























Discovery of the final steps in ibogaine biosynthesis

Table 1
Kinetic values for 110H and N1T0OOMT with ibogamine and noribogaine, respectively
Enzyme K., Vinax Keat Keatl K,y
M pmol st mgij st M lsT!
110H 114 + 1.87
N10OMT 73.6 = 285 14 + 1.84 548 X 107*+7.23 X 10°° 7.45 £ 3.05

Figure 7. Enzymatic activity of I10H and NTOOMT. A and B, steady-state enzyme kinetics of recombinant 110H (A) and NTOOMT (B), using ibogamine and
noribogaine, respectively, as substrates. Incubation time (25 min) and protein concentration (50 g, NTOOMT) were optimized before kinetic analyses. Values
represent the mean product formation (pmol s~ ' 110H or pmol s~ mg~ ' NTOOMT) = S.D. (error bars) of three independent measurements. Maximum velocity
(Vimax) @nd the concentration of substrate that permits the enzyme to achieve half V, . (K,), catalytic rate (k. and catalytic efficiency (k./K,,) were
determined based on Michaelis-Menten kinetics. Shown are pH optima of 110H (C) and NTOOMT (D). I110H activity was determined for the conversion of
ibogamine to noribogaine. NTOOMT 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.

mix and ezDNase (Thermo Fisher Scientific). RT-qPCR was
performed using the Sensi-FAST SYBR No-ROX kit (Bioline).
The In-fusion HD cloning kit was from Clontech.

T. iboga transcriptomics and library 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)
for quality control, cDNA library construction, sequencing
(HiSEQ4000 with PE150), and de novo transcriptome assembly.

Gene isolation, phylogenetic analysis, and expression vector
construction

T. iboga leaves, cotyledons, stems, and roots were flash-fro-
zen in liquid nitrogen and powdered with the assistance of a
tissue lyser. RNA was extracted from powdered tissue using the
CTAB method described previously (23), and cDNA was syn-
thesized from a mixture of root, stem, cotyledon, and leaf RNA
using SuperScript IV VILO master mix with ezDNAse accord-
ing to the manufacturer’s protocol. Translated T. iboga tran-
scriptome databases were searched using T16H (P98183) and
160MT (BOEX]8) protein sequences as queries to identify can-
didates for 10-hydroxylation of ibogamine and 10-O-methyla-
tion of noribogaine. Amino acid sequence alignments were per-

J. Biol. Chem. (2018) 293(36) 13821-13833 13829

6T0Z ‘6T Joquieidas uo 1sanb Aq /610°0q [ mmmy/:dny woly papeojumod



Discovery of the final steps in ibogaine biosynthesis

25

.

Root

N
o

=
w

=
o

Relative N10OMT Transcript Abundance (2-4%t)

Cotyledon Stem

1st True Young Leaf
Leaf

1.5

0.5

Relative I110H Transcript Abundance (22%)

-0.5

1st True Youngleaf Stem Root

Leaf

Figure 8. Relative transcript abundance of I10H and NTOOMT in T. iboga
plant organs. Real-time quantitative PCR was used to quantify the relative
transcript abundance in root, stem, first true leaf, and young leaf and cotyle-
don of iboga seedlings. Data were calculated in Excel using 272" and
expressed as the mean = S.D. (error bars). 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 dif-
ferent (ANOVA with Tukey PHT, p > 0.05).

Cotyledon

formed with MAFFT (24), and phylogenetic relationships were
analyzed using Geneious 9 (Biomatters Ltd., Auckland, New
Zealand). Five P450 and six OMT c¢DNAs were amplified by
RT-PCR with SuperFi DNA polymerase using primers with
flanking In-fusion sites (Table S1). P450 and OMT PCR prod-
ucts were ligated into the pESC-leu2A (P450s) vector contain-
ing a cytochrome P450 reductase from Artemesia annua (25) or
pOPINF (OMTs) using the manufacturer’s In-fusion protocol.
Assembled vectors were transformed into Stellar-competent
cells (Clontech), whereby positive transformation was con-
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firmed using colony PCR with the primers listed in Table S1.
Sequences were confirmed using the Eurofins sequencing ser-
vice (Clontech). Sequence-confirmed plasmids were trans-
formed into S. cerevisiae strain PEP4 (P450s) or E. coli expres-
sion strain SoluBL21 (OMTs).

