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Experimental Procedures

General chemical methods

NMR spectra were recorded using Bruker Ultrashield 400, Ultrashield 500 or Ascend 600 MHz spectrometers operating at
400, 500 and 600 MHz for *H NMR and at 100, 126 and 151 MHz for 3C NMR. CDCl; and CgDs were used as solvents.
Chemical shifts were referenced relative to the residual solvent signals (CDCls: &4 = 7.26 ppm, 8¢ = 77.16 ppm; C¢De¢: 7.16
ppm, &c = 128.06 ppm) and expressed in & values (ppm), with coupling constants reported in Hz. Analysis was conducted
with TopSpin (Version 4.0.6) or MestReNova (Version 14.2).

HRMS measurements were carried out on a Waters Alliance 2695 HPLC coupled to a Micromass LCT Premier mass
spectrometer.

Analytical and semipreparative LCMS analyses were performed on an Agilent Infinity Il 1260 system consisting of a G7167A
autosampler, G7116A column thermostat, G7111B quaternary pump, G7110B make-up pump, G7115A diode array detector,
G1364F fraction collector, and G6125B single quadrupole mass spectrometer equipped with an ESI source (positive mode,
4000 V, 12 L/min drying gas, 350 °C gas temperature). The columns and gradients used are described below.

Automated flash chromatography was performed on a Biotage Isolera One with the stationary phases, solvents and gradients
described below.

Melianol as a reference compound and substrate was obtained by transient expression in N. benthamiana followed by
purification as described previously.® All other reagents were purchased from Sigma-Aldrich, Fisher Scientific and Carl Roth.
All reagents were directly used without further purification unless mentioned otherwise. Dry solvents were obtained from Acros
Organics and stored under N, with molecule sieve (3 A).

General plant methods

Ailanthus altissima plants were grown from seedlings as described previously.* Work with Ailanthus altissima in our research
group is granted by permit DE-NI-2019-001 (NLWKN, Niederséachsischer Landesbetrieb fir Wasserwirtschaft, Kiisten- und
Naturschutz) in addition to regulation (EU) No. 1143/2014. Nicotiana benthamiana LAB strain? was grown from seeds in a
greenhouse with 11 to 16 hours illumination per day and at a temperature between 21 °C to 23 °C as described previously.?

Self-organizing map analysis and candidate selection

Self-organizing map (SOM) analysis was based on expression data from our previously published de novo transcriptome data,
covering 14 different tissue samples from Ailanthus altissima seedlings or 3-year-old trees.* Shortly, raw reads from RNA-Seq
were assembled de novo with Trinity 2.11.0,% and contig expression was determined by Salmon 1.3.0° and normalized using
the TMM method.® The SOM analysis was conducted in R version 4.1.2 using the kohonen package,’ using a slightly adjusted
version of the script reported by Payne et al.® Cluster quality was calculated based on the within-node distance and inter-nodal
distance as described in Payne et al.;® high cluster quality corresponds to low within-node and low inter-nodal distance. Broad
grey lines additionally indicate neighboring clusters with low inter-nodal distance (25% quantile of all).

The node containing transcripts for the previously reported quassinoid pathway genes AaCYP71CD4 and AaCYP71BQ17
was manually screened to select gene candidates. For the 695 contigs in the node, protein sequences were deduced using
TransDecoder 5.3.0° and protein domains annotated using a search with hmmscan 3.2'° against the Pfam-A database.!!
Candidates were then extracted by filtering the 695 co-expressed contigs for Pfam, blastx and blastn hits containing the
keywords p450, oxidoreductase, oxidase, oxygenase, reductase, dehydrogenase (138 hits). The further filtering steps are
shown in Figure S2. An analogous strategy was used for isomerase selection (keywords: isomerase, epimerase, mutase) as
shown in Figure S2.



Construction of plasmids for transient expression in Nicotiana benthamiana

Primers for the amplification of full coding sequences were designed based on transcript sequences of candidate genes. The
primer sequences are listed in Table S1. The insert sequences were amplified with SuperFi Il polymerase (Thermo Fisher
Scientific) from cDNA of seedling root. Amplicons were cloned either into the vector pEAQ-HT*? by In-Fusion HD cloning
(Takara Bio), or into the vector pHREAC*® as described previously by Golden Gate cloning.® Cloned sequences were
confirmed by Sanger sequencing. Coding sequences of genes AaCYP88A154, AalSM1, and AalSM2 identified in this study
were deposited in GenBank under the accession numbers ON942227-ON942229.

Transient expression of candidate genes in Nicotiana benthamiana

For agroinfiltration into N. benthamiana, a procedure described earlier by us was used.? In short, the plasmids containing gene
candidates for transient expression were transformed into Agrobacterium tumefaciens GV3101 by electroporation. A.
tumefaciens strains were precultured for 2 days at 28 °C in LB + 25 pg/mL gentamicin + 50 pg/mL rifampicin + 50 pg/mL
kanamycin. After the preculture, A. tumefaciens cells were harvested and resuspended in MMA infiltration buffer (10 mM
MgClz, 10 mM 2-(N-morpholino)ethanesulfonic acid (MES), 100 uM acetosyringone). Strains carrying candidate genes were
mixed with A. tumefaciens strains carrying AsStHMGR (KY284573),4 AaOSC2 (ON595696), AaCYP71CD4 (ON595698), and
AaCYP71BQ17 (ON595699) (all strains at ODggo 0.1) prior to syringe infiltration into the abaxial side of Nicotiana benthamiana
leaves. After infiltration, plants were maintained in a greenhouse until further analysis. For screening, at least three biological
replicates were used for each combination.

