z value and tandem mass spectroemetry (MS?) consistent with
6-0-Me-DAIIA (6b) and this product was also detected in extracts of
both species (Fig. 2d and Supplementary Fig. 5). We observed that CiS-
6DGD/AsS6DGD deglycosylated 6-O-Me-DAIIA, whereas the pathway
could notbereconstituted withthe previously reported C. ipecacuanha
glucosidase, CiDGD (Fig. 3 and Supplementary Fig. 9). The aglycone
generated by CiS6DGD/AsS6DGD is subjected to atwo-step reduction,
catalyzed inboth species by amedium-chain reductase, CiDR1or AsDR1
(Fig. 3 and Supplementary Fig. 10). Spontaneous decarboxylation

is then triggered, yielding 10-O-demethylprotoemetine, which is
further methylated by CiDPOMT or AsDPOMTI1 and AsDPOMT2.
Notably, we could only detect trace amounts of the aldehydes
10-O-demethylprotoemetine and protoemetine in N. benthamiana
(Extended Data Figs.4 and 6); instead, we detected the reduced forms
10-0-demethylprotoemetinol (identified by m/z MS* fragmentation;
Supplementary Fig. 11) and protoemetinol (confirmed by comparison
withanauthenticstandard), whichis expected because of endogenous
N. benthamiana aldehyde reductases®*°. Paralogs of DR (CiDR2 and
AsDR2) were also active but resulted in the formation of lower amounts
of protoemetinol (Supplementary Fig. 12). Although CiDOMT2 can
methylate the 7-hydoxy group of DAL, it did so with low efficiency
(Extended DataFig.4).

Discovery of species-specific R-epimer pathways
Our metabolite profiling suggested that the R-epimer DAI (4b) is
acetylated to form ipecoside (11) in C. ipecacuanha, while DAIA (5b)
is methylated on the 6-hydroxy group (and, to a lesser extent, on the
7-hydroxy group) in A. salviifoliumto form 6-O-Me-DAIA or 7-O-Me-DAIA
(6band12b) (Fig.2d,e and Supplementary Fig. 2b). A gene annotated
asaBAHD-type acetyltransferase inthe C. ipecacuanhatranscriptome
that was highly coexpressed with CiDOMTI (Extended Data Fig. 2a)
led to formation of ipecoside (as evidenced by comparison with an
authentic standard) when expressed in N. benthamiana along with DAI
(4b) (Fig. 4a—c). Thisgene was, thus, named ipecoside synthase (CilpS).
In the A. salviifolium transcriptome, seven closely related class
1 OMT genes that showed promising expression profiles were tested
(Extended DataFig.2b). AsDOMT1and AsDOMT2 methylate DAIIA (5a)
onthe 6-hydroxy group on route to protoemetine as described above
but also catalyze 6-O-methylation and 7-O-methylation of the R-epimer
DAIA (5b) (Fig. 4d-f). Anauthentic standard of 7-O-Me-DAIA was gener-
ated through anin vitro Pictet-Spengler reaction of secologanic acid
with 4-O-Me-dopamine; the identity of 6-O-Me-DAIA was established
through comparison with this authentic standard and also appears to
beidentical to a highly accumulating compound in A. salviifolium (Sup-
plementary Fig. 5). AsDOMT3-7 are selective for the R-epimer, DAIA
(5b), but produce different O-methylated product profiles (Fig. 4f).
A sequence alignment of these seven OMT enzymes revealed a high
level of overall sequence identity (83.7%) (Supplementary Fig. 15)
but only 55% identity at the N terminus (Fig. 4g), a region known to
confer substrate and product specificity®. Indeed, the similarities in
substrate and product profiles correlated with the level of identity at
the N terminus (Fig. 4f,g). Surprisingly, when all ASDOMT genes were
expressed together in N. benthamiana, their product profile differed
fromthe sum profile expected from the expression of single genes; spe-
cifically, much higher levels of 6-0-Me-DAIA compared to 7-O-Me-DAIA
were observed, a profile similar to that detected in the native plants
(Fig.4e).Itis possible that, upon expressionin combination, enzymatic
activitiesinfluence each other, leading to changed product profiles as
previously described*.

Avacuolar exporter enhances protoemetine biosynthesis

Inreconstitution experiments, the majority of infiltrated DAII (4a) start-
ing substrate was not converted into downstream products (Extended
Data Fig. 4). In the related monoterpene indole alkaloid pathway, the
Pictet-Spengler product produced from secologaninand tryptamine
is produced enzymatically by a vacuolar enzyme and then exported
into the cytosol by a transporter (CrNPF2.9)*. We hypothesized that
exogenously supplied DAI/l 4b/4a may be imported into the vacuole
by N. benthamianatransporters***, rendering these starting materials
inaccessible to the downstream cytosolic pathway enzymes. To test
whether CrNPF2.9 could export the protoemetine precursor DAIl (4a),
we expressed CrNPF2.9with C. ipecacuanha protoemetine biosynthetic
genesinN. benthamiana.We observed analmost12-foldrelativeincrease
in protoemetinol levels, suggesting that this vacuolar exporter could
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Fig.3 | Discovery of C. ipecacuanhaand A. salviifolium protoemetine
biosynthetic genes. a, The complete pathway leading to protoemetine (8).
Molecules in parentheses are hypothesized unstable intermediates that were
not detected by LC-MS. Aldehydes 7 and 8 were only detected in traces by
LC-MS; instead, the corresponding alcohols 9 and 10 were detected. Peak
identities were confirmed by comparing to standards (full MS characterization
in Supplementary Figs. 5and 7; NMR characterization of protoemetine
standard in Supplementary Fig. 26), except 10-O-demethylprotoemetinol,
which was identified on the basis of MS? fragmentation (Supplementary Fig.
11). Spont., spontaenous. b, LC-MS peak areas of products in N. benthamiana
upon expression of indicated C. ipecacuanha pathway genes and infiltration
of asynthetically generated mixture of DAII (4a) and DAI (4b). Data are the

mean +s.e.m. of n =3 biological replicates; dots are single data points. ¢, LC-
MS peak areas of products in N. benthamiana upon expression of indicated

A. salviifolium pathway genes and infiltration of synthetically generated
mixture of DAIIA (5a) and DAIA (5b). Dataare the mean +s.e.m.ofn=3
biological replicates; dots are single data points. d, The EIC for protoemetinol
upon expression of indicated C. ipecacuanha pathway genes (blue) or

A. salviifolium pathway genes (magenta) and authentic standard (black). e, MS?
fragmentation for the corresponding peaks shown ind, confirming the peak

as protoemetinol. Synthesis of the protoemetinol standard is described in the
Supplementary Methods. Results of additional gene combinations are shown in
Extended Data Figs. 4 and 6.
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DAI (4b) and DAII (4a) (blue, top), native C. ipecacuanha extract (gray, middle)
and authentic standard (black, bottom). ¢, LC-MS peak areas of N. benthamiana
upon expression of CilpS and infiltration of DAI (4b) compared to empty vector
(EV) control. Bars show the means of three biological replicates; error bars
arethe s.e.m.and dots are single data points. d, In A. salviifolium DAIA (5b) is
O-methylated at the 6 or 7 position leading to 6-O-Me-DAIA (6b) or 7-O-Me-
DAIA (12b) by the closely related enzymes AsSDOMT1-AsDOMT7. e, EICs from
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N. benthamaiana expressing ASDOMT1-AsDOMT7 and infiltrated with a synthetic
mixture of DAIA (5b) and DAIIA (5a) (magenta, top), native A. salviifolium extract
(gray) and a mixture of synthetic 7-O-Me-DAI/IA12a and 12b standards (black,
bottom).f, Peak areas of products obtained from N. benthamiana transformed
with EV (control) compared to ASDOMT expression constructs plus infiltration
with a synthetic mixture of DAIA (5b) and DAIIA (5a). Bars show the means of
three biological replicates; error bars are the s.e.m. and dots are single data
points. AsDOMT enzymes exhibit different product specificities. g, Alignment of
the N termini of AsSDOMT1-AsDOMT?7. Product profiles shown in fappear to be
consistent with the level of sequence identity at the N terminus. Full alignment is
shownin Supplementary Fig. 15.

transport DAII (4a) out of the vacuole (Extended Data Figs. 4 and 7a).
No increase was observed when CrNPF2.9 was expressed in combina-
tion with A. salviifolium protoemetine pathway genes (Extended Data
Fig. 6), suggesting that this transporter does not recognize DAIIA (5a).
Expression of CrNPF2.9 with CilpS did not lead to an increase of the
R-stereoisomer ipecoside, suggesting that this transporter is specific
for the S-stereoisomer (Extended Data Fig. 7b). Furthermore, expres-
sion of the protoemetine biosynthetic genes with uncoupled secologa-
ninand dopamine (as opposed to DAll4a) only yielded protoemetinol
when CrNPF2.9 wasincluded (Extended Data Fig. 7c). We hypothesize
thatthe glycosylated secologanin would getimported into the vacuole,
where the mildly acidic conditions would facilitate the nonenzymatic
formation of DAI/I (Extended Data Fig. 7d). Although we tested numer-
ous candidates, the native vacuolar exporters of C. ipecacuanha and
A. salviifolium remain to be discovered.

Nuclear-localized glucosidases deglycosylate R-epimers

Glucosidase CiDGD deglycosylates the 1R-derived stereoisomer ipecoside
(11)* (Fig. 5a,b). In contrast, CiS6DGD, which we showed to be involvedin
protoemetine biosynthesis, did not turn overipecoside (Fig. 5b). Leaf disk
assays of CiDGD and Ci6SDGD with substrates DAI/I (4b/4a), 7-O-Me-DAl/I
(18b/18a), DAI/IA (5b/5a) and 6-O-Me-DAIIA (6a) suggest that CiDGD

has broad substrate specificity, whereas the more selective Ci6SDGD
most efficiently deglycosylates 6-O-Me-DAIIA 6a, which is on pathway
to protoemetine 8 (Extended Data Fig. 8a). Analogously, the A. salvii-
folium glucosidases AsDGD1 and AsDGD2 or AsS6DGD were similarly
assayed with the A. salviifolium substrates DAI/IA 5b/5a, 7-O-Me-DAI/IA
12b/12a, 6-O-Me-DAIIA 6a and 6-O-Me-DAIA 6b. AsDGD1 and AsDGD2
consumed 7-O-Me-DAIA and 6-O-Me-DAIA entirely (Fig. 5d and Extended
DataFig. 8b), while AsS6DGD only consumed the protoemetine pathway
intermediate 6-O-Me-DAIIA (Extended Data Fig. 8b). In vitro competition
assays using recombinant glucosidases were consistent with the conclu-
sion that CS6DGD and AsS6DGD were more selective for the protoem-
etine pathway intermediate, whereas CiDGD and AsDGD2 had broader
substrate specificity (Supplementary Figs.16-18). Thus, both C. ipecacu-
anha and A. salviifolium seem to have a protoemetine pathway-specific
glucosidase along withaglucosidase with broader substrate specificity.
The substrate specificity of CiS6DGD and AsS6DGD requires that DAIIA is
subjected to 6-O-methylation before deglycosylation. In contrast, CiDGD,
AsDGD1and AsDGD2 deglycosylate DAII(A) directly, which prevents for-
mation of protoemetine (Supplementary Fig. 9).

