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ABSTRACT

Monoterpenoid indole alkaloids are a large (ca.
3000 members) and structurally diverse class of
metabolites restricted to a limited number of plant
families in the order Gentianales. Taber-nanthe
iboga or iboga (Apocynaceae) is native to western
equatorial Africa and has been used in tra-ditional
medicine for centuries. Howard Lotsof is credited
with bringing iboga to the attention of Western
medicine through his accidental discovery that
iboga can alleviate opioid withdrawal symp-toms.
Since this observation, iboga has been in-vestigated
for its use in the general management of addiction.
We were interested in elucidating ibo-gaine
biosynthesis to understand the unique reaction steps
en route to ibogaine. Furthermore, because ibogaine
is currently sourced from plant material, these
studies may help improve the ibogaine supply chain
through synthetic biology approaches. Here we used
next-generation sequencing to generate the first
iboga transcriptome, and leveraged homology-
guided gene discovery to identify the penulti-
mate hydroxylase and final O-methyltransferase
steps in ibogaine biosynthesis, herein named
ibogamine 10-hydroxylase (I110H) and noribogaine-
10-O-methyltransferase (N10OMT). Heterologous
expression in Saccharomyces cerevisiae (110H) or
Escherichia coli (N100OMT) and incubation with pu-
tative precursors, along with HPLC-MS analysis,

confirmed the predicted activities of both enzymes.
Moreover, high expression levels of their transcripts
were detected in ibogaine-accumulating plant tis-
sues. These discoveries coupled with our publicly
available iboga transcriptome will contribute to ad-
ditional gene discovery efforts and could lead to the
stabilization of the global ibogaine supply chain and
to the development of ibogaine as a treatment for
addiction.

Monoterpenoid indole alkaloids (MIAs) are
a large (ca. 3000) and structurally diverse class of
plant specialized metabolites restricted to a limited
number of plant families in the order Gentianales
with remarkable structural diversity seen in the fam-
ilies Rubiaceae, Loganiaceae and Apocynaceae (1—
3). Tabernanthe iboga or iboga (Apocynaceae) is na-
tive to western equatorial Africa and has been used in
traditional medicine for centuries. Iboga rootbark is
central to the Bwiti religion, including during tribal
initiation ceremonies and communal masses and is
said to connect members with the sacred and di-
vine (4, 5). Howard Lotsof is credited with bringing
iboga to the attention of western medicine through
his accidental discovery that iboga root extracts can
alleviate opiate withdrawal symptoms and since this
observation, iboga has been investigated for its use
in the treatment of broad-scale addiction (5, 6).
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Tabernanthe iboga produces large quanti-
ties of ibogan-type MIAs such as ibogaine and
tabernanthine in roots and stems. In contrast,
the principle alkaloids of leaves are isoplumeran-
types including iboxyphylline and ibophyllidine (7—
10)(FIGURE 1a). Ibogaine is the principle and ac-
tive pharmacological component of iboga rootbark,
and shares a characteristic tryptophan/isoprenoid
biosynthetic origin (11) with all other MIAs in-
cluding the anti-cancer drugs vincristine and vin-
blastine (1)(FIGURE 1b). Unlike the MIA pro-
ducing plants found throughout the Apocynaceae,
elevated ibogaine concentrations and the preponder-
ance of iboga-type alkaloids in general appears to
be a chemotaxonomic characteristic of Tabernanthe
iboga (10, 12).

Interestingly, ibogaine and catharanthine -
the precursor to anti-cancer drugs - are iboga-type
alkaloids belonging to two distinct optical series
(FIGURE 1c). We recently solved the remain-
ing biochemical steps en route to catharanthine in
Catharanthus roseus including a landmark diels-
alder cyclization step leading to catharanthine (13).
We were interested in understanding the biochemi-
cal strategies underpinning the synthesis of the dis-
parate stereochemical ibogaine including a poten-
tially unique cyclization step, and the late stages of
ibogaine biosynthesis that are characterized by a net
decarboxylation at the 16-position, 10-hydroxylation
and 10-O-methylation of the predicted coronaridine
precursor (FIGURE 2). Considering the commercial
sources of ibogaine are primarily plant based and
that therapeutic use is contributing to overharvest-
ing, we were keen on discovering ibogaine biosyn-
thetic genes that could bolster current production
strategies or lead to the creation of alternative pro-
duction platforms through modern synthetic biology
approaches. This would have the added benefit of as-
sisting with iboga conservation efforts — a primary
concern among members of the Bwiti community
(www.ibogainealliance.org/iboga/sustainability).

Here we report the first transcrip-
tome of Tabernanthe iboga which we used
to identify a cytochrome P450 (P450), herein
named ibogamine-10-hydroxylase (I10H), and
a O-methyltransferase (OMT), herein named
noribogaine-10-0O-methyltransferase  (N10OMT),
that catalyze the penultimate 10-hydroxylation and
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final 10-O-methylation steps in ibogaine biosyn-
thesis, respectively. This is the first report of en-
zymes involved in ibogaine biosynthesis and the
hydroxylation at the 10-position of ibogamine and
coronaridine by I10H are the first examples of a
regio-specific hydroxylation of the iboga alkaloid
scaffold. These discoveries coupled with our pub-
licly available iboga transcriptome will contribute
to additional gene discovery efforts and could lead
to the stabilization of the global ibogaine supply
chain and development of ibogaine as a treatment
for addiction.

RESULTS

Identification of P450 and OMT gene can-
didates — Candidates for 10-hydroxylation and
10-O-methylation were identified based on se-
quence homology to tabersonine 16-hydroxylase
(T16H; P98183) and 16-hydroxytabersonine O-
methyltransferase (160MT; BOEXJ8) from C.
roseus in a transcriptome of 7. iboga. T16H and
160MT methoxylate tabersonine to form an inter-
mediate that is eventually incorporated into vin-
blastine and vincristine (FIGURE 1b). Five P450
and six OMT candidates were identified with low to
moderate (30% - 62%) sequence identity to T16H
or 160MT, respectively. Amino acid alignments
of T. iboga P450s or OMTs with characterized or
uncharacterized proteins show conserved canonical
features of each protein type including the absolutely
conserved cysteine residue responsible for iron coor-
dination in P450s (FIGURE S1) and the multiple se-
quence motifs of OMTs for SAM binding (FIGURE
S2). Phylogenetic trees (FIGURE S3) derived from
these alignments showed high bootstrap support for
a distinct clade of OMTs or P450s belonging to MIA
producing plants. For example, T16H is a member
of the CYP71 family of P450s and formed a clade
with iboga CYP71 candidates suggesting an evolu-
tionary linkage and possible functional similarity.
Similarly, 160MT formed a clade with OMT can-
didates from iboga and other MIA producing plants
indicating a possible functional relationship.

Identification of I10H and N10OMT -
P450s were expressed in and enriched from yeast
microsomes and screened for activity with MIAs
from the plumeran, isoplumeran and ibogan sub-
type scaffolds (FIGURE 1). HPLC-MS analysis
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detected a gain of 16 atomic mass units (amu)
in the products of assays with P450 candidate 3
and ibogamine, coronaridine and the synthetic sub-
strate 18-methoxycoronaridine (18-MC). The reac-
tion with this p450 and ibogamine yielded a product
that co-eluted with and shared the same MS/MS
spectrum as authentic noribogaine, indicating that
the product of this reaction is noribogaine and
prompted us to name the protein 110H (FIGURE
3A-D). The reaction products of assays with 110H
and coronaridine yielded a product that was identi-
fied as 10-hydroxycoronaridine based on a compari-
son of MS/MS spectra to limited published data (14)
and the predicted regiospecificity of I10H for the 10-
position of the ibogan scaffold (FIGURE 3E-H). The
low concentration of product in assays with 110H
and the synthetic 18-MC precluded product identifi-
cation, though it is likely that hydroxylation occurs
at the 10-position as with other active substrates
to yield a previously unreported compound. All
other P450 candidates were assayed with the same
suite of substrates; however, no other reaction prod-
ucts were identified by HPLC-MS. Interestingly, the
11-O-methyl ether of ibogamine - tabernanthine -
also occurs in iboga, however, none of the P450s
tested showed activity towards the 11-position of
ibogamine, suggesting the enzyme responsible for
this reaction might belong to a different enzyme-
type.

His-tagged OMTs were purified using a His-
TRAP Ni* affinity column and size exclusion chro-
matography (FIGURE S4). Purified OMTs were
screened for activity with the suite of MIAs tested
for P450 activity. HPLC-MS analysis detected a
gain of 14 amu in the products of assays with
OMT candidate 1 and both noribogaine and 10-
hydroxycoronaridine. The reaction with OMT can-
didate 1 and noribogaine yielded a product that co-
eluted with and shared the same MS/MS spectrum
as authentic ibogaine, leading us to identify the
product of this reaction as ibogaine and prompted
us to name the protein N10OMT (FIGURE 4A-
D). The reaction products of assays with NIOOMT
and 10-hydroxycoronaridine co-eluted with and
shared the same MS/MS spectrum as authentic voa-
cangine (FIGURE 4E-H). Furthermore, the produc-
tion of voacangine in assays with N1I0OMT and 10-
hydroxycoronaridine supported our identification of
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10-hydroxycoronaridine from assays with I10H and
coronaridine (FIGURE 3). To further validate our
results, we co-incubated I110H and N10OMT with
ibogamine. This reaction yielded two products that
co-eluted with and shared the same MS/MS spec-
trum as authentic noribogaine or ibogaine, consistent
with a stepwise biochemical reaction (FIGURE 5A-
H). No reaction products were detected by HPLC-
MS with any of the other OMT candidates and the
same substrates.