Metabolite extraction and LC-MS analysis

Around 10 mg dry weight of infiltrated leaves were used for metabolite extraction. Infiltrated leaves were harvested 7 days
after infiltration. Five leaf disks were harvested using cork-borer no. 5 (10mm) and lyophilized before extraction with 800 pL
90% methanol. After removal of solid debris by centrifugation, the crude extract was directly used for LC-MS analysis. Samples
were separated on a C18 column (Poroshell 120 EC-C18, dimensions: 100 x 4.6 mm, particle size: 2.7 ym) using an LCMS
system from Agilent (Agilent 1260 Il Infinity, Santa Clara, CA, USA). The column temperature was set at 50 °C. As mobile
phase, solvent A (water with 0.1%(v/v) formic acid) and solvent B (acetonitrile with 0.1%(v/v) formic acid) were used.
Separation was achieved using the following gradient at a flow rate of 1 mL/min: 0-1 min, 10-40% B; 1-11 min, 40-90% B; 11-
13 min, 90% B; 13-13.1 min, 90-10% B; 13.1-15 min, 10% B.

Synthesis of 7,8-epoxymelianol (9)

m-CPBA was purified before use following Kazmaier’s report.’> The exact concentration was determined by NMR. Melianol
(11 mg, 23 pmol, 1 eq.) was charged in a flame-dried Schlenk round bottom flask under N, atmosphere and dissolved in dry
DCM (6 mL). The reaction mixture was cooled to 0 °C with an ice-water bath, and m-CPBA (14 mg, 85% purity, 70 umol, 3
eg.) in dry DCM (4 mL) was added dropwise over 10 mins at 0 °C. When the addition of m-CPBA was complete, the reaction
mixture was allowed to warm to room temperature and stirred for additional 3 hrs. After that, 5 mL Na,SO3; solution (5% wi/v)
was added into the reaction mixture. The biphasic mixture was stirred vigorously for 5 mins. The organic layer was then
collected, washed with sat. NaHCO3 (5 mL), water (5 mL) and brine (5 mL) sequentially and dried over Na,SO,. The solvent
was removed with a gentle stream of of N to give 7,8-epoxymelianol (9) (10 mg, 90%) as white powder. No further purification
was performed. For the success of this reaction, a low concentration of substrate proved critical to minimize overoxidation and
rearrangements.

7,8-Epoxymelianol (9):
HR-ESI-MS: [M+Na]* = 511.3409 (calcd. For CzoHss04Na* 511.3399). *H and **C NMR data see Table S3.



Purification of isomeliandiol (10) and protoglabretal (11)

For compound isolation, N. benthamiana plants were vacuum infiltrated in 2 9.2 L ROTILABO desiccator (Carl Roth, Karlsruhe,
Germany) connected to a MZ 2 NT membrane pump (Vacuubrand, Wertheim, Germany) at 30 mbar for 1.5 min. 60 plants
were each used for purification of the AaCYP88A154 and AalSM2 products.

Leaves were harvested 7 days post infiltration and lyophilized for 2-3 days until the dry weight remained constant. The crude
plant material was ground at room temperature in a blender to powder form and extracted with ethyl acetate (AaCYP88A154
product) or 90/10 MeOH/H,O (AalSM2 product), filtered and concentrated in vacuo. The crude extracts were purified by
successive rounds of flash chromatography (Biotage Isolera One) as described in Table S2. This process yielded 2 mg
isomeliandiol (10) (0.12 mg / g dry weight) as a white powder, and 22 mg protoglabretal (11) (1.3 mg / g dry weight) as a
yellow solid.

Synthesis of isomeliandiol (10)

In a glass vial, 7,8-epoxymelianol (9) (2.0 mg, 4.1 umol) was dissolved in 50% acetonitrile-water solution (2 ml) and formic
acid (2 pl) was added. The solution was allowed to stir at room temperature. The rearrangement was monitored by LC-MS
and completed in 4 hours. The solution was then concentrated in vacuo and purified by semipreparative HPLC as described
below; fractions were collected by time-based mode. After lyophilization to remove the solvent, isomeliandiol (0.8 mg, 1.6
pumol, 40%) was obtained as colorless solid.

Semipreparative HPLC for separation of the crude reaction solution was performed on a C18 column (Phenomenex Kinetex,
5 um, 100 A, 250 x 10 mm). The column temperature was set to 40 °C. Separation was achieved with the following gradient
using a combination of solvent A (water with 0.1%(v/v) formic acid) and solvent B (acetonitrile with 0.1%(v/v) formic acid) at 5
mL/min: 0-10 min, 40%-100% B; 10-12 min, 100% B; 12-12.5 min, 100-40% B; 12.5-15 min, 40% B. The fraction between
6.63 and 6.89 min contained isomeliandiol (10) and was collected.