CiDGD, AsDGD1 and AsDGD2 each contain a C-terminal bipar-
tite nuclear localization sequence (NLS) (as predicted with Deep-
Loc2.0)* (Supplementary Table 1). When these genes were fused to
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Fig. 5| Deglycosylation of R-epimer-derived products by nuclear-localized
glucosidases. a, CiDGD deglycosylates ipecoside. b, N. benthamiana leaf disks
expressing CiDGD or CiS6DGD incubated with ipecoside (11) for 24 h. Ipecoside is
consumed when CiDGD is expressed but not with CiS6DGD. Results of incubation
with additional substrates are shown in Extended Data Fig. 8a. Bars show the
mean peak areas normalized to peak areas in the EV control of three biological
replicates; error bars are the s.e.m. and dots are single data points. ¢, AsDGD1 and
AsDGD2 deglycosylate O-methylated DAIA R-epimers. d, Incubation of 6-O-Me-
DAIA (6b, light gray, produced in vitro by recombinant AsDOMT3; Methods) or
7-O-Me-DAIA (12b) (in mix with 7-O-Me-DAIIA, 12a) in N. benthamiana leaf disks
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Overlay

CiDGD-eYFP
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NLS-mCherry
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expressing ASDGD1, AsDGD2 or As6SDGD. AsDGD1 and AsDGD2 deglycosylate
these substrates but AsS6DGD does not. Bars show the mean peak areas
normalized to peak areas in the EV control of three biological replicates; error
bars are the s.e.m. and dots are single data points. Results of incubation with
additional DAIA derivatives are shown in Extended Data Fig. 8b. e, Confocal

laser scanning microscopy of N. benthamiana leaves coexpressing C-terminal
eYFP fusions of CiDGD, AsDGD1 or AsDGD2 along with mCherry fused to NLS.
The dataclearly show nuclear localization of these enzymes. Scale bars, 50 pm.
Subcellular localization data from two additional biological replicates are shown
in Supplementary Fig. 20.

eYFP, each colocalized withan mCherry-NLS marker when expressed
in N. benthamiana leaves" (Fig. 5e and Supplementary Figs. 19 and
20). C-terminal tagged AsDGD1 and AsDGD2 showed localization
across the entire nucleus, whereas the N-terminal tagged fusions
were localized to a smaller compartment within the nucleus, which
could be aggregates, as previously proposed for the glucosidase
involved in monoterpene indole alkaloid biosynthesis** (Supplemen-
tary Figs. 19 and 20). Taken together, these results indicate that both
species derivatize R-epimers in a species-dependent manner and
contain highly active nuclear-localized glucosidases with relatively
broad substrate specificity. The specificity of CiS6DGD and AsSS6DGD
ensures that 6-O-Me-DAIIA rather than DAI/I(A) is deglycosylated by
these dedicated protoemetine pathway-specific glucosidases. The
protoemetine-specific glucosidase CiS6DGD, which is highly similar
to CiDGD, also showed nuclear localization (Supplementary Figs. 19
and 20). The protoemetine-specific glucosidase from A. salviifolium
lacked the NLS and was localized to both the nucleus and cytosol (Sup-
plementary Figs. 19 and 20). In comparison, CilpS, CiDE and CiDR1
eachappearedtobelocalized to the cytosol (Supplementary Fig. 21).

Some biosynthetic genes may have evolved independently
Having elucidated ipecac alkaloid biosynthesis in these two distantly
related plants, we performed phylogenetic comparisons of the

identified enzymes (Fig. 6, Extended Data Fig. 9 and Supplementary
Figs. 22 and 23). These analyses clearly suggest that A. salviifolium
(Cornales) and C. ipecacuanha (Gentianales) enzymes evolved indepen-
dently. AsDOMT enzymes belong to the class | Mg?*-dependent caffeoyl
CoA 3-OMT family* (Fig. 6a). AsSDOMT1-AsDOMT7 form a separate
subclade, suggesting that the different substrate and product profiles
observed among these enzymes (Fig. 4) likely arose through tandem
gene duplication and subfunctionalization. All other identified OMT
enzymes in ipecac biosynthesis are class Il Mg** independent. These
proteins formtwo well-separated clades; one clade contains AsSDPOMTs
and the other contains CiDOMTs and CiDPOMT. Parallel, independent
evolutionisinferred if phylogenetic analysis reveals that two enzymes,
despite the same fold and the same enzymatic activity, are found in
separate clades of the tree (that is, each protein clusters more closely
together with orthologs from their respective phylogenetic groups
rather thanwith the other enzyme in question)*®. The positions of the
A. salviifolium and C. ipecacuanha proteins on the phylogenetic tree
suggest independent (parallel) evolution. All three C. ipecacuanha
OMTs are closely related, suggesting that these genes arose through
tandem duplications and subsequent neofunctionalization to catalyze
O-methylation of either DAIIA or 10-O-demethylprotoemetine.

The protoemetine-specific CiS6DGD belongs to the GH-1 fam-
ily of glucosidases (Fig. 6b), whereas AsS6DGD is a member of the
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GH-3 family (Fig. 6b). Thus, CiS6DGD and AsS6DGD, which have dif-
ferent protein folds, represent a case of convergent, independent
evolution**°. CiDGD and CiS6DGD are closely related, suggesting
that these enzymes evolved through tandem gene duplications and
subfunctionalization. The glucosidases that have broad specificity
(CiDGD, AsDGD1 and AsDGD2) belong to the same family of glucosi-
dases (GH-1). However, the phylogenetic analysis, which revealed these
A. salviifolium and C. ipecacuanha proteins to bein separate clades, also
suggests parallel, independent evolution. Lastly, the medium-chain
alcohol dehydrogenases DRs share the same protein fold but, for the
same reasons as above, phylogenetic analysis also suggests that these
enzymes evolved independently through means of parallel evolution
(Extended DataFig.9).

Discussion

Here, we report the discovery of the protoemetine pathway in two
distantly related plants, C. ipecacuanha and A. salviifolium. We show
that C. ipecacuanha uses the monoterpenoid precursor secologanin
(1) while A. salviifolium uses secologanic acid (2). This is consistent
with monoterpenoid indole alkaloid biosynthesis in the Gentianales
and Cornales clades, where tryptamine is condensed with secologanin
or secologanic acid, respectively, to generate strictosidine or stricto-
sidinicacid®*".

Strictosidine (35) is stereoselectively synthesized from secolo-
ganin and tryptamine by a well-characterized vacuolar localized Pic-
tet-Spenglerase enzyme (strictosidine synthase)*®. The 3R isomer of
strictosidine (vincoside) does not appear to be presentin these plants.
In contrast, all ipecac alkaloid producing plants contain products
derived fromboth1Sand 1R stereoisomers of theinitial Pictet-Spengler
product (DAl 4b (1R) and DAIl 4a (1S) in C. ipecacuanha and DAIA 5b
(1R) and DAIIA 5a (15) in A. salviifolium). Therefore, these plants must
generate both 1R and 1S Pictet-Spengler products. Nonenzymatic
Pictet-Spengler reactions using dopamine have been well established
to occur under physiologically relevant conditions; for example, the
presence of phosphate can facilitate efficient coupling of dopamine
with aldehydes®. We observed that nonstereoselective formation of
DAI/I/(A) occurs when (1) dopamine and secologanin or secologanic
acid areincubatedin aqueous buffer at a pH value consistent with the
environment of the vacuole; (2) dopamine and secologanin or secolo-
ganicacidinfiltrateinto N. benthamianaleaves; and (3) dopamine infil-
tratesinto C. roseus flowers. Analogous experiments using tryptamine
instead of dopamine resulted in far lower levels of product, suggesting
that the dopamine substrate is highly activated. The known plant Pic-
tet-Spenglerases, strictosidine synthase and norcoclaurine synthase,
arelocalized in the vacuole®**; however, because these enzymes have
optimal catalytic efficiency at neutral pH, the acidic environment of the
vacuole is not required for the enzymatic reaction®**. However, for a

nonenzymaticreaction, the slightly acidic environment of the vacuole
couldbe crucial, even for the highly activated, electron-rich dopamine
substrate. We further showed that coexpression of the C. roseus vacu-
olarstrictosidine exporter CrNPF2.9 with C. ipecacuanha protoemetine
biosynthetic genes greatly enhanced the levels of the protoemetine
productand facilitated formation of the protoemetine-derived product
from starting substrates secologanin and dopamine (Extended Data
Fig. 7). Lastly, we could not detect the presence of enzymatic Pictet-
Spengler activity in crude C. ipecacuanha and A. salviifolium extracts
(Supplementary Fig. 8). Collectively these observations support the
notion that DAI/I(A) formation occurs nonenzymatically and within the
plantvacuolein these pathways. However, the involvement of enzymes
inthese condensation reactions cannot be definitively ruled out.

Both C. ipecacuanha and A. salviifolium evolved nearly identi-
cal chemistry to generate the ipecac alkaloid protoemetine. Secolo-
ganic acid is an iridoid, a class of natural product that is ancestral to
all Asterids™. Iridoid pathway genes from C. acuminata and C. roseus
belonging to the phylogenetically distant asterid lineages Cornales
and Gentianales, respectively, have been shown to be orthologs with
high levels of sequence identities”*>*’. Thus, the biosynthesis of the
secologanic acid precursor is likely also conserved between A. salvii-
folium (Cornales) and C. ipecacuanha (Gentianales). The addition of a
methyl ester to secologanic acidis achemicalinnovation thatis not pre-
sentinA. salviifolium, consistent with other members of Cornales”".
Analogously, the esterase (CiDE) that eventually removes this methyl
esteris presentonlyin C. ipecacuanha.