Substrate Specificity — The percent max-
imum conversion of I10H was highest with the
ibogan-type alkaloid ibogamine (100%), but mod-
erate (31%) activity was also detected with coro-
naridine. Trace hydroxylation activities below 1%
were detected with the semi-synthetic substrate 18-
MC. N10OMT catalyzed the 10-O-methylation of
two substrates including relatively low turnover of
noribogaine (3%) compared to high turnover of 10-
hydroxycoronaridine (100%) (FIGURE 6).

Reaction Kinetics and pH optimum — [10H
exhibited a K,, value of 11.4 £+ 1.87 uM with
ibogamine, whereas N10OMT displayed a K,,, value
of 73.6 + 28.5 uM with noribogaine. Approxi-
mate V., values of 14 + 1.84 pmol s™' mg~! for
N10OMT were calculated using noribogaine as the
substrate with a catalytic efficiency of 7.45 + 3.05
M~! s~ (Table 1). Low quantities or inaccessibility
of other substrates prevented additional kinetics ex-
periments. Furthermore, the microsomal nature of
[10H precluded the calculation of additional kinetic
constants (FIGURE 7A and B). The pH optimum
for I10H with ibogamine and N1IOOMT with nori-
bogaine were approximately 8 and 9, respectively,
which is consistent with other reported optima for
P450s and OMTs (15-17) (FIGURE 7C and D).

RT-qPCR analysis of [10H and NIOOMT —
The gene expression of I10H and N10OMT in dif-
ferent organs of 7. iboga were examined using RT-
gPCR (FIGURE 8). T10H expression was highest
in the root and stem compared to leaf and cotyle-
don, which showed significantly lower expression
(ANOVA with Tukey PHT, p < 0.05). Gene ex-
pression of NIOOMT was highest in stem and root
followed by young leaf, first true leaf and cotyledon;
however, NIOOMT was not significantly different in
any of the tissues (ANOVA with Tukey PHT, p <
0.05).
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Metabolite analysis of iboga plant organs —
Selected alkaloids were profiled using HPLC-MS
and displayed a tissue specific distribution compara-
ble with previous reports (7-10). In general, iboga-
type alkaloids were highest in root, stem and cotyle-
don, with the exception of coronaridine, which was
low in cotyledon, and noribogaine, which was low in
all of these tissues. Alternatively, these compounds
were markedly lower or not detected in leaf tissue,
where the distinguishing alkaloids were tentatively
identified as ibophyllidine and iboxyphylline based
on previous reports (7, 10) (FIGURE 9).

DISCUSSION

Tabernanthe iboga (iboga) is the main com-
mercial source of ibogaine, the pharmacologically
active alkaloid of iboga rootbark that is being inves-
tigated for its anti-addictive properties (6). Because
ibogaine is currently sourced from plant material, we
are interested in simultaneously contributing to im-
provements in the ibogaine supply chain and devel-
oping new synthetic biology applications for gaining
access to novel small molecule therapeutics based
on the ibogaine scaffold. Here we report the first in-
sights into ibogaine by reporting the transcriptome
for T iboga and the subsequent discovery of the dec-
orating enzymes that modify the indole scaffold with
a methoxy group.

We used next generation sequencing to gen-
erate an iboga transcriptome, and leveraged ho-
mology dependent gene discovery to identify five
cytochromes p450 and six OMT candidates that
shared low (30%) to moderate (62%) amino acid
sequence identity with tabersonine 16-hydroxylase
or 16-hydroxytabersonine-O-methyltransferase, en-
zymes involved in vinblastine biosynthesis in Catha-
ranthus roseus, the only other Apocynaceae plant
for which an alkaloid hydroxylase/methyl trans-
ferase pair has been reported (FIGURE 1B). We
expressed these candidates in S. cerevisiae (P450s)
or E. coli (OMTs) and tested them with available sub-
strates. Although the vinblastine precursor, taberso-
nine, that is hydroxylated does not chemically re-
semble ibogaine, one P450 with homology to T16H
showed hydroxlyase activity with ibogamine (FIG-
URE 3A-D) suggesting that it was responsible for
the penultimate step in ibogaine biosynthesis. Sim-
ilarly, one OMT showed O-methylation activity to-
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wards the product of this hydroxylase, noribogaine
(FIGURE 4A-D), demonstrating its ability to cat-
alyze the final step in ibogaine biosynthesis. When
both proteins were incubated with ibogamine, we
observed the production of two products consis-
tent with authentic noribogaine or ibogaine, respec-
tively (FIGURE 5A-H). The regiospecificity of both
proteins for the 10-postion of the ibogan scaffold
prompted us to rename these proteins ibogamine-
10-hydroxylase (I10H) and noribogaine-10-O-
methyltransferase (N1IOOMT). I10H and N10OMT
failed to turnover any other MIA that was tested.

Notably, this is the first example of a regio-
specific 10-hydroxylation of an indole alkaloid scaf-
fold, and also the first example of a hydroxylation of
the iboga alkaloid motif. I10H is therefore an impor-
tant addition to the biocatalytic toolbox for alkaloid
derivatisation. For example, when compared to ibo-
gaine, the 10-hydroxylated derivative — noribogaine
— has shown promising results for treating addic-
tion without some of the cardiac side effects (18).
As such, I10H could be employed biocatalytically
to produce this therapeutic and analogues thereof.
Similarly, the trace 10-hydroxylase activity of I10H
with the semi-synthetic ibogaine analogue 18-MC,
which also has distinct activity profiles, could be
improved by protein engineering, leading to new-
to-nature ibogaine analogues with potentially novel
biological activities. Sequence alignments of 110H
with other alkaloid hydroxylases did not reveal any
obvious amino acids responsible for switching of
substrate and regioselectivity, highlighting the chal-
lenges of engineering this class of enzyme.

The roles of 110H and N10OMT in ibo-
gaine biosynthesis in planta are supported by both
their high expression levels in iboga tissues accu-
mulating ibogaine (FIGURE 8) along with the high
affinity (11 uM) of I10H and moderate affinity (73
uM) of NIOOMT with ibogamine or noribogaine,
respectively. However, it is important to note that
the 10-hydroxylation activity of I10H and 10-O-
methylation activity of N10OMT with the alternative
substrate coronaridine and 10-hydroxycoronaridine,
respectively, coupled with the presence of the down-
stream product voacangine in iboga strongly sug-
gests that [1I0H and N10OOMT have dual roles in
two branches of ibogaine biosynthesis (FIGURE 2).
We speculate that the decarboxylation of both coro-
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naridine and voacangine could contribute to ibo-
gaine concentrations in the plant. This hypoth-
esis is underscored when comparing the relative
activity of N1OOMT with 10-hydroxycoronaridine
and noribogaine and I10H with coronaridine and
ibogamine, which taken together suggest the path-
way proceeds through both coronaridine and voa-
cangine. This would be analogous to morphine
biosynthesis, where thebaine bifurcates via 6-O or 3-
O-demethylation to form codeinone or oripavine, re-
spectively, both en route to morphine(19). Further-
more, considering the higher content of voacangine
relative to ibogaine in members of the Tabernae-
montana and Voacanga genera, it will be interesting
to test the substrate preference of 110H homologs
from related plants to pinpoint any chemotaxonomic
differences of these P450s among species. How-
ever, although we tested six OMTs with moderate to
high sequence identity to TI6OMT, we cannot ab-
solutely discount an additional OMT with higher
relative activity for noribogaine compared to 10-
hydroxycoronaridine.

With the rise of the global opiate drug epi-
demic, treatment of opiate addiction is a growing
concern. To date, there are few effective treatments
for opiate addiction and this has spawned research
into psychedelic compounds with potential for treat-
ing addiction, as well as mental illnesses. In this
context, ibogaine has shown promising results for
the treatment of opiate and broad-scale addiction,
however, the stigma associated with psychedelic
medicines like ibogaine is a major hurdle for its
acceptance as a mainstream treatment option. Fur-
thermore, there are reports of potentially harmful
side-effects of ibogaine use. In this regard, discov-
ery of ibogaine biosynthetic genes has the potential
to develop synthetic biology application that could
streamline production strategies or create access to
new-to-nature compounds that treat addiction with-
out some of the side-effects. Moreover, iboga also
produces isoplumeran-type MIAs such as ibophyl-
lidine and iboxyphylline (FIGURE 1) (20), and the
transcriptomic data reported here will also be key
for elucidating the enzymatic underpinnings of these
unique backbones. In sum, discovery of I110H and
NI10OMT expands the toolkit of functionalizing en-
zymes for the aromatic ring of MIAs, furthering the
potential for tailor-made therapeutics.

Discovery of the final steps in ibogaine biosynthesis

EXPERIMENTAL PROCEDURES

Plant Material — Tabernanthe iboga seeds
were acquired from the global ibogaine therapy al-
liance (www.ibogainealliance.org) in May of 2014.
Seeds were imbibed with warm (37 °C), sterile wa-
ter for 48 hrs and sown in a matrix consisting of
coconut coir, sharp sand and perlite (5:4:1). Seeds
were kept moist and at a constant temperature (30
°C) until radicle emergence (2-4 weeks). Seedlings
were grown at a constant temperature (30 °C) under
a 12 hr LED light cycle (Kyson LED grow light)
and watered every two days with 50 ml of sterile
water. The growing regime was maintained until the
emergence of the first leaves, whereby plants were
supplemented with 50 ml of fertilizer (BIO-BIZZ)
bi-weekly.

Chemicals and Reagents — All solvents
used for extractions and preparative HPLC were of
HPLC grade, whilst solvents for HPLC-MS analysis
were of MS grade. All solvents were purchased from
Fisher Scientific. Ibogaine, noribogaine, ibogamine,
voacangine and 18-methoxycoronaridine were gifts
from Dr. Kenneth Alper (NYU Langone Health).
Coronaridine was isolated from the stem bark and
roots of Tabernaemontana divaricata with modifi-
cations to (21). Briefly, plant material was macer-
ated in methanol and the extract was filtered through
Whatman paper and dried in vacuo. The residue
was resuspended in 0.01 M HCI and extracted with
ethyl acetate to remove hydrophobic impurities. The
aqueous extract was adjusted to pH 10 (4 M potas-
sium carbonate) and alkaloids were extracted with
ethyl acetate. The ethyl acetate fraction was dried
in vacuo and resuspended in methanol, and coro-
naridine was purified using semi-preparative HPLC
using a Dionex Ultimate 3000 HPLC and UV detec-
tor (284 nm).