Isomeliandiol (10):

HR-ESI-MS: [M+Na]* = 511.3389 (calcd. For C3Hss0sNat 511.3399). *H and 3C NMR data see Table S4.

Protoglabretal (11):

HR-ESI-MS: [M+Na]* = 511.3380 (calcd. For C3H4s0sNa* 511.3399). *H and 3C NMR data see Table S6.

Yeast microsome preparation

AaCYP88A154, AalSM1, and AalSM2 were cloned into the yeast expression vector pYES2 (Thermo Fisher Scientific) using
the In-Fusion kit (Takara Bio). Insert sequences were confirmed by Sanger sequencing. pYES2-AalSM1, pYES2-AalSM2 and
pYES2 (EV) were transformed to yeast strain Y10000 (BY4742, S288C isogenic yeast strain: MATa; his3A1; leu2A0; lys2A0;
ura3A0) using the LIAc/SS carrier DNA/PEG method.*® pYES2-AaCYP88A154 and pYES2 (EV) were transformed to yeast
strain WAT11U (MATa (leu2-3,112; trp1-1; can1-100; ura3-1; ade2-1; his3-11,15)'" using the same method. Transformed
colonies were checked by colony PCR. The transformed yeast strains were grown in synthetic medium without uracil (0.17%
(w/v) yeast nitrogen base without amino acids (Sigma-Aldrich), 0.077% (w/v) yeast synthetic drop-out medium supplements
without uracil (Sigma-Aldrich) and additional 0.5% (w/v) ammonium sulfate) with 2% glucose at 30 °C at 180 rpm for two days
and then transferred to the same synthetic medium without uracil with 2% galactose to induce gene expression and grown at
30 °C at 180 rpm for another two days. Yeast cells were harvested by centrifugation at 10,000 x g at 4 °C for 10 minutes,
washed with TEK buffer (50 mM Tris, pH 7.4, 1 mM EDTA, 0.1 M KCI) and then lysed with a French press in TEB buffer (50
mM Tris, pH 7.4, 1 mM EDTA, 0.6 M sorbitol). Microsomes were then isolated by ultracentrifugation at 100,000 x g at 4 °C for
1 hour, resuspended in TEG buffer (50 mM Tris, pH 7.4, 1 mM EDTA, 20% glycerol), and stored at —80 °C prior to enzyme
assays.



In vitro enzyme assays

Yeast microsome assays were performed in 200 pL total volume containing reaction buffer (50 mM Tris-HCI, pH 7.5, 2mM
MgClz, 1 mM EDTA, 2 mM 2-mercaptoethanol, 5% glycerol and 0.1% Tween 80), 100 uM of the substrate, 500 uM of NADPH
for reactions involving AaCYP88A154, and 50 pL of yeast microsomes (25 pL each if mixing microsomes from two strains).
The substrates melianol (8), 7,8-epoxymelianol (9), and isomeliandiol (10) were dissolved in ethanol at 200 mM stock
concentration. The reactions including AaCYP88A154 were conducted at 30 ‘C, 200 rpm for 16 hours. The reactions of
AalSM2 alone were conducted at 30 °C, 200 rpm for 90 minutes. The reactions were quenched by adding 800 pL of methanol
followed by centrifugation at 14,000 x g at room temperature for 5 minutes to remove the precipitated proteins. After
concentrating in vacuo at 40 mbar for 1.5 hours in a speed vac, the remainder was dissolved in 90% methanol for LC-MS
injection. The same LC-MS method as described above for Nicotiana benthamiana experiments was used.

Phylogenetic analysis

To identify homologues of C-8,7 sterol isomerase (8,7Sl), AalSM1 and AalSM2 in Sapindales plants, the peptide sequences
of characterized Arabidopsis thaliana 8,7SI (AF030357.1)!8, AalSM1 and AalSM2 were used as reference for blastp searches
against publicly available databases. For orange (Citrus sinensis) and pomelo (Citrus grandis) from Rutaceae family, the
peptide sequences were downloaded from Citrus Pan-genome to Breeding Database (CPBD) v2.0 and v1.0 respectively®2°,
The sequences of heiyouchun (Toona sinensis) from Meliaceae were downloaded from China National GeneBank DataBase
(CNGBdb) under the project ID CNP0000958%!. Sequences of mango (Mangifera indica) from Anacardiaceae family were
kindly provided by Wang et al.,??> and yangbi mapel (Acer yangbiense) data in Sapindaceae family were downloaded from
GigaDB 2. For plants outside of Sapindales, the model plants Arabidopsis thaliana and Nicotiana benthamiana were chosen
and their sequences were downloaded from TAIR (Araport 11) and Solgenomics (genome sequence v1.0.1) respectively.
Unique full length peptide sequences with the best E-values and coverage resulting from the blastp search were chosen for
alignment and tree construction.