After the Pictet-Spengler reaction that condenses secologanin
or secologanic acid with dopamine, CiDOMT (C. ipecacuanha, class
I1OMT) and AsDOMT (A. salviifolium, class | OMT) methylate DAII(A).
CiDOMT and AsDOMT both methylate DAIIA but are phylogenetically
distantand share only partially the same structural fold (Fig. 6a). Thus,
these proteins most likely represent an example of parallel evolu-
tion, using the terminology established by Weng and Noel*°. Parallel
evolution refers to an event in which ancestor enzymes with a shared
structural lineage have independently evolved to have the same bio-
chemical activity. In the next pathway step, CiS6DGD and AsS6DGD,
both proposed to deglucosylate 6ain protoemetine biosynthesis, are
members of different structural classes of glucosidase (GH-1 versus
GH-3) (Fig. 6b). Using the terminology established by Weng and Noel*,
two enzymes with distinct folds catalyzing the same reactions would
be an example of convergent evolution. Then, both C. ipecacuanha
and A. salviifolium use a medium-chain alcohol dehydrogenase to
catalyze reduction of this deglycosylated product. However, their
distant positions on the corresponding phylogenetic tree (Extended
DataFig.9) suggest that these reductases have evolved independently
through parallel evolution. The reduced productis finally methylated
by CiDPOMT (C. ipecacuanha) and AsDPOMT (A. salviifolium), which

Fig. 6 | Some ipecac alkaloid biosynthetic enzymes appear to have arisen
independentlyinC. ipecacuanhaand A. salviifolium. Maximum-likelihood
phylogenetic trees of amino acid sequences of pathway enzymes and
homologs from other Cornales and Gentianales species. AlphaFold3 models
of representative pathway enzymes are shown alongside the different enzyme
classes.a, OMTs. Analyzed sequences cluster with different known classes and
subclades of OMTs. AsDOMTs form part of the clade of caffeoyl CoA 3-OMTs,
which are Mg?*-dependent class | OMTs well known to be involved in lignin
biosynthesis. All other OMTs of this study are class Il Mg?*-independent class
11 OMTs. Both classes share acommon domain with the same fold but class 11
OMTs contain an additional domain. Class Il OMT sequences form two clades:
aclade containing OMTs with high sequence similarity and predicted to have
caffeic acid O-methylation (COMT) activity and a clade containing OMTs

with less sequence similarity and diverse functions (separation of clades has
been previously observed”). AsDPOMTs are found in the COMT clade, while
CiDOMTs and CiDPOMT are part of the diverse clade. A tree containing all
bootstrap values is shown in Supplementary Fig. 22. MIA, monoterpendoid

indole alkaloids. b, Glucosidases. The protoemetine pathway-specific AsS6DGD
isamember of the GH-3 family and, thus, has a different protein fold than the
other glucosidases characterized in this study, which are of the GH-1type. The
GH-1A. salviifolium and C. ipecacuanha GH-1sequences cluster with sequences
from the Cornales or the Gentianales order, respectively; this suggests parallel
evolution. A tree containing all bootstrap values is shown in Supplementary
Fig.23. Enzyme names are shown if available. ATASAMT, Arabidopsis thaliana
N-acetylserotonin OMT; CalOOMT, C. acuminata 10-hydroxycamptothecin
OMT; TiNIOOMT, Tabernanthe iboga noribogaine 10-OMT; Vm160MT,

Vinca minor16-hydroxyvincadifformine 16-OMT; Cr160MT, C. roseus
16-hydroxytabersonine OMT; SnvOMT, Strychnos nux-vomica strychnine
OMT; GsRH110MT, Gelsemium sempervirens rankinidine/humatenine-

11-OMT; CpOMT], C. pubescens quinine OMT; AtBGCL3, A. thaliana
B-glucosidase 3; SBgl3, Solanum torvum furastonol glycoside glucosidase;
AtBGLU21, A. thaliana B-glucosidase 21; AtBGl, A. thaliana B-glucosidase 1;
SGD, strictosidine glucosidase; RsRGD, Rauvolfia serpentina raucaffricine
glucosidase; CeBGlul, Centaurium erythraea 3-glucosidase.
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areboth class Il OMTs. Phylogenetic analysis also suggests that these
CiDPOMT and AsDPOMT evolved through parallel evolution because
these proteins are found in separate clades in the phylogenetic tree
(Fig. 6a). Collectively, phylogenetic analysis suggests that the four
pathway steps from DAII(A) to protoemetine appear to be examples of
either convergent or parallel evolution. Our phylogenetic analyses that
supportamodel ofindependent evolution are consistent with analyses
from other examples of independent evolution in plant specialized
metabolism, such as glucosinolates®, benzoxazinoids*, caffeine®”,
cannabinoids® and cardenolides’ ™.

Although protoemetine biosynthesisindicates the same chemical
outcome, there appear to be striking species-specific evolutionary
strategies by which enzymes were recruited to these two protoemetine
pathways. In C. ipecacuanha, all involved OMTs (CiDOMT1, CiDOMT2
and CiDPOMT) are closely related and likely arose through gene dupli-
cation and subsequent neofunctionalization. This would exemplify
the forward hypothesis’ of evolution, inwhich a pathway evolves from
thefirst biosynthetic enzyme onward through means of tandem gene
duplication and neofunctionalization®®*. Conversely, in A. salviifolium,
enzymes from different OMT classes appear to have been indepen-
dently recruited to ipecac alkaloid biosynthesis (ASDOMT is a class |
OMT; AsDPOMT isaclass [lOMT). This would exemplify the ‘patchwork
hypothesis’ of evolution, inwhich distinct ancestral enzymes areinde-
pendently recruited to a pathway.

Analogously, C. ipecacuanha and A. salviifolium each evolved
glucosidases with broad substrate specificity (DGDs) and glucosi-
dases that appear to be specific to the intermediate on pathway to
protoemetine biosynthesis (S6DGDs). While CiDGD and AsDGD are
GH-1glucosidases, CiS6DGD and AsS6DGD are GH-1and GH-3 glucosi-
dases, respectively. Thus, in C. ipecacuanha, CiDGD and CiS6DGD likely
evolved through tandem gene duplication and subfunctionalization
(forward hypothesis), whereas, in A. salviifolium, AsS6DGD conver-
gently evolved this function upon recruitment from the GH-3 family,
agroup of glucosidases with a different fold not commonly associated
with specialized metabolism®"*' but rather with cell wall biosynthesis
(patchwork hypothesis)®* .

Within Gentianales, the downstream steps of the ipecac alka-
loid pathway appear to have evolved independently from the related
monoterpeneindole alkaloid pathway enzymes. Although some of the
biosynthetic steps of these two pathways have similar chemistry (for
example, the reductase DCS from Cinchona spp.*® and the OMT from
vinblastine biosynthesis®®) the enzymes that catalyze the respective
steps (DRand OMT) do not cluster together with known monoterpene
indole alkaloid biosynthesis enzymes but instead form sister clades
(Fig. 6a and Extended Data Fig. 9).

While both C. ipecacuanha and A. salviifolium convert the
S-epimer to protoemetine, the R-epimers are derivatized in a chem-
ically different and species-dependent manner through a simple
and shorter ‘shunt’ pathway. It is likely that the R-epimers ipecoside
(C. ipecacuanha), 6-O-Me-DAIA and 7-O-Me-DAIA (A. salviifolium)
accumulateinthe vacuole because thisisthetypical storage location
in plants for glycosylated specialized metabolites®. These products
would, therefore, be separated from the nuclear-localized glucosi-
dases (DGDs) that act upon these substrates. Deglycosylation of ipeco-
side and 6/7-0-Me-DAIA leads to a dialdehyde moiety that is highly
reactive*®*®**’, The R-epimer-derived ipecoside, 6-0-Me-DAIA and
7-0-Me-DAIA could bereleased from the vacuole upon tissue damage,
only then cominginto contact with the nuclear-localized glucosidases
togenerate areactive and, therefore, toxic defense molecule, as previ-
ously hypothesized foripecoside®. Despite the species-specific chemi-
cal derivatization (O-methylation versus acetylation) the R-epimers
may serve similar ecological functions as defensive agents. Mecha-
nismsinwhich theenzymeisspatially separated fromits substrates to
avoid the constant accumulation of potentially toxic compounds were
first described for glucosinolates’®”. Instances in which aglucosidase

is located in the nucleus while the substrate is stored in the vacuole
have also been described for monoterpenoid indole alkaloids, sapo-
nins and secoiridoids**”>”*, Specialized metabolites stored in inac-
tive form that are activated upon tissue damage have recently been
referred to as phytoavengins™. Overall, this comparative pathway
elucidation of ipecac alkaloid biosynthesis highlights the diversity in
evolutionary strategies to evolve chemically complex molecules and
provides afoundation for metabolic engineering of these biologically
active molecules.
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Methods

Plant material and sampling

C. ipecacuanhaplantlets were grown in vitro on propagation medium
(1x Murashige and Skoog (MS) medium including vitamins, 3% sucrose,
3 mg L 6-benzylaminopurine, 10 pg L™ 1-naphthaleneacetic acid
and 8 g L™ agar, pH 5.7). Upon arrival, plantlets were transferred to
root induction medium (0.75x MS medium including vitamins, 3%
sucrose, 0.5 mg L™ 1-naphthaleneacetic acid and 8 g L™ agar, pH 5.7).
After approximately 6 weeks, roots formed and theregenerated plants
were transferred to soil. For tissue-specific metabolite profiling and
RNA-seq, plants were harvested 4 months after transfer to soil. A. salvii-
folium plants were received as cuttings from the Botanical Garden
of Ghent University and rooted on rockwool. After 6 weeks, rooted
plants were transferred to soil. For tissue-specific profiling, plants were
harvested 14 months after transfer to soil. Both species were grownin
a temperature-controlled and light-controlled greenhouse with the
following conditions: 12-h light-dark cycle at 28-30 °C and 24-26 °C,
respectively, and 70-80% humidity. For tissue-specific analyses, three
plants from each species were macrodissected as shown in Supple-
mentary Fig. 1. Tissues were immediately flash-frozen and ground in
liquid nitrogen using an IKA A1l basic analytical mill or mortar and
pestle. The frozen finely ground powder was kept at =80 °C until fur-
ther processing.

Metabolite extraction for metabolite profiling

Finely ground material was extracted with 100% methanol supple-
mented with 10 mg L™ caffeine as internal standard. The volume of
methanol was normalized to fresh tissue weight (1:10 mg:pl). Samples
were vortexed for1 minand sonicated for 5 min at room temperature.
After1hofincubationatroomtemperature, samples were centrifuged
for 15 min at 18,000g and supernatants were filtered through Fisher
PTFE syringe filters (0.22 um). Filtered extracts were diluted in 80%
methanol containing 0.1% formic acid and 1:10 and 1:50 dilutions were
analyzed by untargeted ultrahigh-performance liquid chromatogra-
phy-mass spectrometry (UPLC-MS). C. ipecacuanha samples were
analyzed using UPLC-MS method 1 and A. salviifolium samples were
analyzed using UPLC-MS method 2. For comparable traces shown in
Fig. 2, representative samples of each plant were analyzed in parallel
with UPLC-MS method 3.

UPLC-MS/MS methods

Method 1 was used for C. ipecacuanha tissue-specific metabolite
profiling. An Elute LC system (Bruker Daltonics) was coupled to an
Impact Il high-resolution quadrupole time-of-flight MS instrument
(Bruker Daltonics). An Acquity UPLC BEH C18 (2.1 x 50 mm, 1.7 um;
130 A) column (Waters) was set at 40 °C and 0.6 ml min™ flow rate and
2 pl of samples were injected. The mobile phase was A:B where A was
water with 0.1% formic acid and B acetonitrile with 0.1% formic acid.
The gradient was as follows: 5% B at 1 min to 8% B at 3 min, to 13% B at
5Sminandto30%at 8 min. Then the column was flushed at100% B until
9.8 minandre-equilibrated to 5% B until 12 min. Method 2 was used for
A. salviifolium tissue-specific profiling and was identical to method 1
with the exception of the column temperature, whichwas set to 35 °C.
Method 3, used for all other experiments, was identical to method 2
but used an UltiMate 3000 UPLC system (Thermo Fisher Scientific).
For all methods, ionization was performed using pneumatic-assisted
electrosprayionization (ESI") with 4,500 V (methods1and2) or 3,500 V
(method 3) of capillary voltage, a 500-V end-plate offset and a nebulizer
pressure of 2.5 bar, with nitrogen at 250 °C and a flow of 11 L minas the
drying gas. Acquisition was performed at 12 Hz following amass range
from80t01,000 m/zwith data-dependent MS/MS, an active exclusion
window of 0.2 min and a reconsideration threshold of 1.8-fold. Frag-
mentation was triggered on an absolute threshold of 400 and limited
to a total cycle time range of 0.5 s. For collision energy, the stepping
option model (from 20 to 50 eV) was used. At the start of each run,

the m/z values were recalibrated using the expected cluster ion m/z
values of a direct source infusion of sodium formate-isopropanol
solution. To prevent the contamination of the MS by injection peaks
and salt, the first minute of each run was runisocratically at 5% B and
redirected to waste.