Coronaridine was eluted from a waters
XBridge semi-prep C18 column (10 x 200 mm, 5
um in a gradient of 0.1% ammonia and acetoni-
trile beginning with a 5-minute hold period (80:20,
0.1% ammonia:acetonitrile) and changing linearly
to 50% acetonitrile in 10 minutes, 65% acetoni-
trile by 60-minutes, 75% acetonitrile by 62 min-
utes and 95% acetonitrile by 62.1-minutes. Con-
ditions remained at 95% acetonitrile for 2 min-
utes and the column was re-equilibrated in starting
conditions for 6-minutes. The fraction containing
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coronaridine was dried in a GeneVac (SP Scien-
tific) and resuspended in methanol. The concen-
tration of coronaridine was calculated using the mo-
lar extinction co-efficient from (22). The identifi-
cation of coronaridine was confirmed using high-
resolution mass spectrometry and 'H/'3C NMR
(Table S3). 10-hydroxycoronaridine was prepared
enzymatically by feeding coronaridine to Saccha-
romyces cerevisiae expressing [10H. Briefly, a yeast
starter culture was grown overnight in synthetic
complete drop-out media (-leucine) with 2% glu-
cose. I10H expression was induced by adding 100
ul of starter culture to 1 ml of synthetic complete
dropout media (-leucine) containing 0.2% glucose,
1.8% galactose, 100 mM HEPES pH 7.5, and ap-
proximately 350 ug coronaridine. Cultures were
grown for an additional 48 hrs, whereby yeast was
pelleted and the supernatant was collected. The
pellet was extracted with 500 ul MeOH and vig-
orous vortexing for 1 minute, whereby debris was
pelleted by centrifugation and the supernatants were
pooled. The supernatant was dried under vacuum
in a GeneVac and 10-hydroxycoronaridine was pu-
rified via semi-preparative chromatography accord-
ing to the HPLC method above. The concentration
of 10-hydroxycoronaridine was calculated using the
molar extinction co-efficient from (14). All gene
and fragment amplifications were performed using
Platinum Superfi polymerase whilst colony PCRs
were performed using Phire II master mix (Thermo
Fisher). PCR product purifications were performed
using the MachereyNagel PCR clean-up kit. Plasmid
purifications were performed using Promega Wizard
minipreps. cDNA was prepared using Superscript
IV VILO master mix and ezDNase (Thermo Fisher).
RT-qPCR was performed using Sensi-FAST Sybr
No-ROX kit (Bioline). The In-fusion HD cloning
kit was from Clontech.

Tabernanthe iboga transcriptomics and li-
brary construction — Iboga seedlings (3 months)
were ground to a fine powder under liquid nitrogen
using a tissue lyser (Qiagen). RNA was extracted
from 100 mg of powdered tissue using a modified
CTAB method (23). RNA quality was assessed by
visualizing 28S and 18S quality on an agarose gel
and UV absorption ratios, where only samples with
ratios above 2.0 (260/280 nm) and 2.2 (260/230 nm)
were used. RNA was shipped to BGI (Hong Kong)
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for quality control, cDNA library construction, se-
quencing (HISEQ4000 with PE150), and de novo
transcriptome assembly.

Gene isolation, phylogenetic analysis and
expression vector construction — 7. iboga leaves,
cotyledons, stems and roots were flash frozen in lig-
uid nitrogen and powdered with the assistance of
a tissue lyser. RNA was extracted from powdered
tissue using the CTAB method described in (23),
and cDNA was synthesized from a mixture of root,
stem, cotyledon and leaf RNA using SuperScript
IV VILO master mix with ezDNAse according to
the manufacturers protocol. Translated Tabernan-
the iboga transcriptome databases were searched us-
ing T16H (P98183) and 160MT (BOEXIJS8) protein
sequences as queries to identify candidates for 10-
hydroxylation of ibogamine and 10-O-methylation
of noribogaine. Amino acid sequence alignments
were performed with MAFFT (24), and phyloge-
netic relationships were analyzed using Geneious 9
(Biomatters Ltd., Auckland, New Zealand). Five
P450 and six OMT cDNAs amplified by RT-PCR
with SuperFi DNA polymerase using primers with
flanking In-fusion sites (Table S1). P450 and OMT
PCR products were ligated into the pESC-leu2A
(P450s) vector containing a cytochrome P450 re-
ductase from Artemesia annua (25) or pOPINF
(OMTs) using the manufacturers In-fusion proto-
col. Assembled vectors were transformed into Stel-
lar competent cells (Clontech), whereby positive
transformation was confirmed using colony PCR
with primers listed in Table S1. Sequences were
confirmed using Eurofins sequencing service (Clon-
tech). Sequenced confirmed plasmids were trans-
formed into Saccharomyces cerevisiae strain PEP4
(P450s) or Escherichia coli expression strain Sol-
uBL21 (OMTs).

Protein Expression and purification —
Starter cultures of E. coli harboring OMT:pOPINF
constructs were grown overnight at 37 °C. A 1:100
dilution was made by adding overnight culture to
11 of 2YT media containing 50 ug.ml~! carbeni-
cillin. Protein expression was induced at OD600
A=0.7 by adding IPTG to a final concentration of
300 uM. Protein expression continued at 18 °C for
16 hrs whereby cells were harvested by centrifu-
gation (4000 rpm). Bacterial pellets were resus-
pended in 50 ml of protein extraction buffer (Al
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buffer,50 mM TRIS, 50 mM glycine, 5% glycerol
v/v, 0.5 M NaCl, 20 mM imidazole) containing 10
mg lysozyme (Sigma, L6876) and 1 tablet of cOm-
plete EDTA free protease inhibitor (Roche). Cells
were lysed at 4 °C using a cell disruptor (25 KPI) and
centrifuged at 35,000g to remove insoluble debris.
The supernatant was filtered through a 0.45 um glass
syringe filter and applied to a HIS-Trap Ni-affinity
column with the assistance of an AKTA pure FPLC.
The protein-charged resin was washed with 20 col-
umn volumes of Al buffer, and protein was eluted
with B1 buffer (A1 buffer + imidazole to a final con-
centration of 500 mM). OMTs were subjected to a
further purification step on a SEC-1660 gel filtration
column and buffer exchanged in A4 buffer (20 mM
HEPES, 150 mM NaCl, pH 7.5). Each OMT (2
ng) was separated by SDS-PAGE to assess protein
yield and purity (FIGURE S4). Final protein con-
centrations used for enzyme assays were calculated
using the theoretical protein extinction coefficient,
molecular weight and absorbance on a nanodrop.
Freshly transformed yeast cultures harbour-
ing pESC-leu2A constructs were grown on an or-
bital shaker (250 rpm) to log phase in 50 ml of
Synthetic Complete dropout medium lacking leucine
(SC-leu) and 2% (w/v) glucose. Cultures were sub-
sequently centrifuged (4,000g) and resuspended in
11 of protein induction medium containing SC-leu
supplemented with 0.2% (w/v) glucose and 1.8%
(w/v) galactose. Cultures were grown for an addi-
tional 24 h at 30 °C and cells were harvested by
centrifugation. Microsomes were prepared based
on a standard protocol. Briefly, after initial treat-
ment with TEK buffer (5 mM Tris-HCIL, pH 7.5, 0.5
mM EDTA, 100 mM NaCl, 20 mM KCI, 10 mM
MgCl,), cells were re-suspended in 5 ml of cold
TESB (50 mM Tris-HCI, pH 7.5, 150 mM NaCl,
sorbitol) in a 50 ml tube. Yeast cells were lysed at
4 °C with a cell disruptor (25 KPI) and insoluble
debris was removed by centrifugation at 30,000g.
The supernatant was subjected to sucrose-gradient
separation of microsomes by ultracentrifugation for
1 h at 35,000g and 4 °C. Microsomal pellets were
re-suspended in 1 ml of TEG buffer (pH 7.5) and
assayed immediately or stored at -80 for future use.
I10H expression was confirmed using proteomics
of microsomal preparations whereby two unique
peptides were detected (Peptide 1: NVFQETGN-
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VDETK, mass:1479.6842; Peptide 2: NVFQET-
GNVDETKLGELK, mass:2020.0113).

N10OMT and I10H Assays — A selection
of available MIAs were screened in triplicate as po-
tential substrates for OMTs and P450s using a stan-
dardized assay. For each screen, 50 ug of purified
and desalted OMT or 20 ul of purified microsome
containing the P450 was incubated for 16 h at 30
°C with 25 uM of candidate substrate and 100 uM
SAM (OMT) or 100 uM NADPH (P450), in 50 mM
HEPES, pH 7, in a total reaction volume of 100 ul.
Denatured proteins were used as negative controls.
Assays were quenched with 2 volumes of methanol,
and samples were reduced to dryness in a GeneVac
and resuspended in 1.5 ml of HPLC running buffer
(0.1% formic acid:methanol, 50:50 v/v). MIAs ac-
cepted as substrates were used to determine relative
conversion rates using identical assay conditions ex-
cept for an incubation time of 25 min, which was
within the linear range of each assay, a final alkaloid
substrate concentration of 20 uM, and a total reac-
tion volume of 100 ul. Assay pH was also adjusted
to 8 for p450 assays and 9 for OMT assays based
on empirical pH optimum. Samples were diluted to
1.5 ml with HPLC running buffer and analysed by
HPLC-MS. Noribogaine and ibogamine were used
to determine kinetic parameters for NIOOMT and
I10H, respectively, at concentrations up to 500 uM.
Samples were diluted with HPLC running buffer to
a final substrate concentration of 1 uM for analysis
by HPLC-MS.

