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Experimental Procedures

Strains and culture conditions.

The Aspergillus ochraceus strains were cultivated on PDASS (potato dextrose agar with 3.3% sea
salt) plates at 28 °C and stored as 33% glycerol stock at -80 °C. Aspergillus nidulans LO8030 was
utilized as the fungal heterologous expression host.! For all fungal transformation, glucose minimum
medium, liquid glucose minimum medium, and sorbitol glucose minimum medium were used with
correspondingly nutritional supplements. Escherichia coli strain DH50 was used for plasmids
construction, while BL21 (DE3) was used for protein expression. They were grown in liquid LB medium
or solid medium (with 2% agar) with antibiotics appropriate for the resistance markers on the plasmid

DNA.

General Chemical Analysis.

To analyze the metabolites from fungal strains, the fungal strains (Table S2) were cultivated on
PDASS plates for 15 days at 28 °C. The mycelia-containing agar was collected and extracted with ethyl
acetate. The ethyl acetate extract of A.nidulans and A. ochraceus were dried and dissolved in methanol
and analyzed on a Waters Acquity UPLC I-Class Pluss-Xevo G2 XS QTOF system equipped with an
Agilent Eclipse XDB-C18 column (5 pm, 4.6 x 150 mm) with a flow rate of 0.4 mL min"'. The mobile
phase consisted of acetonitrile (A) and water with 0.01% trifluoroacetate (B) using a gradient elution of
10% to 100% A at 0-12 min and 100% A at 12-13 min. 'H, '3C and 2D NMR spectra were acquired at
298K on 500 MHz Bruker FTNMR spectrometer using DMSO-ds, chloroform-d, [Ds]acetone-ds, or

pyridine-ds as solvent.

Gene cloning, DNA fragment construction, and plasmid construction

The oligonucleotide sequences synthesized by Shanghai Sango Biotech were given in Table S3 and
the plasmids used in this study were listed in Table S4. To construct fungal expression plasmids for A4.
nidulans, the ato genes (containing their own promoter and terminator) were amplified from the genomic
DNA of 4. ochraceus LZDX-32-15 by using Q5 high-fidelity DNA polymerase (New England Biolabs).
The DNA fragments were then introduced into the Nhel-digested pYH-WA vector by using a
ClonExpress Ultra One Step Cloning Kit (Vazyme Biotech). To create the ato genes deletion strains in
A. ochraceus, the deletion cassette was constructed by Double-joint PCR strategy as described
previously.? For protein expression, the full-length coding sequence of AtoB was obtained by PCR from
the genomic DNA of A. ochraceus LZDX-32-15. The DNA fragment was then assembled into the
Ncol/HindllI-digested pET-28a vector by using a ClonExpress Ultra One Step Cloning Kit and verified



by sequencing. For the construction of the AtoB mutant variants, Quick-change site-directed

mutagenesis method were used.’

Bioinformatics analysis

The structures of defined NTF2-like enzymes (BvnE, Trt14, SdnG, and NsrQ) and the predicted
structure (using RoseTTAFold) of NTF2-like homologous were used as queries for Foldseek against the
PDB, Uniprot, Swiss-Prot, CATH, GMGCL, and MGnify database.*> The cluster analysis of all 1432
sequences was carried out by CLANS (Cluster analysis of sequences) software to visualize pairwise all-
against-all comparison.® For the phylogenetic analysis of sequences in cluster 2, alignments were
computed using ClustalW2 and the phylogenetic analysis was conducted using Fasttree with the default

parameters for the Maximum Likelihood.’

Fungal transformation in A.nidulans and A. ochraceus

Transformation of 4.nidulans LO8030 and 4. ochraceus was performed by the previously reported
protoplast-polyethylene glycol method.! The empty vectors pYH-wa was transformed into host strain
LO8030 to create the control strain An-CK. The completed afo cluster containing plasmid pYH-wa-
atocluster, atoC/E/H/K genes containing plasmid pYH-wa-atoCEHK, and atoC/E/H/K/G/D/L/I/F genes
containing plasmid pYH-wa-atoCEHKGDLIF were transformed into the host strain 4. nidulans LO8030
to create the expression strains An-atocluster, An-atoCEHK and An-atoCEHKGDLIF, respectively. For
feeding experiments, atoM genes (with gpdA promoters and its own terminators) containing plasmid
pYH-wa-atoM was transformed into the host strain 4. nidulans LO8030 to create the expression strains
An-atoM. Transformants were verified using diagnostic PCR with appropriate primers (Table S3). The

transformants created in this study were provided in Table S2.

Feeding experiments with A.nidulans

The spores of A.nidulans strain An-atoM was evenly inoculated on PDASS plates which added with
the corresponding substrates (1.0 mg of substrate, dissolved in 20 uL. DMSO). The plates were incubated
at 28 °C for 96 hours. The culture was extracted with an equal volume of ethyl acetate and evaporated

to dryness. The extract was dissolved in methanol and analyzed by LC-MS.