MS data analysis

Datawas converted to mzml or mzxmlformatand imported to MZmine
(versions 3.6.0 and 4.1.0)°. Extracted ion chromatogram (EIC) traces
and MS? data of compounds of interest were exported from MZmine.
Peak areas were calculated using the MZmine processing wizard and
exported. Peak areas of compounds of interest were normalized to
the internal standard caffeine and converted to intensity per second.
Further data analysis and construction of graphs were performed in
GraphPad Prism version 10.2.3 and 10.3.0 for Mac OS X. For tentative
identification of molecular structures and analysis of MS? fragmenta-
tion pattern, SIRIUS version 4 was used”””’. Chemical structures were
drawnin ChemDraw Professional 20.1.0.112.

Nonenzymatic Pictet-Spengler reaction

For coupling in N. benthamiana, a solution of 1 mM dopamine hydro-
chloride 3 or 1 mM tryptamine hydrochloride and 1 mM secologa-
nin1or secologanic acid 2, respectively, was infiltrated into leaves
of 4-week-old plants (grown as described below). A leaf sample was
takenimmediately after infiltration for a control and snap-frozen. For
couplingin C. roseus, petals of freshly opened flowers of 4-month-old
plants (grown in a controlled growth chamber at 16 and 8 h of light
and dark, 23 °C, 40-50% humidity) were infiltrated with 1 mM dopa-
mine hydrochloride 3 or 1 mM tryptamine-ds hydrochloride solution.
Samples were harvested after 24 h. Control samples were taken after
24 h from flower petals infiltrated with water. Metabolite extraction
and analysis were performed as described below for N. benthamiana.

Enzyme activity tests on native plant protein extracts

Protein extraction and activity assays were performed on the basis
of previously described methods'®*. Young leaves of A. salviifolium
or C. ipecacuanha were freshly harvested, snap-frozen, ground in
liquid nitrogen with a mortar and pestle and immediately extracted
in 2 ml of ice-cold protein extraction buffer (100 mM Tricine-HCI pH
7.5,10 mM B-mercaptoethanol and 3 mM EDTA) per 1g fresh weight
(FW). Extraction took place by gentle shaking at 4 °C for 30 min.
Extracts were then centrifuged at 18,000g and 4 °C for 15 min and
the supernatants were desalted into 100 mM Tricine-HCI pH 7.5 using
Zeba spin desalting columns with a 7-kDa molecular weight cutoff
(Thermo Scientific) according to the manufacturer’s instructions.
Desalted extracts were thenimmediately used inactivity assays. A part
of each protein extract was heated for 10 min at 98 °Cand centrifuged
at 18,000g for 25 min; the supernatant served as the boiled enzyme
control. Activity assays were performed in triplicates from the same
desalted protein extracts. Assays (200 pl of total volume per replicate)
contained 1 mM &-gluconolactone, 1 mM dopamine hydrochloride
3,1mM secologanin1(C. ipecacuanha assay) or secologanic acid 2
(A. salviifolium assay) and desalted protein extracts or boiled extracts
as negative controls. Assays to detect OMT activity in A. salviifolium
contained 1 mM &-gluconolactone, 1 mM mix of DAIIA 5a and DAIA
5b (corresponding to ~500 uM per epimer), 1 mM MgCl, and 1 mM S-
(5’-adenosyl)-L-methionine (SAM) chloride dihydrochloride. Assays
to detect esterase activity in C. ipecacuanha extracts contained 1 mM
6-gluconolactone and 1 mM mix of DAIIl 4a and DAI 4b mix (corre-
sponding to ~500 pM per epimer). Assays were pipetted on ice and
thenincubated with gentle shaking at 30 °C. Atindicated time points,
aliquots (10 pl) were removed and immediately flash-frozen in liquid
nitrogen (time point zero was taken immediately upon pipetting and
before transfer to the incubator). For metabolite analysis, 90 pl of
60% methanol containing 0.1% formic acid and 1 mg L™ caffeine as the
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internal standard was added to each aliquot and precipitants were
pelleted by centrifugation at 18,000g at room temperature for 30 min.
Supernatants were analyzed with UPLC-MS method 3.

RNA extraction and RNA-seq

Total RNA was extracted using the RNeasy Plant MiniKit (Qiagen) from
replicate 1 of the same tissue material that was used for metabolite
profiling according to the manufacturer’s instructions, including
on-column DNAse digest. RNA concentrations and purity were deter-
mined with a Nanophotometer N60 (Implen). Samples of sufficient
concentration and purity were shipped to Novogene where mRNA
library preparation and sequencing were performed according to
the company’s standard protocol for mRNA-seq. RNA integrity and
quantitation were assessed using the RNA Nano 6000 assay kit of the
Bioanalyzer 2100 system (Agilent Technologies). All samples were
above the required minimum RNA integrity number. Sequencing was
performed on an lllumina NovaSeq 6000 PE150 platform with a data
output target of 9 GB of raw data. Adaptor cleaved raw data were pro-
vided as FASTQfiles.

Transcriptome analysis and candidate selection

All data processing was performed in-house. Reads were quality-
checked with FastQC and trimmed using Trimmomatic®. Transcrip-
tomes were assembled by rnaSPAdes using the trimmed reads of all
tissues combined as an input® with default settings, except k-mer
size was adjusted to 55, 77 and 99 to discriminate isoforms with high
sequence identity. The resulting assemblies were assessed with Busco
for the Eudicots lineage and were 95.6% complete for C. ipecacuanha
and 97.2% complete for A. salviifolium®’. FastQC (Galaxy version 0.73),
Trimmomatic (Galaxy version 0.38.1) and rnaSPAdes (Galaxy ver-
sion 3.15.4) were all run on an in-house Galaxy server®. Functional
annotation of transcripts was performed on OmicsBox (Biobam)
using the SwissProt 2021 database (basic local alignment search tool
(BLAST) parameters: Evalue, 1.0 x 107%; number of hits, 10; word size,
6; low-complexity filter, on; number of threads, 40; high-scoring pair
length cutoff, 33) and eggNOG-mapper®**, Reads were mapped to
transcriptomes using CLC Genomics workbench 21.0.4 (Qiagen) with
the following parameters: mismatch cost, 2; insertion cost, 3; dele-
tion cost, 3; length fraction, 0.8; similarity fraction 0.85; autodetect
paired distances, on; maximum number of hits for aread, 10. Counts
per million (CPM) normalized by the trimmed mean of M values were
used for downstream analyses.

To identify known C. ipecacuanha pathway genes, the published
sequences (National Center for Biotechnology Information (NCBI)
AB455576, AB527082, AB527083, AB527084 and AB576187) were
BLASTed (BLASTn) against our transcriptome®*>*. The level of pair-
wise sequence identity at the nucleotide level between the published
sequences and the amplified sequences was 96.8% for CiDGD (previ-
ously called IpeGlul), 97.2% for CiDOMTI (previously called IpeOMTI),
98.7% for CiDOMT2 (previously IpeOMT2) and 98.5% for CiDPOMT
(previously IpeOMT3). The closest homologous sequence to another
published OMT** was also CiDOMT2 (98.8% pairwise identity). These
observed small differences in sequence identity between published
and newly cloned sequences can be attributed to single-nucleotide
polymorphisms of different plant sources. The expression profile
of CiDOMTI was used as bait for Pearson correlation (Extended Data
Fig.2).

To identify candidates for the missing esterase and reductase,
C. pubescens CpDCE (MW456556.1) and CpDCS (MW456554.1)°% were
BLASTed (tBLASTn) against the transcriptome, which resulted in 9
contigs with 38-44% identity and 15 contigs with 55.4-62% identity,
respectively. The BLAST hits were then filtered for high correlation
with the CiDOMT1 tissue-specific expression profile (Pearson cor-
relation > 0.85) and high absolute expression level in young leaf and
rhizome (>50 CPM). Further mining the list of coexpressed and highly

expressed contigs for relevant functional annotations revealed Ci6S-
DGD and CilpS. For A. salviifolium, no pathway genes were previously
published and BLASTing CiDOMTs against the transcriptome did not
yield any orthologs with high identity. We, therefore, identified a TyrDC
ortholog whose expression pattern matched the tissue-specific metab-
olite profiling and used it as bait for coexpression analysis. Among the
highly coexpressed candidates (Pearson correlation > 0.75, CPMin leaf
buds and/or roots > 50), we selected those with functional annota-
tions consistent with OMTs, dehydrogenases and glycosyl hydrolases
for screening. After positive screening results for ASDOMTs, three
additional highly homologous sequences with higher root-specific
expression (ASDOMT2, AsDOMT6 and AsDOMT7) were included in
pathway reconstitution experiments.

Gene cloning
Complementary DNA (cDNA) was prepared from total RNA of A. salvii-
folium leaf buds and roots and C. ipecacuanha young leaves and rhi-
zome (extracted as described above) using the RevertAid first-strand
cDNA synthesis kit (Thermo Scientific) according to manufacturer’s
instructions. ASDOMT5 and AsDPOMT2 could not be amplified and
were, therefore, obtained as synthetic sequences from Twist Bio-
sciences. Coding sequences were amplified with the Q5 high-fidelity
2x master mix (New England Biolabs) using cDNA or synthetic genes
as templates and gene-specific primers containing overhangs for
In-Phusion cloning (Supplementary Table 5). Amplified sequences were
gel-purified using the Zymoclean gel DNA recovery kit (Zymo Research)
and cloned using the 5x In-Fusion snap assembly master mix (TaKaRa
Bio). For expressionin N. benthamiana, coding regions were inserted
intoamodified 3Q1vector (containing UBQIO promoter and termina-
tor from Solanum lycopersicum®®) previously digested with Bsal-HF
v2 (New England Biolabs). For expression in Escherichia coli, coding
sequences were cloned into pOPINF® previously digested with Kpnl-HF
and HindIlI-HF (New England Biolabs). Heat-shock-competent E. coli
TOP10 cells were transformed and grown overnightina 37 °Cincuba-
tor on Luria-Bertaniagar plates containing the respective antibiotics.
Plasmids were isolated from overnight cultures of single colonies using
the Wizard Plus SV Miniprep DNA purification system kit (Promega).
Inserted sequences were confirmed by Sanger sequencing.
Sequences for subcellular localization were amplified and purified
as described above but using the previously cloned 3Q1 constructs
as PCR templates (described above) and gene-specific primers with
overhangs compatible with Golden Gate cloning for N-terminal or
C-terminal eYFP or mCerulean3 fusion proteins (Supplementary
Table 5). Constructs (level 1) were assembled using Bsal (New England
Biolabs), T4 DNA ligase (New England Biolabs), the pDGB3_al vector®®,
pUPD_pSIUbq10 and pUPD _TeSIUbq10%*° and the gel-purified PCR
products. As6SDGD and CilpS contained a Bsal restriction site that was
removed by introducing asilent mutationinanoverlapping PCR before
assembly. Assembly consisted of 50 cycles of 5 min at 37 °C followed by
Sminat16 °Candwas stopped by incubation at 65 °C for 10 min. Addi-
tionally, CrNPF2.9 was cloned through the same Golden Gate cloning
procedure described above into pDGB3_al (without eYFP tag), whereas
thesilencing repressor gene p19 was obtained as pUPD_p19 (Addgene,
GB0038) and then cloned as above into pDGB3_al.