Analysis of Enzyme Assays — Enzyme as-
says were analyzed by HPLC-MS using an Acquity
UPLC coupled with a XEVO TQS (Waters). For
substrate range and relative activity analyses, 1 ul of
sample, was injected onto a Acquity BEH C18 col-
umn (1.7 gm, 2.1 x 50 mm), and analytes were eluted
with a gradient of running buffer (0.1% formic acid;
solvent A) and acetonitrile (solvent B). The flow rate
was 600 ul min !, and the gradient began with 2%
solvent B and increased linearly to 98% solvent B by
7 minutes. The mobile phase composition remained
constant until 8.1 minutes at which time it returned
immediately to 0% solvent B followed by a 2 minutes
re-equilibration period. Analytes were subjected to
positive electrospray ionization using source condi-
tions optimized for MIAs (Capillary voltage: 3.0
kV, Source Temp: 150 °C; Desolvation Temp: 500
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°C; Cone gas: 50 1h~!; Desolvation gas: 800 1h'!)
and were subsequently detected by multiple reaction
monitoring (MRM) with conditions for each analyte
(Table 2). MRM conditions were determined us-
ing the waters Intellistart software by injecting stan-
dards into the waters mass spectrometer. Transition
giving the highest intensity peaks were selected for
MRM panels in figures 3-5. Relative enzyme ac-
tivity was calculated as the percent turnover of each
substrate using the following formula: Product peak
area + (Substrate peak area + Product peak area) x
100. Subsequently, the compound with the high-
est turnover for each protein was set to 100%, and
the detected activity with all other substrates was ex-
pressed as a percentage of the maximum. For kinetic
parameter analyses, a five-point calibration curve of
noribogaine or ibogaine (500 pM to 5 uM) was estab-
lished to semi-quantitatively determine the amount
of product formed per unit of time. Kinetic constants
were calculated based on Michaelis Menten kinetics
using Prism 5 (GraphPad Software, La Jolla,CA).

Reaction Product Identification — Compar-
ison of collision induced dissociation (CID) spectra
with empirical spectra either from authentic stan-
dards or available in the literature was used to iden-
tify each enzymatic reaction product (FIGURE 3-
5). CID was performed at 40 eV for each com-
pound, and product ions were detected between 50
m/z and 5-10 atomic mass units above the m/z of
the quasi-molecular ion. CID was carried out using
the HPLC-MS method above with the exception of
changing the scan mode to MS2 scan.

RT-qPCR — T.iboga root, stem, cotyledon,
first true leaf, and young leaf were flash frozen in
liquid nitrogen and powdered with the assistance of
a tissue lyser. RNA was extracted from each tissue
using the CTAB method described in (23). 700ng of
total RNA from each sample was treated with ezD-
NAse and reverse transcribed using VILO super-
script IV according to the manufacturers protocol.
Relative transcript abundance for each tissue was de-
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termined by RT-qgPCR and expressed as 272’ on a

BioRad CFX96 Q-PCR instrument using the cDNA
synthesized above and the primers listed in Table
S2. Three biological replicates and three techni-
cal replicates were analyzed for each gene using the
reference gene: N2227-like family protein, N2227.
Efficiencies for all primer sets were approximately
equal and always >90%. Analysis was performed in
excel.

Metabolite Analysis — A frozen and pul-
verized aliquot of each tissue was collected in pre-
weighed microfuge tubes and extracted with 1 ml of
methanol spiked with 1 ug ml~! ajmaline. Alkaloids
were extracted for 1 minute with vigorous vortexing
and sonication followed by centrifugation (14,000g
for 1 minute) to remove insoluble debris. The super-
natant was passed through a 0.22 ym membrane and
diluted 1:4 with 0.1% formic acid:methanol (50:50
v/v) in a 2 ml glass auto-sampler vial. HPLC-MS
analysis was performed on a Shimadzu LCMS-IT-
TOF Mass Spectrometer coupled to a Nexera 2 chro-
matographic system. Chromatographic separation
was carried out using a Kinetex XB-C18 column (2.6
um, 100 x 2.10 mm; Phenomenex) using a binary
solvent system consisting of solvent A (0.1% formic
acid), and solvent B (acetonitrile). Compounds were
eluted with a linear gradient of 10% to 30% solvent
B in 5 minutes. The column was washed with 100%
B for 1.5 minutes and re-equilibrated to 10% B for
2.5 min before the next injection. The flow rate was
set at 600 ul min~ ! and the Injection volume was
1 ul. Mass spectrometry was performed in positive
ion mode scanning from 150-1,200 m/z. The source
settings were: heat block temperature 300 °C, nebu-
lizing gas flow 1.4 1 min~!, CDL temperature 250 °C,
detector voltage 1.6 kV. Data analysis was performed
using the Shimadzu Profiling Solution software, and
normalization of data was accomplished using tissue
weight. Furthermore, ajmaline detection via MS did
not vary beyond 5%.

Acknowledgments: We gratefully acknowledge Dr. Kenneth Alper of New York University for providing
authentic standards and Jonathan Dickinson of the global ibogaine alliance for providing Tabernanthe iboga
seeds. We are grateful to Dr. Gerhard Saalbach of the John Innes Proteomics Centre for proteomics
work. We thank Dr. Benjamin Lichman for helpful discussions on NMR. Author contributions: S.C.F
characterized all proteins, purified substrates, coordinated all experiments; M.K. performed SDS-PAGE and

8T0¢ ‘G aueidss uo Ariqi 1gN e /61000 mammy/:dny Wwouy papeojumoq


http://www.jbc.org/

Discovery of the final steps in ibogaine biosynthesis

protein purification. J.M. helped with initial cloning and characterization of I10H and N10OMT; B.A. helped
with cloning; S.C.F and S.E.O. wrote manuscript; S.F., M.O.K., S.E.O., and Y.X. revised manuscript. T16H
(P98183) and 160MT (BOEXIJ8). The GenBank accession numbers for [10H and N10OMT are MH454074
and MH454075, respectively. Transcriptome data has been deposited in Dryad (deposition number
DOI: 10.5061/dryad.2mh70m2). S.C.F acknowledges an EMBO long-term fellowship and S.E.O. and
Y.X. acknowledges the CAS-BBSRC alliance for funding.

Conflict of interest: The authors declare that they have no conflicts of interest with the contents of this
article.

8T0¢ ‘G aueidss uo Ariqi 1gN e /61000 mammy/:dny Wwouy papeojumoq


http://www.jbc.org/

Discovery of the final steps in ibogaine biosynthesis

REFERENCES

1. O’Connor, S. E. and Maresh, J. J. (2006) Chemistry and biology of monoterpene indole alkaloid
biosynthesis. Nat. Prod. Reports 23, 532-547

2. Ziegler, J. and Facchini, P. J. (2008) Alkaloid biosynthesis: metabolism and trafficking. Annu. Rev.
Plant Biol. 59, 735-769

3. Hagel, J. M., Yeung, E. C., and Facchini, P. J. (2008) Got milk? The secret life of laticifers. Trends
Plant Sci. 13, 631-639

4. Pope, H. G. (1969) Tabernanthe iboga: an African narcotic plant of social importance. Econ. Bot.
23, 174-184

5. Alper, K. R., Lotsof, H. S., and Kaplan, C. D. (2008) The ibogaine medical subculture. J. Ethnophar-
macol. 115, 9-24

6. Alper, K. R. (2001) Ibogaine: A review. Alkaloids Chem. Biol. 56, 1-38

7. Khuong-Huu, F., Cesario, M., Guilhem, J., and Goutarel, R. (1976) Alcaloides indoliques—CII.
Tetrahedron 32, 2539-2543

8. Mulamba, T., Delaude, C., Le Men-Olivier, L., and Lévy, J. (1981) Alcaloides de Tabernanthe
pubescens. J. Nat. Prod. 44, 184—189

9. Delaude, C., Huls, R., Breyne, H., Thepernier, P., Massiot, G., and Le Men-Olivier, L. (1984) D’un
hybride intergenerique fertile de la famille des apocynacees. Bull. de la Société Royale des Sci. de
Liege 53, 206-214

10. Bisset, N. G. (1989) Series of revisions of Apocynaceae: 29. A taxonomic revision of the genus
Tabernanthe and a study of wood anatomy of T. iboga. Wageningen Agric. Univ. Pap. 89, 1-18

11. Yamasaki, M. and Leete, E. (1964) Biosynthesis of the Iboga alkaloids : The incorporation of
tryptophan-3-C!* into ibogaine. Tetrahedron Lett. 5, 1499-1501

12. Tang, B.-q., Wang, W.-J., Huang, X.-j., Li, G.-q., Wang, L., Jiang, R.-w., Yang, T.-t., Shi, L.,
Zhang, X.-q., and Ye, W.-c. (2014) Iboga-type alkaloids from Ervatamia officinalis. J. Nat. Prod.
77, 1839-1846

13. Caputi, L., Franke, J., Farrow, S. C., Chung, K., Payne, R. M., Nguyen, T. D., Dang, T. T. T,
Carqueijeiro, 1. S. T., Koudounas, K., de Bernonville, T. D., Ameyaw, B., Jones, D. M., Vieira,
I. J. C., Courdavault, V., and O’Connor, S. E. (2018) Missing enzymes in the biosynthesis of the
anticancer drug vinblastine in Madagascar periwinkle. Science 60, 1235-1239

14. Gunasekera, S. P., Cordell, G., and Farnsworth, N. R. (1980) Anticancer indole alkaloids of
Ervatamia heyneana. Phytochemistry 19, 1213-1218

15. Farrow, S. C., Hagel, J. M., Beaudoin, G. A., Burns, D. C., and Facchini, P. J. (2015) Stereochemical
inversion of (S)-reticuline by a cytochrome P450 fusion in Opium poppy. Nat. Chem. Biol. 11, 728—
732

16. Dang, T.-T. T. and Facchini, P. J. (2012) Characterization of three O-methyltransferases involved in
noscapine biosynthesis in opium Poppy. Plant Physiol. 159, 618—631

17. Nomura, T. and Kutchan, T. M. (2010) Three new O-methyltransferases are sufficient for all O-
methylation reactions of ipecac alkaloid biosynthesis in root culture of Psychotria ipecacuanha. J.
Biol. Chem. 285, 7722-7738

18. Carnicella, S., He, D. Y., Yowell, Q. V., Glick, S. D., and Ron, D. (2010) Noribogaine, but not
18-MC, exhibits similar actions as ibogaine on GDNF expression and ethanol self-administration.
Addict. Biol. 15, 424433

19. Hagel, J. M. and Facchini, P. J. (2010) Dioxygenases catalyze the O-demethylation steps of morphine
biosynthesis in opium poppy. Nat. Chem. Biol. 6, 273-275

20. Szabd, L. (2008) Rigorous biogenetic network for a group of indole alkaloids derived from stric-
tosidine. Molecules 13, 1875-1896

21. Rastogi, K., Kapil, R. S., and Popli, S. P. (1980) New alkaloids from Tabernaemontana divaricata.

10

8T0¢ ‘G aueidss uo Ariqi 1gN e /61000 mammy/:dny Wwouy papeojumoq


http://www.jbc.org/

22.