Protein expression and purification

Starter cultures of E. coli harboring OMT:pOPINF con-
structs were grown overnight at 37 °C. A 1:100 dilution was
made by adding overnight culture to 1 liter of 2YT medium
containing 50 ug ml™! carbenicillin. Protein expression was
induced at A4y, = 0.7 by adding isopropyl 1-thio-f-p-galacto-
pyranoside to a final concentration of 300 uM. Protein expres-
sion continued at 18 °C for 16 h, whereby cells were harvested
by centrifugation (4000 rpm). Bacterial pellets were resus-
pended in 50 ml of protein extraction buffer (A1 buffer, 50 mm
Tris, 50 mm glycine, 5% glycerol (v/v), 0.5 M NaCl, 20 mm imid-
azole) containing 10 mg of lysozyme (Sigma, L6876) and one
tablet of cOmplete EDTA-free protease inhibitor (Roche
Applied Science). Cells were lysed at 4 °C using a cell disruptor
(25 KPSI) and centrifuged at 35,000 X g to remove insoluble
debris. The supernatant was filtered through a 0.45-um glass
syringe filter and applied to a HisTrap nickel-affinity column
with the assistance of an AKTA pure FPLC.

The protein-charged resin was washed with 20 column
volumes of A1 buffer, and protein was eluted with B1 buffer
(A1 buffer + imidazole to a final concentration of 500 mm).
OMTs were subjected to a further purification step on an
SEC-1660 gel filtration column and buffer-exchanged in A4
buffer (20 mm HEPES, 150 mm NaCl, pH 7.5). Each OMT (2
png) was separated by SDS-PAGE to assess protein yield and
purity (Fig. S4). Final protein concentrations used for
enzyme assays were calculated using the theoretical protein
extinction coefficient, molecular weight, and absorbance on
a nanodrop.

FreshlytransformedyeastculturesharboringpESC-leu2Acon-
structs were grown on an orbital 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 subsequently
centrifuged (4000 X g) and resuspended in 1 liter 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 additional 24 h at 30 °C, and cells were harvested
by centrifugation. Microsomes were prepared based on a stan-
dard protocol. Briefly, after initial treatment with TEK buffer (5
mMm Tris-HCl, pH 7.5, 0.5 mm EDTA, 100 mm NaCl, 20 mm KCl,
10 mm MgCl,), cells were resuspended in 5 ml of cold TESB (50
mwm Tris-HCl, pH 7.5, 150 mm NaCl, sorbitol) in a 50-ml tube.
Yeast cells were lysed at 4 °C with a cell disruptor (25 KPSI), and
insoluble debris was removed by centrifugation at 30,000 X g.
The supernatant was subjected to sucrose gradient separation
of microsomes by ultracentrifugation for 1 h at 35,000 X g and
4 °C. Microsomal pellets were resuspended in 1 ml of TEG
buffer (pH 7.5) and assayed immediately or stored at —80 for
future use. [10H expression was confirmed using proteomics of
microsomal preparations, whereby two unique peptides were
detected (Peptide 1: NVFQETGNVDETK; mass, 1479.6842 Da;
Peptide 2: NVFQETGNVDETKLGELK; mass, 2020.0113 Da).
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Table 2
Parameters used for multiple-reaction monitoring
Precursor Product ion Product ion Cone Collision
Compound ion m/z 1m/z 2m/z voltage energy
|4 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

N7100MT and I10H assays the Waters Intellistart software by injecting standards into the

A selection of available MIAs were screened in triplicate as
potential substrates for OMTs and P450s using a standardized
assay. For each screen, 50 ug of purified and desalted OMT or
20 pl of purified microsome containing the P450 was incubated
for 16 h at 30 °C with 25 uM candidate substrate and 100 pum
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 vol-
umes 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 accepted as
substrates were used to determine relative conversion rates
using identical assay conditions except 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 pl. 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
analyzed 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 concen-
tration of 1 um for analysis by HPLC-MS.