Transient expressioninN. benthamiana

Inall cases, the Agrobacterium tumefaciens GV3101 strainwas used and
culturedat28 °Cin YEB medium containing rifampicinand gentamycin
and the appropriate antibiotic for plasmid selection. N. benthamiana
plants used for infiltration were 3-4 weeks old (growninagreenhouse
with16 and 8 hof light and dark at 23-26 °Cand 16-22 °C, respectively,
and 40-70% humidity). Cells were transformed through electropora-
tion, recovered in YEB without antibiotics and incubated for 2 days
on YEB plates containing antibiotics. Single colonies were confirmed
by colony PCR and grown in liquid YEB for 24 h. From these cultures,
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glycerol stocks were prepared and stored at —80 °C. For agroinfiltra-
tion, cells were grown on YEB plates similar to a previously described
method with modifications®. Cells from glycerol stocks were spread
on YEB plates containing antibiotics and 100 uM acetosyringone and
grown for 24 h until a visible layer of bacteria appeared. The bacteria
were transferred to1-2 ml of infiltration medium (10 mM MES, 10 mM
MgCl, and 100 pM acetosyringone, pH 5.7) and gently resuspended.
The optical density at 600 nm (OD,,) was measured in 1:10 dilutions
using an Implen OD600 DiluPhotometer.

For all pathway reconstitution experiments, strains were mixed
and diluted in infiltration buffer to OD,, = 0.1 per strain. A strain har-
boringa construct with the p19 gene was coinfiltrated in all cases. The
culture mixtures wereinfiltrated into N. benthamianaleaves and plants
were kept for16 hinthe dark and subsequently grown under grow light
(16 and 8 h of light and dark). Replicates were from three individual
plants. Indicated substrates were infiltrated as 500 uM aqueous solu-
tions of epimeric mixtures (described below) 3 days after infiltra-
tion. Leaf material was harvested 24 h after substrate infiltration by
flash-freezing in tubes containing metal beads. In the case of infiltration
ofuncoupled secologanin and dopamine substrates, leaf material was
harvested 48 h after substrate infiltration to allow time for coupling.

For analysis of N. benthamiana leaves by confocal laser scanning
microscopy, A. tumefaciens culturing and infiltration was performed as
abovebutat ODy,, = 0.1-0.3 per strain. To confirm subcellular localiza-
tion, each strain harboring an eYFP or mCerulean3 fusion construct was
coinfiltrated with a strain harboring a construct with free mCherry or
NLS-mCherry as fluorescent markers for cytosol or nuclear localiza-
tion, respectively”, along with astrain for expression of p19. Leaf tissue
was analyzed 2-3 days after infiltration.

Leaf disk assays

Totest glucosidase activity toward different substrates, aleaf disk assay
was used as previously described with modifications® %, Growth and
infiltration of A. tumefaciens were performed as described above and
replicates were from three individual plants. Then, 3 days after agroin-
filtration, 1-cm leaf disks were cut using a leaf puncher and incubated
with200 plof substrate solutionin 50 mM HEPES buffer pH7.5in 48-well
plates. Substrate solutions were prepared as master mixes so that con-
centrations were identicalin each well. Substrate concentrations were
400 pMtotal, corresponding to 200 uM per epimer for chemically pro-
duced epimeric substrate mixtures DA(I)I, DAI(I)A, 7-O-Me-DAI(I) and
7-0-Me-DAI(I)A. Commercially availableipecoside was used at 200 pM.
The reactions of enzymatically produced substrates (see below) were
monitored by UPLC-MS and concentrations were estimated at 250 pM.
Plates were sealed with parafilm to avoid evaporation and incubated for
24 hunder growth lights (16 and 8 h of light and dark).

Metabolite extraction from N. benthamiana

Leaf material was ground using two 4-mm metal beads and a Tissue-
Lyser (Qiagen) with precooled adaptors and extracted with 100%
methanol containing 0.1% formic acid and 2 mg L™ caffeine as the
internal standard. For substrate infiltrated leaves, 150 pl per 100 mg
leaf material was used. In the case of leaf disk assays, 50 pl was used
per single leaf disk. Samples were sonicated for 10 min, incubated on
arotator for 20 min and centrifuged at 18,000g for 15 min. The super-
natants were mixed 1:2 with MQ H,O to improve shape of early eluting
peaks and filtered through a 0.45-um low-binding hydrophilic PTFE
filter plate (MultiScreen Solvinert 96, Merck-Millipore) into a 96-well
microtiter plate (SureSTART WebSeal, Thermo Scientific) according to
the manufacturer’sinstructions. Plates were sealed with Rapid Slit Seal
(BioChromato) and immediately analyzed with UPLC-MS method 3.

Confocal laser scanning microscopy
For confocal laser scanning microscopy, the leaf disks were put
on a glass slide, mounted with water and covered with a coverslip.

Fluorescence was observed and imaged with a W Plan-Apochromat
x40 1.0 differential interference contrast M27 water objective on
a cLSM 880 (both Zeiss) equipped with two lasers for excitation of
the two different fluorophores. mCherry was excited at 543 nm with
a helium-neon laser and emission was filtered between 600 and
651 nm. eYFP was excited at 514 nm with an argon laser and emission
was filtered between 525 and 561 nm. mCerulean3 was excited at
458 nm with an argon laser and emission was filtered between 466
and 490 nm. The micrographs with eYFP were taken sequentially
in two tracks for each image. In the first track, mCherry emissions
were captured along with the transmitted light image. In the second
track, eYFP emission was captured. ZEN black 2.1V.14.0.18.201 was
used as software (Zeiss). Images were adjusted and processed with
Image]J software®*.

Recombinant protein production and purification

Expression and purification of AsDOMT3, CiDOMTI and CiDE were
performed as previously described with modifications®. Briefly,
E. coli SoluBL2(DE3) cells were transformed by heat shock with
pOPINF constructs. Precultures were inoculated from single colo-
nies, grown overnight at 37 °C and used to inoculate 100 ml of 2x
YT medium. Cultures were grown at 37 °C until an OD,, of 0.5-0.6,
cooled to room temperature and induced with 0.2 mM IPTG. After
induction, the cultures were grown at 18 °C overnight and harvested
by centrifugation the next day. Cell pellets were lysed using B-PER
complete bacterial protein extraction reagent (Thermo Scientific)
supplemented with EDTA and subsequently centrifuged according to
the manufacturer’s instructions. Supernatants were incubated with
gentle shakingin Falcon tubes with 250 pl of Ni-NTA agarose (Qiagen)
for1hat4 °Ctoallowbinding of His-tagged proteins. Slurry was pel-
leted gently by centrifugation at1,000g for 30 s. The supernatant was
removed and the slurry was washed three times with ice-cold wash
buffer (50 mM Tris-HCI pH 8, 50 mM glycine, 5% glycerol, 500 mM
NaCland 20 mMimidazole) by inversion, centrifugation and removal
of supernatant. Proteins were eluted using elution buffer (as wash
buffer but containing 500 mM imidazole). Elution fractions were
concentrated and buffer was exchanged to storage buffer (20 mM
HEPES and 150 mM NaCl, pH 7.5) using Amicon ultracentrifugal fil-
ters (Millipore) with the appropriate exclusion size according to the
manufacturer’sinstructions. Purity was assessed through SDS-PAGE
and concentration was determined by using the extinction coefficient
and measuring the absorbance at 280 nm. Proteins were flash-frozen
in small aliquots in liquid nitrogen and stored at -70 °C for storage.
Expression and purification of AsDGD2, AsS6DGD, CiDGD and CiS-
6DGD were performed as above with some modifications. Toincrease
yield, expression took placeinlarger cultures (upto1L). Cell pellets
were lysed on ice for 30 min with approximately 6 ml of lysis buffer
per1gofcellpellet (50 mM Tris-HCI pH 8,50 mM glycine, 5% glycerol,
500 mM NacCl,20 mMimidazole, 0.2 mg ml™lysozyme and one tablet
(per 50 mlbuffer) of complete EDTA free protease inhibitor (Roche))
and sonicated for 2.5 min (2 s on, 3 s off) on ice (Bandelin UW 2070).
Subsequent purification and concentration steps were performed
as described above.

Phylogenetic analyses

Sequences were obtained through BLAST searches against the pub-
licly available NCBI and 1KP*° databases or from C. ipecacuanha and
A. salviifolium transcriptomes generated in the frame of this study.
Sequences and accession numbers are provided in Supplemen-
tary Dataset 1. Full-length amino acid sequences were aligned with
webPRANK (https://www.ebi.ac.uk/goldman-srv/webprank/)”” and
maximume-likelihood phylogenetic trees were built using the IQ-TREE
web server (http://iqtree.cibiv.univie.ac.at/)’® (automatic substitu-
tion model; bootstrap value =1,000). iTOL was used to visualize and
graphically edit trees (https://itol.embl.de/)”.
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Protein models
Proteinmodels were predicted with AlphaFold3 through the AlphaFold
Server (https://alphafoldserver.com/)'°°. Models were visualized using

ChimeraX version 1.8 for Mac'®,

Commercially available chemicals and standards

Secologanin (50741), dopamine hydrochloride (H3502), tryptamine
hydrochloride (246557), 4-O-Me-dopamine hydrochloride (H3132),
cephaeline dihydrochloride (PHL85887, phyproof reference sub-
stance), emetine dihydrochloride (PHL89489, phyproof reference
substance) and ipecoside (TA9H93CFC242, TargetMol) were purchased
from Sigma.

Chemically produced standards and substrates

Secologanic acid was produced through alkaline hydrolysis of secolo-
ganin by incubating secologanin with 0.1 M NaOH (40 pl per 1 mg
secologanin) for 5 h, similarly to a previously described protocol'*%.
The solution was neutralized and completeness of the reaction was
confirmed through LC-MS analysis. Secologanic acid was stored in
solutionat-25°C.

Isotopically labeled tryptamine-ds was obtained as previously
described'®.