23.

24.

25.

Discovery of the final steps in ibogaine biosynthesis

Phytochemistry 19, 1209-1212

Okuyama, E., Gao, L. H., and Yamazaki, M. (1992) Analgesic components from bornean medicinal
plants, Tabernaemontana pauciflora Blume and Tabernaemontana pandacaqui Poir. Chem. &
Pharm. Bull. 40, 2075-2079

Meisel, L., Fonseca, B., Gonzdlez, S., Baeza-Yates, R., Cambiazo, V., Campos, R., GonZalez, M.,
Orellana, A., Retamales, J., and Silva, H. (2005) A rapid and efficient method for purifying high
quality total RNA from peaches (Prunus persica) for functional genomics analyses. Biol. Res. 38,
83-88

Katoh, K. and Standley, D. M. (2013) MAFFT multiple sequence alignment software version 7:
improvements in performance and usability. Mol. Biol. Evol. 30, 772-780

Ro, D.-K., Paradise, E. M., Ouellet, M., Fisher, K. J., Newman, K. L., Ndungu, J. M., Ho, K. a.,
Eachus, R. a., Ham, T. S., Kirby, J., Chang, M. C. Y., Withers, S. T., Shiba, Y., Sarpong, R., and
Keasling, J. D. (2006) Production of the antimalarial drug precursor artemisinic acid in engineered
yeast. Nature 440, 940-943

11

8T0¢ ‘G aueidss uo Ariqi 1gN e /61000 mammy/:dny Wwouy papeojumoq


http://www.jbc.org/

Discovery of the final steps in ibogaine biosynthesis

FOOTNOTES

Funding: This work was supported by grants from BBSRC (BB/J004561/1) (S.E.O.and Y.X.) S.C.F grate-
fully acknowledges postdoctoral funding (ALTF 846-2016) an EMBO Long term Fellowship. Abbrevia-
tions: 18-methoxycoronaridine, 18-MC; 16-hydroxytabersonine O-methyltransferase, 160MT; atomic mass
units, amu; cytochromes P450, P450; ibogamine-10-hydroxylase, 110H; monoterpene indole alkaloids,
MIAs; multiple reaction monitoring, MRM; noribogaine-10-O-methyltransferase, N10OMT; tabersonine
16-hydroxylase, T16H; O-methyltransferase, OMT)

TABLES

Table 1: Kinetic values for [10H and N10OMT with ibogamine and noribogaine, respectively
Enzyme K, (uM) Vinax Kear Kear/Km
(pmol s~!.mg~1) (s™h M ts™h
I110H 11.4 + 1.87 - - -
NIOOMT 73.6 +28.5 14 + 1.84 548 x 10°* +7.23x 107  7.45 +3.05

12

8T0¢ ‘G aueidss uo Ariqi 1gN e /61000 mammy/:dny Wwouy papeojumoq


http://www.jbc.org/

Discovery of the final steps in ibogaine biosynthesis

Table 2: Parameters Used for Multiple Reaction Monitoring

Compound Precursor Ion Productlon 1 Product Ion2 Cone Voltage Collision Energy
m/z m/z m/z \Y% eV
Voacangine 369.2 122.1 174.1 26 40
18-hydroxycoronaridine 369.2 130.1 144.2 26 40
Coronaridine 339.2 130.1 144.2 26 30
10-Hydroxycoronaridine 355.2 146.1 160.1 26 40
Ibogamine 281.2 122.1 144.1 26 36
Noribogaine 297.2 122.1 160.1 26 30
Ibogaine 311.2 122.1 173.9 26 30
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FIGURES

Klsoplumeran-type

H H,CO
\ Iboxyphylline
4 Ibogan-type

H3CO.

T,

H

\_ Ibogaine S : Tabernanthine )

Ibogaine Cathara/nthine

Figure 1: Alkaloids of iboga (A). The principle ibogan-type alkaloids Ibogaine (with C10 O-methyl group
highlighted in red) and tabernanthine are abundant in the root and stems, whereas the isoplumeran-type alka-
loids ibophyllidine and iboxyphylline are the core alkaloids present in leaves. Anti-cancer drugs synthesized
in Catharanthus roseus with C11 O-methyl group of the vindoline moiety highlighted in red (B). Ibogaine
and catharanthine are ibogan-type alkaloids belonging to opposing optical series (C).
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Figure 2: Proposed biosynthetic pathway to ibogaine in Tabernanthe iboga. Tryptophan and geranyl
diphosphate undergo multiple transformations (multiple arrows) to yield strictosidine, which undergoes
multiple transformations (multiple arrows) to yield the hypothesized reactive intermediate dehydrosecodine.
Dehydrosecodine is thought to undergo cyclization to form the +-ibogan scaffolds, which in iboga, eventually
forms (-)-coronaridine. Net decarboxylation of coronaridine yields ibogamine, which can then undergo 10-
hydroxylation and 10-O-methylation to yield ibogaine. The pathway could also bifurcate through voacangine,
whereby net decarboxylation of voacangine could lead to ibogaine. Percentages and arrow thickness indicate
the relative activity of [10H and N10OMT for different substrate in the pathway underscoring the potential
routes to ibogaine. Red arrows represent the steps that are the focus of this study.
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Figure 3: 110H 10-hydroxylates ibogamine or coronaridine to make noribogaine or 10-hydroxycoronaridine,
respectively. HPLC-MS chromatograms and MS/MS spectra of authentic standards and products from
enzyme assays with I10H and ibogamine or coronaridine. HPLC-CID chromatogram of noribogaine Standard
(A). HPLC-CID chromatogram of EV and ibogamine (black-line) and reaction product from I110H and
ibogamine assay (green-line) that co-elutes with authentic noribogaine (B). MS/MS spectra of noribogaine
standard (top; C) and mirrored MS/MS spectra of the product from the I10H and ibogamine assay (bottom;
C). Multiple reaction monitoring of the assay with I10H and ibogamine (D) showing the production of
noribogaine under standard reaction conditions (A). HPLC-CID chromatogram of coronaridine Standard
(E). HPLC-CID chromatogram of EV and coronaridine (black-line) and reaction product from I110H and
coronaridine assay (green-line) that co-elutes with 10-hydroxycoronaridine (F). MS/MS spectra of 10-
hydroxycoronaridine (top; G) and mirrored MS/MS spectra of the product from the I110H and coronaridine
assay (bottom; G). Multiple reaction monitoring of the assay with I[10H and coronaridine (H) showing the
production of 10-hydroxycoronaridine under standard reaction conditions (E). The unidentified peaks in B
and E are products of endogenous yeast enzymes present in empty vector and I10H microsomes.
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Figure 4: N10OMT 10-O-methylates noribogaine or 10-hydroxycoronaridine to form ibogaine or voa-

cangine, respectively.