In addition to At8,7SI, characterized 8,7SI from other plants and non-plants were included as reference. For plants, Zm8,7SlI
(AY533175.1) from corn (Zea mays) ?* and a putative 8,7SI (AK059848.1) from Oryza sativa validated at transcript level were
included?*25. For organisms from other kingdoms, Rn8,7SI(AF071501.1) from rat (Rattus norvegicus) %6, Mm8,7SI (X97755.1)
from house mouse (Mus musculus) 27, Cp8,7SI (Q60490) from Guinea pig (Cavia porcellus), Hs8,7SI (NP_006570) from
human (Homo sapiens) 282°, and a fungal 8,7SI from Thermothelomyces thermophilus (XP_003665660)% were included.

A multiple sequence alignment of all isomerases was generated using Clustal Omega 1.2.2%1-33, Then, a phylogenetic tree
was constructed using the maximum likelihood method with PhyML 3.3.2018062134 in Geneious 2021.1.1.
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Figure S1. Comparison of average expression patterns of the two clusters selected from SOM analysis to pathway gene expression patterns.
(A) Average expression pattern of the cluster containing AaOSC2 (199 contigs in total) (top), and of the cluster containing AaCYP71CD4 and
AaCYP71BQ17 (695 contigs in total). (B) Expression patterns of verified quassinoid pathway genes as a heat map. The expression level is represented

by trimmed mean of M-values (TMM) values in the different tissues of Ailanthus altissima. Lines between (A) and (B) connect the genes with the
corresponding clusters from SOM analysis.
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Figure S2. Candidate selection from self-organizing map (SOM) analysis of Ailanthus altissima transcriptome data. The 695 contigs found in the
cluster with AaCYP71CD4 and AaCYP71BQ17 were first filtered by keywords in their blastn, blastx and pfam annotations. This results in 138 contigs for
contigs with oxidoreduction annotations and 12 contigs with isomerization annotations. Among them, 5 contigs were found with both annotations. Contigs
with low expression level in root and insufficient nucleotide length were then excluded. Also, candidates with unrelated functions based on their full
annotations as well as the two reference CYP450s were manually removed. The resulting contigs were selected as candidates. Abbreviations:
isopentenyl-diphosphate delta isomerase (IPPI) and 3-hydroxy-3-methylglutaryl-CoA reductase (HMGR).



Table S1. Sequences of the primers used in this study. The start and stop codons are marked in red. For In-Fusion cloning, the overlapping sequences
to the vector are marked in blue. For Golden gate cloning, Bsal restriction sites are marked in green, and the cutting site is indicated with a slash

Primer name Primer sequence Vector
AaOSC2_Fw CACCACAGGTCTCG/AAAAATGTGGAGGCTTAAGATTGCAGA pHREAC
AaOSC2_Rv CACCACAGGTCTCG/AGCGTCAATTAGGCAATGGAACTTTCCT pHREAC
AaCYP71CD4_Fw GCCCAAATTCGCGACCGGATGATGGAGCTACAGCTTGA pPEAQ-HT
AaCYP71CD4_Rv CAGAGTTAAAGGCCTCGATCACGGATCGTAAGGAGTGG pEAQ-HT
AaCYP71BQ17_Fw GCCCAAATTCGCGACCGGTTGAGAACAAAATTGCCAATGGA pEAQ-HT
AaCYP71BQ17_Rv CAGAGTTAAAGGCCTCGATCACTTCTGGAAAGGAATATGAGTG pEAQ-HT
AaCYP88A154_Fw GCCCAAATTCGCGACCGGATGCTAAGAAACTCAGACATCA pEAQ-HT
AaCYP88A154 Rv CAGAGTTAAAGGCCTCGATCATTTGAGCTTAACGACTTTTGC pPEAQ-HT
AalSM1_Fw CACCACAGGTCTCG/AAAAATGAGCAATTCGTATATGCCCA pHREAC
AalSM1_Rv CACCACAGGTCTCG/AGCGTCAGCAAACTTTGGCCTTCT pHREAC
AalSM2_Fw CACCACAGGTCTCG/AAAAATGAGCAACCATCCCTATTCTCC pHREAC
AalSM2_Rv CACCACAGGTCTCG/AGCGTCAGTAGAATTTGGCTTTCTTCTGA pHREAC
AaCYP88A154 Y_Fw | CACTATAGGGAATATTAAGCTATGCTAAGAAACTCAGACATCA pYES2
AaCYP88A154_Y_Rv | CATGATGCGGCCCTCTAGTCATTTGAGCTTAACGACTTTTGC pYES2
AalSM1_Y_Fw CACTATAGGGAATATTAAGCTATGAGCAATTCGTATATGCCCA pYES2
AalSM1_Y_Rv CATGATGCGGCCCTCTAGTCAGCAAACTTTGGCCTTCT pYES2
AalSM2_Y_Fw CACTATAGGGAATATTAAGCTATGAGCAACCATCCCTATTCTCC pYES2
AalSM2_Y_Rv CATGATGCGGCCCTCTAGTCAGTAGAATTTGGCTTTCTTCTGA pYES2
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Figure S3. Acid sensitivity of 7,8-epoxymelianol (9) to silica. Sample composition of the crude reaction product from melianol epoxidation with m-
CPBA before (a) and after (b) attempts to purify the 6.6 min peak corresponding to 7,8-epoxymelianol (9) by normal phase column chromatography on
silica. Data shown are LCMS chromatograms (black: TIC; blue: EIC 511).
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Figure S4. Time course showing degradation of 7,8-epoxymelianol (9) (peak at 6.6 min) in 50/50 MeCN/H20 + 0.1% formic acid. Data shown are
LCMS chromatograms (black: TIC; blue: EIC 511).