Analysis of enzyme assays

Enzyme assays were analyzed by HPLC-MS using an
Acquity UPLC coupled with a XEVO TQS (Waters). For sub-
strate range and relative activity analyses, 1 ul of sample was
injected onto an Acquity BEH C18 column (1.7 wm, 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 pl min~', and the gradient began with 2%
solvent B and increased linearly to 98% solvent B by 7 min. The
mobile phase composition remained constant until 8.1 min, at
which time it returned immediately to 0% solvent B followed by
a 2-min re-equilibration period. Analytes were subjected to
positive electrospray ionization using source conditions opti-
mized for MIAs (capillary voltage, 3.0 kV; source temperature,
150 °C; desolvation temperature, 500 °C; cone gas, 50 litersh™;
desolvation gas, 800 liters h ') and were subsequently detected
by multiple-reaction monitoring (MRM) with conditions for
each analyte (Table 2). MRM conditions were determined using

Waters mass spectrometer. Transitions giving the highest
intensity peaks were selected for MRM panels in Figs. 3—5. Rel-
ative enzyme activity was calculated as the percentage turnover
of each substrate using the formula, product peak area/(sub-
strate peak area + product peak area) X 100. Subsequently, the
compound with the highest turnover for each protein was set to
100%, and the detected activity with all other substrates was
expressed as a percentage of the maximum. For kinetic param-
eter analyses, a five-point calibration curve of noribogaine or
ibogaine (500 pm to 5 um) was established to semiquantitatively
determine the amount of product formed per unit of time.
Kinetic constants were calculated based on Michaelis—Menten
kinetics using Prism version 5 (GraphPad Software Inc., La
Jolla, CA).

Reaction product identification

Comparison of collision-induced dissociation (CID) spectra
with empirical spectra either from authentic standards or avail-
able in the literature was used to identify each enzymatic reac-
tion product (Figs. 3-5). CID was performed at 40 eV for each
compound, and product ions were detected between 50 m/z
and 5-10 atomic mass units above the m/z of the quasimolecu-
lar 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 previously (23). 700 ng of
total RNA from each sample was treated with ezDNAse and
reverse-transcribed using VILO superscript IV according to the
manufacturer’s protocol. Relative transcript abundance for
each tissue was determined by RT-qPCR and expressed as
272 on a Bio-Rad CFX96 Q-PCR instrument using the cDNA
synthesized above and the primers listed in Table S2. Three
biological replicates and three technical replicates were ana-
lyzed for each gene using the reference gene: N2227-like family
protein, N2227. Efficiencies for all primer sets were approxi-
mately equal and always >90%. Analysis was performed in
Excel.

Figure 9. Relative alkaloid concentration of selected MIAs from organs of T. 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. (error bars). 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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Metabolite analysis

A frozen and pulverized aliquot of each tissue was collected
in preweighed microcentrifuge tubes and extracted with 1 ml
of methanol added to 1 ug ml ' ajmaline. Alkaloids were
extracted for 1 min with vigorous vortexing and sonication fol-
lowed by centrifugation (14,000 X g for 1 min) to remove insol-
uble debris. The supernatant was passed through a 0.22-um
membrane and diluted 1:4 with 0.1% formic acid/methanol (50:
50, v/v) in a 2-ml glass autosampler vial. HPLC—MS analysis
was performed on a Shimadzu LCMS-IT-TOF mass spectrom-
eter coupled to a Nexera 2 chromatographic system. Chro-
matographic 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
alinear gradient of 10 -30% solvent B in 5 min. The column was
washed with 100% B for 1.5 min 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 spec-
trometry was performed in positive ion mode scanning from
150 to 1200 m1/z. The source settings were as follows: heat block
temperature, 300 °C; nebulizing gas flow, 1.4 liters min~'; CDL
temperature, 250 °C; detector voltage, 1.6 kV. Data analysis
was performed using the Shimadzu Profiling Solution soft-
ware, and normalization of data was accomplished using tis-
sue weight. Furthermore, ajmaline detection via MS did not
vary beyond 5%.
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