HPLC-MS chromatograms and MS/MS spectra of standards and products from

enzyme assays with NIOOMT and noribogaine or 10-hydroxycoronaridine. HPLC-CID chromatogram of
ibogaine standard (A). HPLC-CID chromatogram of reaction product from the NIOOMT and noribogaine
assay that co-elutes with authentic ibogaine (B). MS/MS spectra of ibogaine (top; C) and mirrored MS/MS
spectra of the prod7uct from the N10OMT and noribogaine assay (bottom; C). Multiple reaction monitoring
of the assay with NIOOMT and noribogaine (D) showing the production of ibogaine under standard reac-
tion conditions (A). HPLC-CID chromatogram of 10-hydroxycoronaridine (E). HPLC-CID chromatogram
of reaction product from N10OMT and 10-hydroxycoronaridine assay that co-elutes with voacangine (F).
MS/MS spectra of voacangine (top; G) and mirrored MS/MS spectra of the product from the NIOOMT and
10-hydroxycoronaridine assay (bottom; G). Multiple reaction monitoring of the assay with NIOOMT and
10-hydroxycoronaridine (H) showing the production of voacangine under standard reaction conditions (E).
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Figure 5: I110H and N10OMT work in a stepwise fashion to make ibogaine. HPLC-MS chromatograms and
MS/MS spectra of standards and products from enzyme assays with [I0H and N10OMT and ibogamine.
HPLC-CID chromatogram of noribogaine standard (A). HPLC-CID chromatogram of reaction product 1
from the I110H and N10OMT and ibogamine assay that co-elutes with authentic noribogaine (B). MS/MS
spectra of noribogaine (top; C) and mirrored MS/MS spectra of product 1 from the I10H and N10OMT
and ibogamine assay (bottom; C). Multiple reaction monitoring of the assay with I10H and N10OMT and
ibogamine (D) showing the production of noribogaine under standard reaction conditions (A). HPLC-CID
chromatogram of ibogaine (E). HPLC-CID chromatogram of reaction product 2 from the I10H and N10OMT
and ibogamine assay that co-elutes with ibogaine (F). MS/MS spectra of ibogaine (top; G) and mirrored
MS/MS spectra of product 2 from the [10H and N10OMT and ibogamine assay (bottom; G). Multiple
reaction monitoring of the assay with [10H and N10OMT and ibogamine (H) showing the production of
ibogaine under standard reaction conditions (E).
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Figure 6: Relative activity of I10H and N10OMT with different MIAs. Values represent the mean percent
maximum activity + S.E. of three independent replicates for each compound compared with the substrate
showing the highest turnover, which was set to 100%. Trace activity indicates less than 1% turnover.
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Figure 7: Steady-state enzyme kinetics of recombinant [10H (A) and N10OMT (B) using ibogamine and nori-
bogaine, respectively, as substrates. Incubation time (25 min) and protein concentration (50 pug, N1I0OMT)
were optimized prior to kinetic analyses. Values represent the mean product formation (pmol s~ ', I10H or
pmol s~ ! mg~ I N100OMT) + S.D. of three independent measurements. Maximum velocity (V,,,4x) and the
concentration of substrate which permits the enzyme to achieve half Vmax (K,,), catalytic rate (k.4), and
catalytic efficiency (k.4;/K,,) were determined based on Michaelis Menten kinetics. pH optima of I10H (C)
and 100MT (D). I10H activity was determined for the conversion of ibogamine to noribogaine. NI0OOMT
activity is based on the conversion of noribogaine to ibogaine. (C) The overall pH optimum of oxidation
(I10H) and methylation (N100OMT) is indicated by the yellow highlight. Values represent the mean + S.D.
of three independent measurements
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Figure 8: Relative transcripts abundance of I10H and N10OMT in Tabernanthe iboga plant organs. Real-
time quantitative PCR was used to quantify the relative transcript abundance in root, stem, 1%’ True Leaf
and Young Leaf and cotyledon of iboga seedlings. Data were calculated in excel using 272’ and expressed
as the mean with S.D. Each data point is indicated with a gray, gold or orange marker. Three biological
replicates and three technical replicates were analyzed for each gene using the reference gene: N2227-like
family protein, N2227. Efficiencies for all primer sets were approximately equal and always >90%. Values
with the same letter are not significantly different (ANOVA with Tukey PHT, p > 0.05).
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Figure 9: Relative alkaloid concentration of selected MIAs from organs of Tabernanthe iboga. (A) Relative
quantity of all reported alkaloids in each tissue. (B) Relative quantity of individual alkaloids in each
tissue. Values represent the mean of three biological replicates + S.D. Values with the same letters are not
significantly different (p < 0.05) using a One-way ANOVA with Tukey PHT (n=3).
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Table S1: Primers used for Full-length Gene amplification and colony PCR

Gene Strand In-Fusion Site Primer Sequence (5°-3")

110H Forward ACCCTCACTAAAGGGCGGCCGCAACC ATGGAGCTGATCGTCTCCTTC

110H Reverse =~ GTCATCCTTGTAATCCATCGATAC TGCTTCATCCATCATTACC

P450-2 Forward ACCCTCACTAAAGGGCGGCCGCAACC ATGGAGTTAGTCACTGCC

P450-2 Reverse = GTCATCCTTGTAATCCATCGATAC CACAGAAGAATGACTATAAGGAATTG

P450-3 Forward ACCCTCACTAAAGGGCGGCCGCAACC GAGCTCATCTTCTTTGTCTG

P450-3 Reverse =~ GTCATCCTTGTAATCCATCGATAC TTGTAGATAAGAACGGGAGTG

P450-4 Forward ACCCTCACTAAAGGGCGGCCGCAACC ATGGAGCTCATCTTTCTCTTCTG

P450-4 Reverse =~ GTCATCCTTGTAATCCATCGATAC GATCGCTTTTTTCAAAGAAGAAC

P450-5 Forward ACCCTCACTAAAGGGCGGCCGCAACC ATGGAGTTCATTCTTTTCCTTTGCATTC

P450-5 Reverse =~ GTCATCCTTGTAATCCATCGATAC CTCCAGTTTTAGGAAAGAACC

N100OMT  Forward AAGTTCTGTTTCAGGGC CCGGACGCGAAATCTGCCGAAC

NI10OMT  Reverse ATGGTCTAGAAAGCTTTA AGGATACACTTCAATGAGACTCC

OMT-2 Forward AAGTTCTGTTTCAGGGC CCGGCAATGGTTGAGAAATCTGC

OMT-2 Reverse = ATGGTCTAGAAAGCTTTA AGGATAGACCTCAATGAGAC

OMT-3 Forward AAGTTCTGTTTCAGGGC CCGGGAGAAGCCCAGGCTCAG

OMT-3 Reverse = ATGGTCTAGAAAGCTTTA AGGGTAGGCTTCAATGACAG

OMT-4 Forward AAGTTCTGTTTCAGGGC CCGAGTGTAGCTTTGAATGGTG

OMT-4 Reverse = ATGGTCTAGAAAGCTTTA ATAATAAACCTCAATAAGAGATCTC

OMT-5 Forward AAGTTCTGTTTCAGGGC CCGGCAGGAGAAGAGGAAGCTTG

OMT-5 Reverse = ATGGTCTAGAAAGCTTTA TTTAAGCAATTCCATAATCCAACTGTTG

OMT-6 Forward AAGTTCTGTTTCAGGGC CCGGATTCTTCCCCCACAATCC

OMT-6 Reverse = ATGGTCTAGAAAGCTTTA CTTGTAGAACTCCATGATCCAC
Primers used for Colony PCR

Name Strand Vector Primer Sequence (5°-3")

GAL10-F  Forward pESC-leu2A GGTGGTAATGCCATGTAATATG

GAL10-R  Reverse  pESC-leu2A GGCAAGGTAGACAAGCCGACAAC

T7-F Forward pOPINF TAATACGACTCACTATAGGG

pOPINF-R Reverse = pOPINF TAGCCAGAAGTCAGATGCT
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Table S2: Primers used for RT-qPCR

Gene Strand Primer Sequence (5°-3°)

110H Forward AGGCCTCCCTCACTGTGTCCT
110H Reverse TGGATGGTCTGTCGGCAAAGA
N10OMT Forward AAGTGCGCTTACGATGCT
N10OMT Reverse TCTTCATTCTGGAACCACTCAC
N2227 Forward GTGAACGTGACCAGTGCTATAA
N2227 Reverse CAAGCAGGTGGACTCTCTTTAC
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Table S3: NMR spectra of Coronaridine