Table S2. Conditions for extraction and flash chromatography purification of isomeliandiol (10) and protoglabretal (11).

Fresh weight: 82.27 g Dry weight: 16.06 g
Extraction solvent: Ethyl acetate Crude extract: 1.18 g
Column Solvents Gradient Yield
. A: Petroleum ether 10-100% (10 CV)
SNAP KP-Sil50 g B: Ethyl acetate 100% (3 CV) 164 mg
A: Water
3 - 0,
SfarC18 D 12 g B- Acetonitrile 40-100% (11 CV) 27 mg
Isomeliandiol (10) 30% (2 CV)
30-60% (3 CV)
A: Petroleum ether 60% (7 CV)
SNAP Ulra 10 g B: Ethyl acetate 60-80% (3 CV) omg
80% (3 CV)
80%-100 (3 CV)
A: Water
. 1000
SfarC18D 12 g B: Acetonitrile 60-100% (11 CV) 2mg
Fresh weight: 11495¢g Dry weight: 1759 ¢g
Extraction solvent: 90/10 MeOH/H,0 Crude extract: 5.77 9
Column Solvents Gradient Yield
. A: Petroleum ether 10-100% (10 CV)
SNAPKP-SI1009 | b £ acetate 100% (3 CV) 140mg
A: Water
Protoglabretal (11 4 -1009
g (11) SfarC18 D 12 g B: Acetonitrile 60-100% (11 CV) 22 mg
30% (2 CV)
) 30-67% (3 CV)
SNAP Ultra 10 g A: Petroleum ether | o0 o o) 12 mg

B: Ethyl acetate

67-100% (3 CV)
100% (5 CV)

10



Table S3. 'H and **C NMR data of 7,8-epoxymelianol (9) (CeDs, 298 K, 600 MHz).

Atom 13C ppm 2 1H ppm (m, Hz)?
1 38.05/37.98 | 0.77-0.83, 1.34-1.46 (m, 2H)
2 27.87 1.31-1.38 (m, 2H)
3 78.47 /78.40 | 2.95-2.99 (m, 1H)
4 38.60 -
5 45.45 / 45.37 1.25-1.30 (m, 1H)
6 23.21/23.20 | 1.40-1.46,1.91-1.96 (m, 2H)
7 55.05/54.96 | 2.70(t,J=1.7 Hz, 1H)
8 63.22/63.10 |-
9 | 49.89/49.80° | 1.85-1.91 (m, 1H)
10 35.08 -
11 17.65/17.61 | 1.42-1.48,1.52-1.58 (m, 2H)
12 31.18/31.52 | 1.41-1.46,1.98-2.04 (m, 2H) / 1.57-1.61, 1.78-1.93 (m, 2H)
13 4534 /4561 |-
14 49.09/49.38 |-
15 28.29/27.84 | 0.82-0.87,1.98-2.05 (m, 2H) / 0.80-0.82, 1.33-1.45 (m, 2H)
16 26.94/27.08 | 1.20-1.26,1.71-1.81 (m, 2H)
17 45,89 /51.25 | 2.17-2.20 (m, 1H) / 1.70-1.73 (m, 1H)
18 | 22.02/21.24 |1.09 (s, 3H) /1.28 (s, 3H)
19 | 14.53/14.55 |0.67 (s, 3H)/0.70 (s, 3H)
20 47.19/49.72° | 1.81-1.87 (m, 1H) / 2.17-2.21 (m, 1H)
21 97.87/102.2 |5.29(d,/=3.9Hz,1H)/5.31(d,J=3.4 Hz, 1H)
22 32.05/35.78 | 1.61-1.72 (m, 2H) / 1.15-1.20, 1.80-1.84 (m, 2H)
23 | 78.59/77.43 |3.87-3.93 (m, 1H)/4.02 (ddd, J = 10.7, 7.3, 5.1 Hz, 1H)
24 67.89/65.52 |2.91(d,/J=7.2Hz,1H)/2.78 (d, J=7.3 Hz, 1H)
25 57.41/56.41 |-
26 | 25.17/25.02 |1.14(s, 3H)/1.12 (s, 3H)
27 | 19.32/19.59 | 1.12(s, 3H)/1.09 (s, 3H)
28 28.09/28.05 | 0.97 (s, 3H)
29 | 16.04/16.06 | 0.84 (s, 3H)
30 | 22.97/22.81 |0.94(s,3H)/0.90 (s, 3H)

2Second value corresponds to the minor lactol epimer whenever clearly discernible.

bSignals interchangeable.
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Table S4. *H and **C NMR data of isomeliandiol (10) obtained as a mixture of epimers (CDCls, 298 K, 500 MHz).