Epimeric mixtures of DAI(I), DAI(I)A, 7-O-Me-DA(I)I and
7-O-Me-DAI(I)A were obtained using a previously described proto-
col with modifications®. Briefly, 10 mM secologanin or secologanic
acid was incubated together with 10 mM dopamine hydrochloride
or 4-0-Me-dopamine hydrochloride, respectively, in 0.1 M citrate
and 0.2 M phosphate buffer pH 5.5 for 24 h at room temperature.
This was sufficient for coupling as confirmed by UPLC-MS analysis.
6-0-Me-DAI(I)A cannot be produced using this protocol and was pro-
duced enzymatically (described below). For invitro competition assays
of glucosidases (described below) DAI(I)A and 7-O-Me-DAI(I)A were
produced using 20 mM of each substrate and DAI(I) and 7-O-Me-DAI(I)
were produced using 50 mM of each substrate.

Protoemetinol was produced from protoemetine (described
below) by reduction with NaBH,. An aliquot of 50 pg of protoemetine
was incubated in methanol with 0.5 g L™ NaBH, for 30 min at room
temperature. The reaction was quenched by adding an equal volume
ofacetone followed by a15-minincubation at room temperature. The
reaction was centrifuged at18,000g for 15 min, diluted with methanol
and analyzed with UPLC-MS method 3, which indicated full conver-
sion to a compound consistent with m/z MS? of protoemetinol (Sup-
plementary Fig. 7).

Purification of epimer-pure DAIl and DAI
Anepimeric mixture of DAll and DAIwas produced as described above
but with some modifications. A 1.2-fold excess of dopamine hydro-
chloride was used, while the reaction was bubbled with argon and
thenincubated for 3 days. Preparative isolation was performed using
an Xbridge BEH C18 OBD prep column130 A, 5 pm (Waters) on an Agi-
lent 1260 HPLC system (with G7161A prep bin pump, G9328A column
organizer and G7165A detector) and an Agilent 1290 G7159B fraction
collector. The mobile phase was A:B where A was water with 0.1% for-
mic acid and B was acetonitrile with 0.1% formic acid. The separation
method was as follows: 5% B from 1 min to 25% B at 24 min, then the
columnwas flushed at 100% B until 29 min and re-equilibrated to 5% B
until 35 min. The flow rate was 8 ml min™ and detection was performed
atA =254 nm. Aliquots of fractions of each of the two main peaks were
analyzed by UPLC-MS method 3, confirming that m/z and retention
times corresponded to either of the two peaks typically observed
in epimeric mixtures (Supplementary Fig. 5). Collected fractions of
each peak were combined, dried using a freeze-dryer (Labconco) and
subjected to nuclear magnetic resonance (NMR).
Deacetylisoipecoside (DAII, 4a) was unstable during 2D NMR
measurements in CH,OH-d; and was, therefore, measured in acidic

CH,0H-d; (CH;0H-d;+ 0.1% formic acid), to prevent decomposition
during long-term measurements. Deacetylipecoside (DAl 4b) was
lactamized even in acidic CH;0H-d;. Thus, the structure of 4b was
confirmed as demethylalangiside after complete lactamization. This
observation was consistent with previously reported fact that the

lactamization was much faster in the 1R-epimer than the 1S-epimer'*.

NMR analysis
NMR measurements were carried out on a 500-MHz Bruker Avance Il
HD spectrometer (Bruker Biospin) equipped witha TClcryoprobe using
standard pulse sequences as implemented in Bruker Topspin version
3.6.1. (Bruker Biospin) or a400-MHz Bruker Avance Ill HD spectrom-
eter (Bruker Biospin). Chemical shifts were referenced to the residual
solventsignals of CDCl, (6,,7.26/6.77.16) or CH;OH-d;(6,,3.31/6-49.0)
and coupling constants (/, Hz) are expressed in the following format:
chemical shift value (multiplicity, coupling constant, integration).
'H-NMR spectral data are described using the following abbreviations:
brs, broad singlet; s, singlet; d, doublet; t, triplet; q, quartet; dd, dou-
blet of doublets; ddd, doublet of doublets of doublets; dt, doublet of
triplets; td, triplet of doublets; appd, apparent doublet; m, multiplet.
On the basis of the structure determined from NMR analysis, a
molecular model was created in GaussView version 6 (Semichem) and
optimized using the semiempirical method PMé6 in Gaussian version 16
(Gaussian). The optimized conformation from PM6 was used for rotat-
ing frame Overhauser enhancement spectroscopy (ROESY) analysis of
protoemetine. For deacetylisoipecoside and demethylalangiside, the
resulting structures were used for conformer variation with the GMMX
processor of the Gaussian program package. Resulting structures were
optimized through density functional theory (DFT) with Gaussian ver-
sion16 (B3LYP/6-31G(d), gas phase). The lowest-energy conformer from
the DFT calculations was used for the ROESY analysis.

Enzymatically produced standards and substrates
6-0-Me-DAIIA and 6-O-Me-DAIA were produced using recombinant
CiDOMT1 and AsDOMTS3, respectively. The reaction mix contained
50 mMHEPES pH7.5,1 mMtotal epimeric DAI(I)A (500 pM per epimer)
assubstrate,1 mM of potential metal cofactors MgCl, and MnCl,, 1 mM
SAM chloride dihydrochloride and 5 uM CiDOMT10r 10 uM AsDOMT3.
Reactions wereincubated for 24 hat30 °Cand stopped by incubation
at98 °Cfor10 mintoinactivate enzymes. Precipitates were pelleted by
centrifugation at18,000g for 30 min. Supernatants were diluted1:2in
H,0 and used as substratesin leaf disk assays. Aliquots of the reactions
were analyzed by UPLC-MS method 3 to observe expected products
(Supplementary Fig. 5).

Confirmation of DAIIA and DAIA peak identity was achieved
through deesterification of purified DAIl and DAI, respectively, using
recombinant CiDE. Reaction mixes contained 50 mM HEPES pH 7.5,
3 uM recombinant CiDE and 200 puM purified DAII or DAI. Reactions
wereincubated overnightat 30 °C and stopped by the addition of 50 pl
of methanol supplemented with 0.1% FA. Eventual precipitates were
pelleted by centrifugation at18,000g for 30 min and supernatants were
analyzed by UPLC-MS method 3 (Supplementary Fig. 5).

Forinvitro competition assays of glucosidases (described below),
6-0-Me-DAIIA 6a and 6-O-Me-DAIA 6b were produced separately
through coupling reactions. For 6-O-Me-DAIIA 6a, the reaction mix-
ture contained 50 MM HEPES pH7.5,1 mM purified DAl 4a (described
above), 1 mM MgCl,, 1 mM SAM, 40 uM CiDOMT1 and 50 uM CiDE.
For 6-O-Me-DAIA 6b, the reaction mixture contained 50 mM HEPES
pH 7.5,1mM purified DAI (described above), 1 mM MgCl,, 1 mM SAM,
10 uM AsDOMT3 and 20 uM CiDE. Reactions were incubated for 24 h
at 30 °C and stopped by incubation at 98 °C for 10 min. Precipitates
were pelleted by centrifugation at 18,000g for 30 min. Aliquots of
the supernatants were analyzed by UPLC-MS method 3, confirming
that reactions were complete, and then used as substrates in assays
(described below).
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Invitro competition activity assays of glucosidases

Compounds were mixed as 2x substrate master mixes (corresponding
to calculated 200 uM per compound) and approximate equimolarity
was checked by UPLC-MS analysis method 3. The substrate master mix
for AsDGD2 and AsS6DGD assays contained all A. salviifolium-specific
ipecacalkaloid glucosides: DAIIA 5aand DAIA 5b and 7-O-Me-DAIIA12a
and 7-O-Me-DAIA 12b (chemically synthesized as epimeric mixtures)
and 6-0-Me-DAIIA 6a and 6-O-Me-DAIA 6b (enzymatically produced
in epimer-pure form). The substrate mix to assay CiDGD and CiS6DGD
contained C. ipecacuanha-specific ipecac alkaloid glucosides: ipeco-
side (commercially available), DAIl 4a and DAI 4b, DAIIA 5a and DAIA
5b, 7-0-Me-DAIl 18a and 7-O-Me-DAI 18b (chemically synthesized as
epimeric mixtures) and 6-O-Me-DAIIA 6a (enzymatically produced in
epimer-pure form). Note that 7-O-Me-DAll18aand 7-O-Me-DAIl18b were
not detected in C. ipecacuanha extracts but were included in the assay
because 7-O-Me-DAI18b can be produced by CiDOMT2 (Extended Data
Fig.4).Final assay mixes were prepared in triplicate at afinal concentra-
tion of 50 mM HEPES pH 7.5, -100 uM of each substrate and 0.5 pM of
enzyme or boiled mixed enzyme as control. Boiled mixed enzymes were
obtained by mixing the respective enzymes (AsDGD2 + AsS6DGD and
CiDGD + CiS6DGD) at equimolar amounts, heating for 10 min at 98 °C
and removing the precipitate through centrifugation at 18 000g for
20 min. Each replicate was pipetted separately onice and immediately
aliquoted into 25-pl samples on ice and then transferred to 30 °C and
gentle shaking. Atindicated time points, samples were snap-frozen. For
the earliest time point (‘assay start’) samples were snap-frozen immedi-
ately after aliquoting onice and before transfer to 30 °C. For UPLC-MS
analysis, 75 pl of 70% methanol containing 0.1% formicacidand2 mg L™
caffeine as internal standard was added to each 25-pl sample. Samples
were centrifuged for 30 minat18,000gand room temperature to remove
precipitates. Supernatants were analyzed using UPLC-MS method 3.