Number This Study Reference (22)
'H (J/H) B¢ 'H (J/Hz) B¢
2 - 138.5 - 136.6
3 2.79 (2H, ddd, 8.5, 1.7, 1.7), 2.94 (2H, ddd, 2.5, 3.7, 8.5)  54.3 2.81 (1H, brd), 2.89-2.92 (1H,m) 51.6
5 3.40 (1H, m), 3.00-3.16 (1H, m) 54.7 | 3.36-3.42 (1H, m), 3.15-3.23 (1H, m)  53.1
6 3.00-3.16 (2H, m) 22.8 | 2.98-3.04 (1H, m), 3.15-3.23 (1H, m) 22.1
7 - 110.7 - 110.3
8 - 137.6 - 128.8
9 7.40 (1H, ddd, 7.8, 1.0, 1.0) 118.7 7.47 (1H, brd) 118.4
10 7.02 (1H, ddd, 7.6, 7.6, 1.2) 122.2 7.08 (1H, ddd) 119.2
11 6.96 (1H, ddd, 7.5, 7.5, 1.1) 119.5 7.14 (1H, ddd) 121.9
12 7.24 (1H, ddd, 7.9,1.0, 1.0) 111.5 7.24 (1H, dd) 110.3
13 - 129.6 - 135.5
14 1.85 (1H, m) 29.0 1.88 (brs) 27.4
15 1.12 (1H, m), 1.76 (1H, m) 332 1.13 (1H, ddt), 1.73 (1H, m) 32.0
16 - 56.4 - 55.1
17 1.92 (1H, m), 2.72 (1H, ddd, 13.1, 2.1, 2.1) 37.0 1.9 (1H, ddd), 2.58 (1H, dd) 36.5
18 091 (3H,t,7.4) 12.1 0.9 (3H,t) 11.6
19 1.34-1.49 (1H, m), 1.50-1.62 (1H, m) 28.0 1.4-1.47 (1H, m), 1.53-1.60 (1H, m) 26.7
20 1.34-1.49 (1H, m) 40.1 1.32-1.35 (1H, m) 39.1
21 3.62 (1H, brs) 57.9 3.56 (1H, brs) 57.5
22 - 176.3 - 175.7
CO,CHj3 3.69 (3H, s) 52.9 3.71 (1H, s) 52.5
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Figure S1: Amino acid sequence alignment of I10H with characterized and uncharacterized P450s. Asterisk
indicate absolutely conserved cysteine residue for coordination of iron. I10H is highlighted in red.
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40MT1_PAPEO: MGS-— DAETHE ITYGYADSLVLRCTVEIGIADII--RNNN--GSITLSELVSKL-~PL! 1GQQTCA YSLKPVGTLLL
40MT2_EAPEO: DA 1 IIYGFADSLVLRCAVEIGIADII ITLAQLARRL--PITI IEQET! ¥YSLRPVGTLLL
40MT_COBR: ITYGFADSI GIVDIT ADLASRL RI iR EPIATLL
eouT_cosaa: A ANTI--2 sELsSRL LETRS IDGELRYGLAPPAKYLY
€OMT_PAPSO: MET 1 VLECAVQLETAETL g SELASKL--PVAQ FR FRT APPARYLL
K7OMT_PAPSO: INKQT T ILELARRL--PIDQP---VNI vISTL T APPARYLI
70MT6_MEDSA: --SINGRRPSEIFKAQALLYRHIYAFT! ENII SLENLVSIL Ir REEESYALTVASELL
E ALLYRHIYAFI BRI SLSNLVSIL--QVES 1T TVASELLY
-SINGRRPSEIFKAQALLYRHIYAFI IENII SLSNLVSIL--QY 1 AHNGEFEIT REEESYALTVASELL
L ENIVELDIENIT G--KPITVSELVSIL--XVEQ RSELLY
SOMT2_SOYSN: MAS------------F FOGQALLYRELLGED TEDID --QPITESELVSIL--QVER---~TKT TVRT IEAYALTARSELLVRESE-—---------—
140MT_GLYEC: HAQIHLYREVYNE TADVT LVEGK!
140MT_MEDTR: ¥ VYNEVSSMALRSAMELGIADAT LTPPSKLLISGRE-—
GIADAT AYVLTPSSKLLVSGRS
LESAVELGIADAT LEELASSL--KLE TLYRFLRLLTHNGEFARTT EETAYULTESSKLLVSGK
LESAMELGIADVI TLEELATAL--NLRE-- AYGLT v
IQLGIEDIL--HRHD--HPMTLSQLLEAI--PI " IRLLIRGRE------mmmmmmmm
IQLGIPDIL--HRHG--RPMTLSQLLQSI--PL T QEVCYWLTPASCLLL
SIRCAVQLGIEDVI SELTAAL--AIKP T AGRLLY
Ti_N100MT: FRAQAHIFKQUECFTNGASLRCAVQLGIPDAI--DNHG--KAMTLSELTDAL- ~PINP IHRLMRILVTAGEEVEERL LENEK
Ti_owT_ L RCAVQLGIEDAI--ENHG--KAMTLIELTDAL-~PLNP—— THELMRILVNAGEEVEERL- APPGHLLL
RIAQARFETQUESE RCAVQLGIEDAI LSDLTNSL--PT TYRLMRILY: YSLTPETRLLL
SLECAVELGIEDTI TLSELTRALVEEY : 1Lz
MERLXSFRHLNNNIDLILNEENSTEILGRQARIWNQIENET IQLGIEDIT ISQLTLAL--PL MRILIHSGEEAL SRLLL
repTr SELIRAM--RI MRIL FVRS Y ASKLLL
ROMT_VITVI ~LANGVISAELL IFNFIRSMSLECAIQLGIEDII LPELVARL--PY 1 TS SRLLL
Qe0MT_MENPI: - 3 IQLGIEDAI--HRHG--NPITLIQLADAL- -NINK---~ v LTPASRLLL
el ity . % T AL RN AT CEAAT P O da A PTARE AL JGLHB omm TEE teiacire ST ERGSRTEL
OMI3_SORBI: MVL---------------Ii AVALDLEIADAI--HRRG--GARTL8QILGEI- -GVRP----CKLPGLHRIMRVLTVSGTFTIVQPSAETMSES-DGREEVYRLTTASILLYSSESS -~~~
2RP4_MAIZE: MEL-— T RSATHLATADAT--HLHG--GARSLIQILSV- -HLE LTTT! YTLTPVSRLLI e
Ti_OMT_: IELGIADVL AIMREL SYAQTPLSRLLMRD
BX7_MRIZE: L LPDTI--DRCG-~ ELIARS--EI 1ran ISYQLTPASRLL TTT
70MT_PAES0: FUDSMALECAVELGIEDII: T -~ LVHRRLETSELEQ 1 L
OMT2_HUMLU: RDQTEAA: 1 ELRTEDT TLAQL SYLSRTMRLLVRRXIFSQHRSL HSSRLLLSKTTLI
OMT1_CHRAE: ~LFAMQLASASVLEMVLESATELDLLETI--RGQD--TCMSETEIASHL- ~PIT] ILRLLSCYSUVIC QRVYGLAPVCEYLT
Ti_OMT_ --GEEEACLLAMRLASASVLEMVLRSATELDLLELI: BSELARQL--PTQ! APVMLDRILRLL APVCEFLT
Ti_OMT_6: ILLRTV SLEMVLLAAIRLOVEEIT SESEIAARM--SSENE- L IPRLYGLAPVAKYF
ok *
40MT1_PAPSO: RSMAPVILGLSQRDELEV YL D IRAIHEAFPHI-KCTLYDLEVI --NIL vPSAQUL
40MT2_PAPSO: RSMVPMI T INRYL RLLTKTLIEDCRDTE-QGLD- TIRATYEAFPHI-RCTLYDL P--NIERVPGDMFRSVPSAQAT
soux Gopms. msuaury o Bt LiTasir o ATSDALEHI-KCTLOLEMIIANSYDLE- NIR aacar
€OMT_COBJA: KCMVGSILAITDRDEMAPWHY-LKDGL AFERAL-GTN - M2 IF-NGIT-TLVD! IANAFPHI-RCTVYDLEHVIADSEGYS-~EVHCVAGDMFREIPKADAT
€OMT_PAES0: XSMVDSILCINDKDELAPWHH-I -------CDAFERAL-GRSINV FNARMA v IFSDGIS- ISRAFPDI-KCTIYDLEHVIADSPEIP--NITRISGDMFRSIPSADAT
N70MT_PAPSO: QSMVPSVLGIIDEDMFABWHI-L IFETAL-GRSIS snGaMA 1R-T RAISKAFPNI-KCTLEDLEHVIADSPEIP--TITKVSGDMFRSIPSADAL
70MT6_MEDSA: LOLAPMVECVLDPTLSGSYHE-LKRWIYEE-D-----LTLEGVIL- LI-NLALROCDEVE-DGLE-ST PRL-KCT YUGGDUF DAV
70MTS_MEDSA: LCLAPMVECVLDPTLSGSYHE-LRAWI TLEGVTL-GSGEWDEL LI-NLALRDCDEVE-DGLE-SIVDV RIICETEPRL-KCIVE YVGGDME
70MTS_MEDSA: LCLAPMVECVLDPTLSGSYHE-LRAWI TLEGVIL-GSGEWDEL! LI-NLALRDCDEVE-DGLE-ST RIICETFPRL-KCT YVGGDUF
D70MT_GLYEC: LCLAPMVECVLDPTL3GSYHQ-LKEWIVE! TLEGVSL-GIHEWEFL 1Az IVDVGGGIGTTARI ICDTEPNL-KCIVE ¥ 2
S0MT2_SOYSN: LSLAPMVEYFLEPNCQGAWNQ-LERWVHEE-D-----LTVEGVSL-GTPEWDEL N1 E-sT RIICEAFPRL- DV
T40MT_GLYEC: TCLASIVRGALEESSL TLFESAT- L 1n - TRLINEEFPHL-KCTVE TepADAY
T40MT_MEDTR: TCLSSIVRGALHPSSL LFECAT- 1 - THLIEEIFPHEL-KCT DAY
M3OM1_PEA:  TCLSSLVKGALHPSSL L LF-KLA g TAGGTGGVAKLIHEAFPHI-KCTVE PSADAY
M30M2_PEA:  TCL3SVVRGALHPISLDLWGY-SKEWEHEDRE-- sT LE-KLA E LIHEAFPHI-KCT RSVPSADAY
I40MT_LOTJA: TCLAPIVKGALEPSSL 1 ELTLFESAT-GESEWEEL L G-sL THLIREAFPHV-KCTVE RSVPPADAY
CVMT1_OCISA: LTVAPLVQVVLDPTET TQEEAAN-GCTEWEKL I-DGIR-T 7AT ~KCTVLDLEEVVAGLESTD--KLSYIGGDMFQSIPSADAT
LTVIPLVQUVLDPTET! T QFEA. 1 I-EGIR-T IVEAMETI-KCTVIDLEHVVAGLESTD--NLNYIGGDMEQSIPSADAT
ENERGSVIMTLDPVMVRERET-L 1 F-EGLI- RAIAETFPRL-KCTVYDLEQUUANLQGSE--NEEEVAGDMFREIPTANAL
LSIRASALTME A - FAEDEGL TEVL IARTEPSL-RCTVEDLEHVVANLEETE--NLDEVAGDMEGKIPEANAT
QNLRELVFLVLDPVMLREWNY-L: WDYTSEEPREC ISELL F-EGL IARMEPCL-KCTVYDLEHVVADLEGTE--NLDEVAGDMFERTPSANAT
LNSISMVLGVNQIAELR: GUMARDSTLVSKMLIPEFNYLF-EGLD-SLVDVGGGTGTIARATARSFPOL-KCTVEDLEHVVANLESTE--NLEFVGGDMFERTPSANAT
LNLRGIV] AANES-L s ISKLLIGEYRELF-EGLA-3LVDIGGGTGTIARATARNFPQL-KCTVEDLEHVVANLESKE--NVEFVAGDMFERIPSANAT
MSVTPELLAMLDFVMTRENDE-L 2--RF] LUTSVVT VDVGGETGTVASSIARAFPHI-QCTVEDLEHVVADLOGGN -~ NLNEVGGDMEVDVEATEVY
~PTPFUTSH-GSTLWDLAGHEPRLN--¥FT LvSGL -QGLN-SLYDT RAIADAFFHL-KCTVLDLEHVVQGLEGTR--NLDYVGGDMENSILETDAY
LSIRPLVLAMLDPILTREWHY-L -pTPEHTA LLTS - AGLN-! IANAFPHL-NCTVLDLSHVVAGLQGSK--KLNYFAGDMFEATPRADAT
QEOMT_MENPI: LSVAPFALAMSDPVYTETWHE —VARFDTKY-GMTFPEYAVADDRLN--VL D ILTTECRET AAAFPGM-ECTVLOLENVVGGLAGSE--KLSEVSGDMFDETPHADAT
ASMT1_ORYSJ: HGL VSLFEVAH-GCTRWEME. 1L RGIN- PDI-KCTVLDLEHIV IQEVGGDLFEFIPAADVY
OMT2_SORSI: ASLSPMLNHVLSPERDSEL PETLMY-GTT ALENRAMA LMQILL 1 IARAFPCL-KCTVLOL a ESIPPANVY
ZRP4_MAIZE: LAQTPLA TIvERESE-L PDECTFRET! TRDDATFD--ALVNDGLASDSQLIVDVAL QEIS-SLYD! ARQAT: DL \PTHT--DVQFIAGDMFESIPEADAY
Ti_OMT RSMAAFVLLENSPVMLEEWHG-LRARVL LED! LAVSATI FE-KGIS-SLVDV( LGNLIRACPWI-RGINFDL IPRADAR
BX7 MAIZE:  PSILENIAHLVRPNTISLL YET CEHVE-DGIR- PHIQRCTVMDL DAL
70MT_PAPSO: FNLSPLVLETNPILLEEWQY-L THDLAL 1 SL 11 ~QGINEDLERVUATARES PEADAV
OMT2_HUMLU: VTLAPEVAFMTHPYLSAPWSC-L DL TTMATL YE-CGIC- IVRSHPHI-KGINYDL T TAVAY
OMT1_CHRAE: VSIARL H-LEDAVL PENEAY- ILSKYPTI-RCINFDLEHVIEDAPEYP--GIEHVGGDMEVSVPXGDAT
Ti_OMT_ VSMARLL v H-LEDAVL PENEAY- IIMRRILDTYRG-F-EGLE-T SMIVSRHPAI-KGINEDLEHVIEDAPSHP--GVEHVGGDMFVSVPRGDAT
Ti_OMT_6:  ASLGGLLALLQDRVEIDSWYE- GTHAE INATTIAINRIL F-EHLR-3LVDVGGGLGIT -~KGINFOLEEVIEHAPTYP--GVERVGGDMEQSVERGDAL
40MT1_PAPSO: RECKEAT IIVDVAL LILDT LER ---AT-QSVIEAFP----
40MT2_PAPSO: LLELT RRCKEAT TTVDVAL LoImM LLERA IR---AI-QSVIEAFR----
4OMT_COPJR: ILKLIL I ITVDVAL SSTRLILDIDMLVN-TGGRERTREVNEKIVESAGESGCRIRHIA---AI-QSVIEVFP----
€0MT_COBJR: MMECT Iz TIVDIVL ¥ DLIMMLN- L1 1TQIT QsvI
€OMT_PAPSO: FMECI 1 L TIVDVVIDM---DSTH-~PYARIRLTLDLIMMLE-TGGH FDAR TaT.
N7OMT_PAPSO: FMRNI L TMVEMVL 1 FDAX
70MT6_MEDSA: LLEYT I T TIIDMVIDE---KRDE-NQI FIEAGE
70MTE_MEDSA: LLRYT 1L T TIDMVIDK---RRDE-NQ FIEAGE
70MTS_MEDSA: LLRYIL RIL T TIIDNVT QUTQr = FIEAGE
D7OMT_GLYEC: LLEWILENWIDNDCRRILEKCREAVS-SDGEKGRVIIIEMVINE---KQDE-HEITGTKLLMDVNMAC-~LKGRERSEEENRKLFIEAGFRDYKISPLT
SOMT2_SO¥EN: LLK ILEKCREAIS-GESKTGRVVVIDTVE : c1-1 ——
140MT_GLYEC: LRILENSKEAI ITIDISI TEL v P 1TPI
T40MT_MEDTR: RILKNSKEAIS- 1IIDISIDE---TSDD-RGLTELQLDYDLVMLTM-FL LT 1TPI
M30M1_PEA: LRILKNSKEATS- IIpIsT FMLTM-FL T¥DA PI
M30M2_PEA:  LLEWVLHDWNDELSLKILEKSREAL ITIDISIDE MULTM-FLGK LT TPI
140MT_LOTJA: ILRNCREAT 11IDIST X T TPI
CVMT1_0CIBA: LLEEII 1 IGERVITIDVY LISARGETSYRLT! 1
EOMT1_OCISA: LLESII RILEKCKDAVY--—-1 TTIDVVVGY---KH -ENAK TYDAGERSYRLT s-RSLI
G=0MT: LLENI ILRNCRRATE-GRDKGGRVILIE QD-NESIETE AL PMV---GL-RSLI
Ti_N100MT: TLENCRRAT 1IVDT 1 MLVSER BVL---GI-RSLIEVYE----
TLENCREAT 111 Q -1 FREAGLADHNLEPML---GTSRCLIEVYP----
LLERI 1 TLIETVLMD- SKRHEN- yE-FTA BT
ILRSCRRAT 111 IYPRL
TLRRCKE: 111 FOMLIAL o 1TPIL
_ouT_ ILRRCKEKT TETQLELDMLMMVL-VTGRERTEKDWAKLELOAGEIEYRITPLL
ROMT_VITVI: LLEWI ILRRCREAT LFLDA ITPIL---GL-RSLIEVYP:
QSOMT_MENPI: FMREI ILRRCEE! FEDAGETNYRITRVL---GL-RSVIEVER
ASMT1_ORYSJ: LLRCI b IBVL-
OMT3_SORBI: LLRWI RNCRQATE- DESD-TRLLETQUI¥DLHLMK-~IGGVERDEQERKRIFLEAGERDYRIMPIL:
ZRP4_MAIZE: LLESVL TLRNCREAT GPSD-) TEDVYIME 1 1PV
Ti_OMT_ FLEWVLEDREDDECIQILRRCKEAIR--~PETGRVIIVEAVT FLK IR
BX7_MRIZE:  MLEWI RIMERCKE IIIDTV RETYVLDLEIL IFLARGEROYRITHTR---GI~PSIIEVFR---~
70MT_PAPSO: IMEWI ILENCYRAT: 1IVDCVLRE---DGND-~LEDRMGLIE DY LMMARTTAGRERTEAERK I LLNNAGEERYNVIRT -~ ~AF ~ECTIEAFPE-——
OMT2_HUMLU: FMRWI I EEGGE LXIP---AL-TSVIEAYEQ
OMT1_CHRAE: Le- b YITEFSRQICN
FMEWICHDWSDEHCLRELENCYRALE LARGAGFRGESKICC =