Atom 1B3Cppm? 1H ppm (m, Hz) ®
1 38.05/38.03 1.03-1.07, 1.57-1.63 (m, 2H)
2 27.29 1.55-1.66 (m, 2H)
3 78.92/78.89 | 3.27(dd,J=11.1 Hz, 1H)/3.28 (dd, J = 4.7 Hz, 1H)
4 38.51 -
5 46.68/46.64 | 1.45-1.52 (m, 1H)
6 23.81/23.83 1.70-1.78, 1.82-1.88 (m, 2H)
7 72.47/72.48 | 3.92 (m, 1H)
8 44,39/ 44.38 -
9 41.88/41.93 | 1.88-1.94 (m, 1H)
10 37.73 -
11 16.48 / 16.47 1.48-1.53, 1.67-1.72 (m, 2H)
12 33.22/33.27 1.49-1.53,1.77-1.81 (m, 2H)
13 46.85/46.78 -
14 162.35/162.22 -
15 | 119.67/119.18 | 5.47 (m, 1H)/5.45 (m, 1H)
16 35.22/35.14 2.15-2.20 (m, 2H)
17 52.88/52.96 1.92-2.01 (m, 1H)
18 19.94 /19.96 1.02 (s, 3H)
19 15.54 0.89 (s, 3H)
20 45.63 / 47.95 1.46-1.51 (m, 1H)
21 97.74 / 102.55 5.38(d,J=3.2 Hz, 1H)
22 31.50/34.87 1.69-1.77, 2.00-2.05 / 1.36-1.44, 2.07-2.15 (m, 2H)
23 78.53/77.36 | 3.88-3.94 (m, 1H)/3.93-3.99 (m, 1H)
24 67.77 / 65.35 2.82(d,J=7.4Hz,1H)/2.69 (d, J = 7.6 Hz, 1H)
25 58.27 / 57.46 -
26 25.17/25.06 | 1.32(s, 3H)/1.33 (s, 3H)
27 19.35/19.59 | 1.32 (s, 3H)/ 1.09 (s, 3H)
28 27.81 0.99 (s, 3H)
29 15.59 0.79 (s, 3H)
30 27.80 1.05 (s, 3H)

2Second value corresponds to the minor lactol epimer whenever clearly discernible.
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Table S5. Partial *H and **C NMR data of degradation products 12 and 13 present in NMR samples of isomeliandiol (10) (CDCls, 298 K, 500
MHz).

12 13
Atom 13C ppm 1H ppm 13C ppm 1H ppm

20 45.13 2.17 45.79 2.22
21 97.54 5.33 97.30 5.29
22 30.19 1.95 30.52 1.81
23 78.69 4.46 80.31 4.23
24 75.37 3.19 77.23 3.90
25 73.35 - 145.09 -

26 26.77 1.29 112.62 4.94,5.04
27 26.91 1.27 18.87 1.78

13



Table S6. *H and **C NMR data of protoglabretal (11) (CDCls, 298 K, 500 MHz).

Atom 13C ppm 2 1H ppm (m, Hz)?
1 38.70/38.58 | 0.92-1.00, 1.57-1.63 (m, 2H)
2 27.28 1.59-1.67 (m, 2H)
3 78.92/78.89 |3.26(dd,/=11.4,4.3 Hz, 1H)
4 38.47/38.46 |-
5 46.11/ 46.03 1.43-1.48 (m, 1H)
6 | 2435/3434 |1.56-1.63,1.71-1.77 (m, 2H)
7 74.65/74.51 | 3.74-3.79 (m, 1H)
8 38.90/38.97 |-
9 44.32 / 44.12 1.16-1.24 (m, 1H)
10 37.34/37.40 |-
11 25.75 1.70-1.78, 2.06-2.14 (m, 2H)
12 16.46 /16.30 | 1.23-1.36 (m, 2H)
13 29.07/28.72 |-
14 37.03/36.23 |-
15 26.45/27.26 1.88-1.95 (m, 2H) / 1.49-1.58 (m, 2H)
16 27.63/26.29 | 0.85-0.88,1.62-1.68 (m, 2H) / 0.89-0.93, 1.62-1.68 (m, 2H)
17 44,90/ 48.44 | 2.15-2.24 (m, 1H) / 1.99-2.05 (m, 1H)
18 | 13881365 | 05(@/=49Hz 1H),065(d, /=48 Hz, 1H)/0.47 (d, J = 5.3 Hz, 1H),
0.73 (d, J = 5.1 Hz, 1H)
19 16.06 /15.93 | 0.87 (s, 3H)
20 49.48 /50.91 | 1.82-1.90 (m, 1H) / 2.10-2.15 (m, 1H)
21 98.34 /102.25 | 5.42(d,J=3.9Hz, 1H) / 5.42 (d, J = 3.4 Hz, 1H)
22 30.93/33.13 1.65-1.74, 1.94-1.99 (m, 2H) / 1.37-1.43, 2.02-2.08 (m, 2H)
23 78.57 /77.46 | 3.84-3.91 (m, 1H) /3.92-3.97 (m, 1H)
24 67.78 /65.41 | 2.83(d,J=7.5Hz, 1H) /2.69 (d, /= 7.6 Hz, 1H)
25 58.31/57.51 |-
26 | 25.14/25.05 | 1.31(s,3H)/1.33 (s, 3H)
27 | 19.32/19.56 | 1.30(s, 3H)/ 1.02 (s, 3H)
28 27.87/27.86 | 0.97 (s, 3H)
29 15.68 /15.67 | 0.77 (s, 3H)
30 | 19.66/19.53 | 1.03 (s, 3H)