Production of protoemetinol standard

Protoemetine was isolated in several batches from a total of 6 g
of freshly harvested leaf buds and young leaves. The material was
flash-frozen and ground with liquid nitrogen; then, 100% methanol
was added ataratio of 200 pl per 100 mg. Samples were sonicatedinan
ultrasonic bath for 10 min, incubated on a rotator for 30 min and cen-
trifuged at18,000g for 15 min. The supernatants were filtered through
0.22-pmssyringe filters, diluted 1:10 in 100% methanol and subjected to
semipreparative HPLC. Semipreparative isolation was performed using
an XBridge BEH C18 column of 100 mm x 4.6 mm, 2.5 pm (Waters) on
anAgilent 1260 Infinity HPLC system (with G1311B Quat pumps, G1315C
diodearray detectors, G1316A oven, G1329B autosampler and G1364F
fraction collector). The mobile phase was A:B, where A was 0.1% formic
acidinwater and Bwas acetonitrile. The separation method was as fol-
lows: 8% B at1 minto13%B at4 min, to30%at12 min. Then, the column
was flushed at 100% B until 15 min and re-equilibrated to 8% B until
18 min. The flow rate was 2.4 ml min~ and detection was performed at
A =250 nm. Aliquots of collected fractions were analyzed using UPLC-
MS method 3 and fractions containing the putative protoemetine peak,
accordingtom/zandtypical aldehyde peak shape, were combined and
freeze-dried using afreeze-dryer (Labconco). Large freeze-dried frac-
tions were solubilized in small volumes of 100% methanol, combined
(around 350 pg) and dried under anitrogen line. NMR was conducted
on a Bruker Avance Il HD 700-MHz spectrometer (Bruker Biospin),
equipped witha TClcryoprobe using standard pulse sequencesimple-
mented in Bruker Topspin version 3.6.1 (Bruker Biospin). Chemical
shifts were referenced to CDCl; residual solvent signals (/, 7.26//. 77.16).
NMR spectra of the sample were as follows: '"H-NMR (700 MHz,CDCl,):
6ppm:0.93(t,/=7.5Hz,3H),1.13(m, 1H),1.29 (m,1H),1.48 (m, 1H),1.58
(m, 1H), 1.95 (m, 1H), 2.08 (dd, /=11.3 Hz, 1H), 2.33 (m, 2H), 2.50 (ddd,
J=11.9,11.4,4.5Hz,1H),2.63 (m, 1H), 2.72(dd,/=16.4,3.3 Hz,1H), 2.98
(m, 1H), 3.10 (m, 2H), 3.13 (m, 1H), 3.83 (s, 3H), 3.83 (s, 3H), 6.57 (s, 1H),
6.63 (s, 1H) and 9.88 (bs, 1H); *C-NMR (175 MHz, CDCl,): § ppm: 10.8,

23.6,29.1,35.7,38.1,41.3,48.1, 52.3,55.8, 55.8, 61.2, 62.6,108.0, 111.4,
126.2,129.4,147.0,147.3and 202.4. This spectrumis in agreement with
apreviously published NMR spectrum of protoemetine'® and with that
of chemically synthesized protoemetine (Supplementary Methods) in
this study (Supplementary Fig.26 and Supplementary Table 4). Isolated
and synthesized protoemetine were, thus, identical.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

There are no restrictions on the availability of the data. lllumina
RNA-seq raw reads were uploaded in FASTQ format to the NCBI
Sequence Read Archive under BioProject PRJINA1169657. All reported
gene sequences were deposited to NCBI Genbank under the following
accession numbers (Supplementary Table 6): AsDGD1 (PQ363556),
AsDGD2 (PQ363557), AsDOMTI1 (PQ363558), AsDOMT2 (PQ363559),
AsDOMT3 (PQ363560), AsDOMT4 (PQ363561), AsDOMTS5 (PQ363562),
AsDOMT6 (PQ363563),AsDOMT7 (PQ363564), AsDPOMT1(PQ363565),
AsDPOMT2 (PQ363566), AsDR1(PQ363567), AsDR2 (PQ363568), AsS-
6DGD (PQ363569), CiDE (PQ363570), CiDGD (PQ363571), CIDOMT1
(PQ363572), CiDOMT2 (PQ363573), CiDPOMT (PQ363574), CiDR1
(PQ363575), CiDR2 (PQ363576), CilpS (PQ363577) and CiS6DGD
(PQ363578).Sequences to construct phylogenetic trees wereretrieved
from public databases (https://blast.ncbi.nlm.nih.gov/Blast.cgi and
https://db.cngb.org/onekp/) or assemblies made in this study; acces-
sion numbers and amino acid sequence are listed in Supplementary
Dataset 1. Source data are provided with this paper.

Code availability
Not applicable.

References

76. Schmid, R. et al. Integrative analysis of multimodal mass
spectrometry data in MZmine 3. Nat. Biotechnol. 41, 447-449
(2023).

77. Bocker, S. & Duhrkop, K. Fragmentation trees reloaded.

J. Cheminform. 8, 5 (2016).

78. Duhrkop, K. et al. SIRIUS 4: a rapid tool for turning tandem mass
spectra into metabolite structure information. Nat. Methods 16,
299-302 (2019).

79. Duhrkop, K., Shen, H., Meusel, M., Rousu, J. & Bocker, S. Searching
molecular structure databases with tandem mass spectra using
CSl:FingerID. Proc. Natl Acad. Sci. USA 112, 12580-12585 (2015).

80. Bolger, A. M., Lohse, M. & Usadel, B. Trimmomatic: a flexible trimmer
for Illumina sequence data. Bioinformatics 30, 2114-2120 (2014).

81. Bushmanova, E., Antipov, D., Lapidus, A. & Prjibelski, A.

D. rnaSPAdes: a de novo transcriptome assembler and its
application to RNA-seq data. Gigascience 8, giz100 (2019).

82. Manni, M., Berkeley, M. R., Seppey, M., Simao, F. A. & Zdobnov,

E. M. BUSCO update: novel and streamlined workflows along
with broader and deeper phylogenetic coverage for scoring of
eukaryotic, prokaryotic, and viral genomes. Mol. Biol. Evol. 38,
4647-4654 (2021).

83. Afgan, E. et al. The Galaxy platform for accessible, reproducible
and collaborative biomedical analyses: 2018 update. Nucleic
Acids Res. 46, W537-W544 (2018).

84. Gotz, S. et al. High-throughput functional annotation and data
mining with the Blast2GO suite. Nucleic Acids Res. 36, 3420-3435
(2008).

85. Huerta-Cepas, J. et al. eggNOG 4.5: a hierarchical orthology
framework with improved functional annotations for eukaryotic,
prokaryotic and viral sequences. Nucleic Acids Res. 44,
D286-D293 (2016).

Nature Chemical Biology


http://www.nature.com/naturechemicalbiology
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1169657
https://www.ncbi.nlm.nih.gov/nuccore/PQ363556
https://www.ncbi.nlm.nih.gov/nuccore/PQ363557
https://www.ncbi.nlm.nih.gov/nuccore/PQ363558
https://www.ncbi.nlm.nih.gov/nuccore/PQ363559
https://www.ncbi.nlm.nih.gov/nuccore/PQ363560
https://www.ncbi.nlm.nih.gov/nuccore/PQ363561
https://www.ncbi.nlm.nih.gov/nuccore/PQ363562
https://www.ncbi.nlm.nih.gov/nuccore/PQ363563
https://www.ncbi.nlm.nih.gov/nuccore/PQ363564
https://www.ncbi.nlm.nih.gov/nuccore/PQ363565
https://www.ncbi.nlm.nih.gov/nuccore/PQ363566
https://www.ncbi.nlm.nih.gov/nuccore/PQ363567
https://www.ncbi.nlm.nih.gov/nuccore/PQ363568
https://www.ncbi.nlm.nih.gov/nuccore/PQ363569
https://www.ncbi.nlm.nih.gov/nuccore/PQ363570
https://www.ncbi.nlm.nih.gov/nuccore/PQ363571
https://www.ncbi.nlm.nih.gov/nuccore/PQ363572
https://www.ncbi.nlm.nih.gov/nuccore/PQ363573
https://www.ncbi.nlm.nih.gov/nuccore/PQ363574
https://www.ncbi.nlm.nih.gov/nuccore/PQ363575
https://www.ncbi.nlm.nih.gov/nuccore/PQ363576
https://www.ncbi.nlm.nih.gov/nuccore/PQ363577
https://www.ncbi.nlm.nih.gov/nuccore/PQ363578
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://db.cngb.org/onekp/

Article

https://doi.org/10.1038/s41589-025-01926-z

86. Cardenas, P. D. et al. Pathways to defense metabolites and
evading fruit bitterness in genus Solanum evolved through
2-oxoglutarate-dependent dioxygenases. Nat. Commun. 10, 5169
(2019).

87. Berrow, N. S. et al. A versatile ligation-independent cloning
method suitable for high-throughput expression screening
applications. Nucleic Acids Res. 35, e45 (2007).

88. Sarrion-Perdigones, A. et al. GoldenBraid: an iterative cloning
system for standardized assembly of reusable genetic modules.
PLoS ONE 6, €21622 (2011).

89. Grzech, D., Hong, B., Caputi, L., Sonawane, P. D. & O’Connor, S. E.
Engineering the biosynthesis of late-stage vinblastine precursors
precondylocarpine acetate, catharanthine, tabersonine in
Nicotiana benthamiana. ACS Synth. Biol. 12, 27-34 (2023).

90. Zhang, Y. et al. A highly efficient Agrobacterium-mediated method
for transient gene expression and functional studies in multiple
plant species. Plant Commun. 1,100028 (2020).

91. Hong, B. et al. Biosynthesis of strychnine. Nature 607, 617-622
(2022).

92. Kamileen, M. O. et al. Recycling upstream redox enzymes expands
the regioselectivity of cycloaddition in pseudo-Aspidosperma
alkaloid biosynthesis. J. Am. Chem. Soc. 144, 19673-19679 (2022).

93. Kamileen, M. O. et al. Streamlined screening platforms lead to the
discovery of pachysiphine synthase from Tabernanthe iboga. New
Phytol. 244,1437-1449 (2024).

94. Schindelin, J. et al. Fiji: an open-source platform for
biological-image analysis. Nat. Methods 9, 676-682 (2012).

95. Stavrinides, A. et al. Structural investigation of heteroyohimbine
alkaloid synthesis reveals active site elements that control
stereoselectivity. Nat. Commun. 7, 12116 (2016).

96. One Thousand Plant Transcriptomes Initiative. One thousand
plant transcriptomes and the phylogenomics of green plants.
Nature 574, 679-685 (2019).

97. Loytynoja, A. & Goldman, N. webPRANK: a phylogeny-aware
multiple sequence aligner with interactive alignment browser.
BMC Bioinformatics 11, 579 (2010).

98. Trifinopoulos, J., Nguyen, L. T., von Haeseler, A. & Minh, B.

Q. W-IQ-TREE: a fast online phylogenetic tool for maximum
likelihood analysis. Nucleic Acids Res. 44, W232-W235 (2016).

99. Letunic, |. & Bork, P. Interactive Tree of Life (iTOL) v6: recent
updates to the phylogenetic tree display and annotation tool.
Nucleic Acids Res. 52, W78-W82 (2024).

100. Abramson, J. et al. Accurate structure prediction of biomolecular
interactions with AlphaFold 3. Nature 630, 493-500 (2024).

101. Meng, E. C. et al. UCSF ChimeraX: tools for structure building and
analysis. Protein Sci. 32, e4792 (2023).

102. Chapelle, J. P. Vogeloside et acide secologanique, glucosides
secoiridoides d'anthocleista vogelu. Planta Med. 29, 268-274 (1976).

103. McDonald, A. et al. Enzymatic epimerization of monoterpene
indole alkaloids in Kratom. Preprint at bioRxiv https://doi.org/
10.1101/2024.12.13.628308 (2024).

104. Beke, G., Szabd, L. F. & Podanyi, B. Regio- and stereoselectivity in
the coupling reaction of secologanin with dopamine derivatives.
J. Nat. Prod. 64, 332-340 (2001).

105. Lin, S., Deiana, L., Tseggai, A. & Cordova, A. Concise total
synthesis of dihydrocorynanthenol, protoemetinol, protoemetine,
3-epi-protoemetinol and emetine. Eur. J. Org. Chem. 2012,
398-408 (2011).