FMEWILEDWDDDECLRLLENCYGALE:

Figure S2: Amino acid sequence alignment of NIOOMT with characterized and uncharacterized OMTs.
asterisks indicate conserved residues for SAM binding. N10OMT is highlighted in red.

S-6



CYP71B15_camalexin
CYP71A13_camalexin
CYP71A32_menthofuran_synthase
CYP71Aj1_psoralen_synthase
CYP71Aj4_angelicin_synthase

CrGO
CYP71D13_gelsemium_sempervirens
Ti_P450_3 1
Ti_P450_2 CYP71s involved in MIA
CYP71D12_tabersonine_hydroxylase biosynthesis

Ti_IM0H
Ti_P450_3 2
Ti_P450_5
CYP736A12
CYP76A26_Cr_lridoid_oxidase
CYP80F1_hyoscyamine_synthase

CYP80A1_berbamunine_synthase
CYP80G2_corytuberine_synthase

CYP81E1
CYP81E8
— CYP82_REPI_morphine

CYP82Y1_noscapine
CYP82X1_noscapine
CYP82X2_noscapine

CYP79B2_camalexin
CYP77A3
l& CYP719B1_Salutaridine_synthase

212 CYP719A5_cheilanthifoline_synthase
53 o2 CYP719A1_canadine_synthase
— CYP719A2_stylopine_synthase

CYP710A1_sterol_desaturase
e CYP707A4_ABA
oas CYP716A52v2
CYP72A1_secologanin_synthase
CYP72A219
CYP97A3

023

CYP86A8
os
o °:; Ti_OMT_4
o OMT3_HUMLU
> of — ROMT_VITVI
- o Q8OMT_MENPI
o6 =~ CVMT1_OCIBA
L. EomT1_ocCIBA
224 GsOMT
022 — MOMT_CATRO OMTs involved in MIA
. HTOMT_CATRO biosynthesis
Ti_N100OMT
Ti_OMT_:
21 |4OMT_LOTJA
¢ 14O0MT_GLYEC
i = 14OMT_MEDTR
_ 031 ' M30OM1_PEA
2 M30OM2_PEA
— SOMT2_SOYBN
D7OMT_GLYEC
7OMT9_MEDSA
' OMT6_MEDSA
LE] 70MT8_MEDSA
o BX7_MAIZE
ASMT1_ORYSJ
OMT3_SORBI
ZRP4_MAIZE
o 0z 40MT1_PAPSO
03 29 40MT2_PAPSO
- 22 60MT_COPJA
028 034
N7OMT_PAPSO
— Ti_OMT_3
o 251 7OMT_PAPSO
OMT2_HUMLU
— Ti_OMT_6
b = OMT1_CHRAE

Figure S3: Phylogenetic trees of [10H (TOP) and N10OMT(Bottom) with characterized and uncharacterized

proteins. CYP71D12 C.roseus tabersonine hydroxylase, TI6H; HTOMT CATRO, C.roseus 160MT. 110H
and N10OMT are highlighted in red.
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Molecular Weight
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N100OMT
OMT2
OMT3
OMT4
OMTS
OMT6

48 KDa

33 KDa

Figure S4: SDS-PAGE of recombinant OMTs produced in Escherichia coli. The left lane contains molecular
weight protein markers and corresponding sizes are indicated to the left of the panel. All other lanes feature
purified protein from E. coli strain soluBL21. Purification of polyhistidine-tagged recombinant proteins was
achieved using a Nickel-affinity column and size exclusion chromatography. Visualization was achieved
using Coomassie blue staining.
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