2Second value corresponds to the minor lactol epimer whenever clearly discernible.
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Figure S5. *H spectrum of 7,8-epoxymelianol (9) (CeDs, 298 K, 600 MHz).

o

o

15



[
LN

bl
R
LY
[

[

R —

L

=l

L

i
-

(1y]

\ppmt

(;

£l

Figure S6. *3C spectrum of 7,8-epoxymelianol (9) (CeDs, 298 K, 151 MHz).
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Figure S7. HSQC spectrum of 7,8-epoxymelianol (9) (CsDs, 298 K, 600 MHz).
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Figure S8. HMBC spectrum of 7,8-epoxymelianol (9) (CsDs, 298 K, 600 MHz).
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Figure S9. COSY spectrum of 7,8-epoxymelianol (9) (CeDs, 298 K, 600 MHz).
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Figure S10. NOESY spectrum of 7,8-epoxymelianol (9) (CeDs, 298 K, 500 MHz).
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Figure S11. *H NMR spectrum of isomeliandiol (10) (CDCls, 298 K, 500 MHz).
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Figure S12. 3C NMR spectrum of isomeliandiol (10) containing the C24/25 epoxide degradation products 12 and 13 (CDCls, 298 K, 126 MHz). The *3C resonances of isomeliandiol (10) are shown in blue
and key resonances of degradation products 12 and 13 are shown in grey.
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Figure S13. HSQC spectrum of isomeliandiol (10) (CDCls, 298 K, 500 MHz).
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Figure S14. HMBC spectrum of isomeliandiol (10) (CDCls, 298 K, 500 MHz).
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Figure S15. COSY spectrum of isomeliandiol (10) (CDCls, 298 K, 500 MHz).
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Figure S16. NOESY spectrum of isomeliandiol (10) (CDCls, 298 K, 500 MHz).
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Figure S17. 'H NMR spectrum of protoglabretal (11) (CDCls, 298 K, 500 MHz).
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Figure S18. 3C NMR spectrum of protoglabretal (11) (CDCls, 298 K, 126 MHz).
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Figure S19. DEPT-135 spectrum of protoglabretal (11) (CDCls, 298 K, 100 MHz).
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Figure S20. HSQC spectrum of protoglabretal (11) (CDCls, 298 K, 500 MHz).
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Figure S21. HMBC spectrum of protoglabretal (11) (CDCls, 298 K, 500 MHz).
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Figure S22. COSY spectrum of protoglabretal (11) (CDCls, 298 K, 500 MHz).

-1.0

32

-11

f1 (ppm)



—10

1i.0 10.5 10.0 9.5 9.0 8.5 8.0 7.3 7.0 6.5 G.0 3.5 3.0 4.5

Figure S23. NOESY spectrum of protoglabretal (11) (CDCls, 298 K, 500 MHz).
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Figure S24. Selected key HMBC and COSY correlations of 7,8-epoxymelianol (9).

Figure S25. Selected NOE correlations of 7,8-epoxymelianol (9).

Figure S26. Selected key HMBC and COSY correlations of isomeliandiol (10).
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Figure S27. Selected NOE correlations of isomeliandiol (10).

Figure S28. Selected key HMBC and COSY correlations of protoglabretal (11).
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Figure S29. Selected NOE correlations of protoglabretal (11).
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Table S7. Representative examples of apoprotolimonoids previously isolated from Meliaceae, Rutaceae, and Simaroubaceae plants out of ca.
120 structurally related natural products listed in Reaxys. Stereochemistry is shown as reported in the literature.

Trivial name Structure Family Subfamily Species Reference
No trivial Aglaia
Meliaceae Aglaieae odorata var. 35
name . .
microphyllina
Aglaia
Agladoral C Meliaceae Aglaieae odorata var. 35
microphyllina
Toonasinensin . Toona
Meliaceae Cedreleae . ) 36
A sinensis
No trivial Cedrela
Meliaceae Cedreleae ) ) 37
name sinensis
Toonaciliatine
A Meliaceae Cedreleae Toona ciliata 38
21-O-Acetyl- Melia
y_ Meliaceae Melioideae 39
toosendantriol toosendan
P . . Dysoxylum 20
Cumingianol D Meliaceae Melioideae o
cumingianum
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Trichilia

41

Lepidotrichilin ) o
Meliaceae Trichilieae ]
B lepidota
HO
o)
\O"‘ H OH
o G . Feroniella
Feroniellide C Rutaceae Aurantioideae . 42
lucida
. . Vepris
Chisocheton A Rutaceae Zanthoxyloideae p . 43
uguenensis
. . Brucea
Brujavanone L Simaroubaceae . ] a4
javanica
OH
o
o OH
No trivial . ¥ . Picrolemma 45
P Simaroubaceae .
name granatensis
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Table S8. Representative examples of glabretanes previously isolated from Meliaceae, Rutaceae, and Simaroubaceae plants out of ca. 110

structurally related natural products listed in Reaxys. Stereochemistry is shown as reported in the literature.