Acknowledgements

We thank the Ghent University Botanical Garden and Chantal
Dugardin for providing A. salviifolium living specimens, N. J.
Hernandez Lozada and M. O. Kamileen for transport of these
specimens, the gardeners E. Rothe and E. Goschala for growing and
maintaining A. salviifolium and C. ipecacuanha plants, F. Kaltofen
for growing N. benthamiana plants and H. Tilger for installing tools
on the in-house Galaxy server. We thank D. Grzech for providing
pUPD and CrNPF2.9 constructs, P. Sonawane for providing the
modified 3Q1 vector, M. O. Kamileen for providing A. tumefaciens
strains harboring mCherry markers and A. McDonald for providing
isotopically labeled tryptamine. We thank M. Florean and T. K6llner
for advice on phylogenetic analyses. We are grateful to the Max
Planck Society for funding and the European Research Council
(788301) and the Leibniz Prize, German Research Foundation
(505457618) grants awarded to S.E.O.

Author contributions

M.C. designed all experimental work, performed all pathway
discovery experiments (generation and analysis of RNA-seq and
metabolite data, screening and reconstitution in N. benthamiana
and recombinant enzyme activity assays), analyzed all data except
NMR and supervised the work of C.M., O.D., H.L. and B.C. C.M.
performed subcellular localization experiments assisted by V.G.
C.M. and M.C generated phylogenetic trees. O.D. assisted with
enzyme screening and experiments on spontaneous coupling.
R.A. synthesized protoemetine. B.C. purified protoemetine from
A.salviifolium. H.L. purified DAl and DAII. B.H. assisted with
secologanic acid synthesis. Y.N. performed NMR and analyzed
NMR data. D.A.S.G., S.H. and M.K. developed the chromatography
and MS methods. J.W. assisted with cloning. A.A.L. provided

C. ipecacuanha living specimens and assisted with growth. K.P.
cultured and regenerated C. ipecacuanha in vitro. M.C. and S.E.O.
designed the study and wrote the paper.

Funding
Open access funding provided by Max Planck Society.

Competinginterests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at https://doi.org/10.1038/
s41589-025-01926-z.

Supplementary information The online version contains
supplementary material available at https://doi.org/10.1038/s41589-
025-01926-z.

Correspondence and requests for materials should be addressed to
Maite Colinas or Sarah E. O’'Connor.

Peer review information Nature Chemical Biology thanks Peter
Facchini and the other, anonymous, reviewer(s) for their contribution
to the peer review of this work.

Reprints and permissions information is available at
www.nature.com/reprints.

Nature Chemical Biology


http://www.nature.com/naturechemicalbiology
https://doi.org/10.1101/2024.12.13.628308
https://doi.org/10.1101/2024.12.13.628308
https://doi.org/10.1038/s41589-025-01926-z
https://doi.org/10.1038/s41589-025-01926-z
https://doi.org/10.1038/s41589-025-01926-z
https://doi.org/10.1038/s41589-025-01926-z
http://www.nature.com/reprints

https://doi.org/10.1038/s41589-025-01926-z

Article
a N. benthamiana b N. benthamiana c C. roseus
2 tryptamine tryptamine i )
B + + tryptamine-d5
L secologanin 1 secologanic acid 2 ,ﬁ
1x10*
vincoside-d4
531.23 m/z . 517.22m/z 535.26 m/z
8x10°% - 8x10*1 4x10° 1 0
7.0 7.5
time (min)
o o 24h 0. L 0l I's 24h
. 24h "
3x1077 strictosidinic 3x1071
2.5%10% acid vincosidic o
e acid strictosidine stnd
strictosidine stnd (531.23 m/z)
0- ) . 0- -
1.5x10° 0.0 epimeric stnd 1.5%105
A | d 5 6 7 8 A vincoside stnd
vincoside stn
00 0.0 (531.23 m/z)
6 7 8 9 6 7 8 9
time (min) time (min)
m strictosidine m strictosidinic acid m strictosidine-d4
Oh vincoside Oh vincosidic acid acK vincoside-d4
24nfhk 24h [ 24h
r T 5 T 5 5 I T T r T T T T
0 1x10° 2x10° 3x10 0 1x10°  2x10° 0.0 25x10%.0x10° 1x10%2x10°
peak area peak area peak area

Extended Data Fig. 1| Assessing in planta coupling of tryptamine with
secologanin or secologanic acid. Small amounts of reaction products
strictosidine (3S)/vincoside (3 R) or strictosidinic acid (3S)/vincosidic acid

(3R) of coupling reaction of tryptamine with secologanin (a) or secologanic
acid (b) are observed within 24 hours after infiltration into N. benthamiana
leaves. For comparison to the reaction with dopamine, the y axes showing signal
intensity or peak areas were scaled identically to the axes of Fig. 2 g-h (main

producer C. roseus leads to large amounts of strictosidine-d4 but only traces of
vincoside-d4. The endogenous C. roseus Strictosidine Synthase (STR) exclusively
produces strictosidine, therefore the trace amount of vincoside can be attributed
to non-enzymatic coupling. Taken together, the non-enzymatic reaction with
tryptamine appears to occur much less readily than with dopamine. Stnd,
standard. LC-MS peak areas are shown as bars of the mean of three biological
replicates, error bars are standard error of the mean.

text). ¢, Infiltration of tryptamine-d5 to flower petals of the natural secologanin
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Extended DataFig. 2| Selection of pathway gene candidates. a, selection b, selection of A. salviifolium candidates was performed by coexpression analysis

of C. ipecacuanha candidates by searching for genes similar to previously using orthologous and likely conserved sequences of enzymes supplying the

published active pathway enzymes'>", For each of the published sequences direct precursor genes TyrDCand SLS, as baits, combined with filtering for

the contig with the highest sequencing homology (> 96%) at cDNA level was predicted functional annotations for O-methyltransferases, glucosidases and

considered to be identical to the published enzyme. CiDOMTI was used as a dehydrogenases. Additionally, we considered candidates that showed either root

bait for Pearson correlation. Candidates for deesterification and reduction orleaf bud specific expression (AsDGDs). Additional root specific AsSDOMTS-7
were found by homology-based search and coexpression with CiDOMT1 were also identified. For both species gene expression patterns are consistent

(described inin the methods). A highly coexpressed gene predicted to encode with metabolite abundance (see Fig. 2e-f). Heatmaps depict z-scores of TMM

for an acetyltransferase was picked as a candidate for ipecoside synthase. normalized CPM values for each gene.
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Extended Data Fig. 4| Reconstitution of protoemetine biosynthesis network

by expression of C. ipecacuanha pathway genes. Data is from the same

experiment shownin Fig. 3. This figure includes the data for Fig. 3 and additional

gene combinations. Additionally, expression was combined with Catharanthus

roseus strictosidine exporter CrNPF2.9. LC-MS peak areas are shown as bars of the

mean of three biological replicates, error bars are standard error of the mean.
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gene combinations. Additionally, expression was combined with Catharanthus
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Extended Data Fig. 7| Expression of the C. roseus strictosidine exporter gene ipecoside. ¢, when C. ipecacuanha protoemetine pathway genes are expressed
CrNPF2.9boosts C. ipecacuanha protoemetine biosynthesis and enables and uncoupled secologanin and dopamine are fed for 48 hours, only traces of
biosynthesis from dopamine and secologanin directly. a, comparison of protoemetinol can be detected (indicated with an asterisk). When CrNPF2.9is co-
protoemetinol accumulation upon expression of indicated C. ipecacuanha overexpressed protoemetinol is formed to detectable levels. d, it is hypothesized
biosynthesis genesin N. benthamiana with or without co-expression of that spontaneous in planta coupling occurs in the vacuole and the resulting
transporter CrNPF2.9. Exogenous DAI/DAIl are infiltrated as substrate and formed DAIlis only accessible to the cytosolic pathway enzymes if it is exported
allowed to react for 24 hours before the leaf was harvested. Data was extracted by a vacuolar exporter. CrNPF2.9 appears to export DAIL. These results suggest
from experiment shown in Supplementary Fig. 10. Peak areas are shown here the presence of a yet to be identified vacuolar exporter in C. ipecacuanha and A.
relative to areas from samples where CrNPF2.9 was not expressed as bars of the salviifolium.1.C-MS peak areas are shown as bars of the mean of three biological

mean of three replicates. b, expression of Cilps with or without co-overexpression  replicates, error bars are standard error of the mean.
of CrNPF2.9 did not lead to enhanced accumulation of the R-epimer derivative
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Extended Data Fig. 8| Feeding of ipecac alkaloid glucosides to leaf disks
expressing DGDs or S6DGDs. Consumption of glucosides was measured because
the unstable aglycone products cannot be reliably detected. a, agroinfiltration of
N. benthamiana with strains harbouring constructs for overexpression of CiDGD
or Ci6SDGD or empty vector (EV) respectively. Leaf disks were cut and incubated
separately withindicated substrates. Note that 7-O-Me-DAIA and 7-O-Me-

DAIIA are not detected in native C. ipecacuanha plants. b, agroinfiltration of N.
benthamiana with strains harbouring constructs for overexpression of ASDGD1
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or2or As6S6DGD or EV respectively. Leaf disks were cut out and incubated

each withindicated substrates. AsDGDs deglycosylate all derivatives whereas
AsS6DGD only shows activity towards 6-0O-Me-DAIIA. 6-O-Me-DAIIA and 6-O-Me-
DAIA cannot be obtained readily by Pictet-Spengler chemical reaction and were
thus produced in vitro by recombinant CiDOMT1and AsDOMTS3, respectively
(see methods). Bars are mean peak areas of three biological replicates relative to
peak areas measured in EV, error bars are standard error of the mean SEM.
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Sample size Prior determination of sample size is not applicable to this study. Nicotiana benthamiana pathway reconstitution experiments were done on
three independent biological replicates which is standard for this type of experiments. Metabolite profiling by LC-MS analysis of Alangium
salviifolium and Carapichea ipecacuanha was done on three biological replicates which is standard. RNA-seq was performed on one replicate
which is sufficient for gene discovery as no statistics were applied. These standard sample sizes were similar as in other published studies for
example https://www.nature.com/articles/s41586-022-04950-4.

Data exclusions  No data was excluded from the analyses.

Replication Details about biological replicates are provided in the figure legends. Pathway reconstitution experiments were conducted on three biological
replicates that correspond to three independent individual plants. All attempts of replication were successful.

Randomization  The order of all LC-MS samples was randomized prior to the runs. For pathway reconstitution Nicotinana benthamiana three biological
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Seed stocks
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Authentication

Nicotiana benthamiana seeds were obtained from seed stocks maintained by the greenhouse team at Max Planck Institute for
Chemical Ecology, Jena. All other plants were obtained as plantlets, no seed stocks were obtained.

No stable transformation was carried out. Heterologous overexpression in N. benthamiana was done transiently through leaf
agroinfiltration as described in the methods paragraph "A. tumefaciens mediated transient expression in N. benthamiana".

Transient transformation of N. benthamiana through leaf agroinfiltration was done as described in the methods paragraph "A.
tumefaciens mediated transient expression in N. benthamiana". No stable transformation was carried out.
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