Trivial name Structure Family Subfamily Species Reference
7-
. . Aglaia 6
Deacetylglabretal- Meliaceae Aglaieae ]
ferruginaea
3-acetate
Aglaia
No trivial name Meliaceae Aglaieae g. . 47
crassinervia
No trivial name Meliaceae Cedreleae Cedrela sinensis 48
Glabretal Meliaceae Melioideae Guarea glabra 49
o . . . Dysoxylum .
Cumingianoside F Meliaceae Melioideae o
cumingianum
A : . L Dysoxylum 0
Cumingianoside D Meliaceae Melioideae o
cumingianum
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No trivial name Meliaceae Melioideae Guarea glabra 49
f . . Dysoxylum 5
Dysoxylic acid B Meliaceae Melioideae g )
pettigrewianum
. . . Dysoxylum 5
Dysoxin 2B Meliaceae Melioideae )
muelleri
3-Episkimmiarepin Luvunga
P P Rutaceae Aurantioideae g 53
A sarmentosa
Rutaceae Aurantioideae | Aegle marmelos 54
Skimmiarepin A L
Skimmia
Rutaceae Aurantioideae ) . 55
japonica
- . Raulinoa <6
No trivial name Rutaceae Zanthoxyloideae .
echinata
3- Zanthoxylum
o i Rutaceae Zanthoxyloideae ) ‘ 57
Oxoskimmiarepin petiolare
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Ailanthus

Ailanthol Simaroubaceae ) 58,59
malabarica
Ailanthus
Ailanthusin C Simaroubaceae ) 60
triphysa
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A B c

100 1004 A A ‘ Melianol (8) + AaCYP88A154 + EV
80 - 80- A Melianol (8) + AaCYP88A154 + AalSM2
o s A Y — ‘ 7,8-Epoxymelianol (9) 100 uM + EV
© @
£ 60 < 607 ﬂ
§ g A 7,8-Epoxymelianol (9) 100 pM + AalSM2
& &
@ 40 7 @ 407 A 7,8-Epoxymelianol (9) 50 uM + AalSM2
< <
20 20 ‘_ Isomeliandiol (10) 100 uM + EV
l Isomeliandiol (10) 100 uM + AalSM2
- 0- r T T T 1
& T, 5 6 7 8 9
/&94,, /\9@‘3 Retention time (min)
Melianol (8) + Melianol (8) + AaCYP88A154
[ Melianol (8) Peak area of Melianol (8) or 7,8-Epoxymeliancl (9) or Isomeliandiol (10) or Protoglabretal (11)
. Panel A area percentage =
[ 7 8-Epoxymelianol (9) Peak area of Melianol (8) + 7,8-Epoxymelianol (9) + Isomeliandiol (10) + Protoglabretal (11)
Il isomeliandiol (10) Peak area of 7,8-Epoxymelianol (9) or Isomeliandiol (10) or Protoglabretal (11)
[ Protoglabretal (11) Panel B area percentage =
Peak area of 7,8-Epoxymelianol (9) + Isomeliandiol (10) + Protoglabretal (11)

Figure S30. In vitro activity of AaCYP88A154, AalSM1 and AalSM2 produced in Saccharomyces cerevisiae microsomes is consistent with
activity in Nicotiana benthamiana. (A) Oxidation of melianol (8) by AaCYP88A154 leads to formation of 7,8-epoxymelianol (9) and the rearranged
product isomeliandiol (10). Microsomes additionally contained Arabidopsis thaliana cytochrome P450 reductase (CPR).Y” (B) AalSM1 causes a
statistically significant increase of isomeliandiol (10) peak area compared to 7,8-epoxymelianol (9) peak area, whereas AalSM2 completely converts 7,8-
epoxymelianol (9) to protoglabretal (11). The asterisk indicates the significant difference between EV and ISM1 samples using a t test (two tailed, equal
variance, p = 0.0275, n = 3). Error bars indicate + standard deviation. 7,8-Epoxymelianol (9) was generated in situ from microsomes enriched with
AaCYP88A154 and Arabidopsis thaliana cytochrome P450 reductase (CPR). (C) ISM2 accepts 7,8-epoxymelianol (9) generated enzymatically (lanes 1-
2) or synthetically (lanes 3-5) as a substrate, but not isomeliandiol (10) (lanes 6-7). Comparable results were observed with three replicates from three
independent experiments. All chromatograms and area integrations for the stacked bar plots are based on extracted ion chromatograms at mass 511
([M+Na]* for 9, 10 and 11; [M+K]* for 8).
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