Protein expression and purification

For Hise-tagged AtoB expression, the plasmid pAtoB-1 was introduced into E. coli BL21 (DE3)
component cells following the manufacturer’s instructions. An individual bacterial colony was cultured
at 37 °C, 200 rpm in 10 mL of LB medium containing 50 mg mL "' kanamycin (Solar Lab) for 16 hours,
then inoculated into 1 L of LB medium. A final concentration of 0.2 mM isopropylthio-f-D-galactoside
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(IPTG) was added when ODgoo reached 0.7 to induce protein expression and the cells were cultured for
18 hours at 16 °C. The cells were harvested by centrifugation at 4 C, 5000 rpm for 20 min. Supernatant
was discarded, and cell pellets were suspended in 18 mL cold lysis buffer (50 mM NaH,PO, pH 7.5,
300 mM NaCl, 10% glycerine, and 10 mM imidazole). A fifteen-minute ultrasonication was used to
disrupt E. coli cells. Cell lysate was centrifuged at 4 °C, 12000 rpm for 30 min, and the supernatant was
incubated with Ni-NTA agarose (GE Healthcare) for 1 hour at 4 ‘C. The mixture was loaded onto a pre-
equilibrated column and then washed by washing buffer (50 mM NaH,PO4 pH 7.5, 300 mM NaCl, 10%
glycerine, and 30 mM imidazole). The fused AtoB protein was eluted by elution buffer (50 mM
NaH:PO, pH 7.5, 300 mM NaCl, 10% glycerine, and 200 mM imidazole). The fractions containing
target proteins were desalted by using PD-10 Desalting Column (GE Healthcare) and eluted with storage
buffer (50 mM Tris-HCl, 20% glycerol, pH 7.5). The purified protein was stored at -80 C.

In vitro assays of AtoB and its mutant variants

The enzymatic reaction was performed with in a final volume of 100 pL containing 50 mM Tris-HCI
(pH 7.5), 100 uM substrate compound, and 20 pg of purified AtoB (or its variants) for 12 hour at 30 °C.
Reactions were terminated by adding 100 uL of MeOH and centrifuged at 13000 rpm for 30 minutes
before analyzed by LC-MS. The enzymatic products were analyzed with a linear gradient elution of 20
to 45% acetonitrile in water containing 0.01% trifluoroacetate in 7 min, followed by 45 to 100%

acetonitrile for 1 min.

AtoB protein expression and purification for crystallization

The plasmid pAtoB-2 was transformed into E. coli BL21(DE3). An individual bacterial colony was
grown in 5 L LB medium with 50 pg mL™" kanamycin at 37 °C to ODeoo reached 0.8. The culture was
cooled to 16 °C over 1 hour and induced with 0.2 mM IPTG and incubated for 18 h at 20 °C. The E.coli
cells was collected by centrifugation at 4°C, 5000 rpm for 20 min. The cell pellet was re-suspended in
lysis buffer (50 mM NaH,PO, pH 7.5, 300 mM NaCl, 10% glycerine, and 10 mM imidazole) and lysed
by sonication followed by centrifugation at 4 °C, 13000 rpm for 30 min. Then, the supernatant was
incubated with Ni-NTA agarose (GE Healthcare) for 1 hour at 4 ‘C. The AtoB protein was washed by
washing buffer (50 mM NaH,PO4 pH 7.5, 300 mM NaCl, 10% glycerine, and 30 mM imidazole) and
eluted by elution buffer (50 mM NaH,POs pH 7.5, 300 mM NacCl, 10% glycerine, and 200 mM
imidazole). After preliminary isolation, PD-10 Desalting Column was used to desalt and exchange with
storage buffer. Then the protein solution was incubated with His-tagged HRV 3C protease (Shanghai
Sango Biotech) in a 1:20 molar ratio to remove the HISs tag. The protein was dialysed overnight against
50 mM Tris pH 8.0 and 150 mM NacCl, and reloaded into a Ni-NTA column to remove HRV 3C Protease
and the HIS tag. Further purification was fractionated by Superdex 200 Increase 10/300 GL columns
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(GE Healthcare) eluted with 50mM Tris-HCI, 150mM NaCl 10% Glycerol 1mM TCEP pH 8.0. The
eluted fractions were tested by SDS-PAGE and determined to be >95% pure. The concentration of AtoB
was concentrated to 10 mg mL™" and determined by UV spectrophotometry using the calculated molar

extinction coefficient.

Crystallization and structure determination of AtoB

Untagged AtoB was screened for initial crystallization conditions using a sitting drop vapour diffusion
method at 4 °C. Protein was crystallized in 0.06 M magnesium chloride hexahydrate, 0.06 M Calcium
chloride dihydrate, 0.1 M Sodium HEPES, 0.1M MOPS (acid), pH 6.5, 12.5% glycerol, 12.5% PEG1000,
and 12.5% PEG3350. Then, crystals were cryoprotected in 0.06 M magnesium chloride hexahydrate,
0.06 M Calcium chloride dihydrate, 0.1 M Sodium HEPES, 0.1M MOPS (acid), pH 6.5, 12.5% glycerol,
12.5% PEG1000, and 12.5% PEG3350 and additional 15% glycerol, and flash frozen in liquid nitrogen.
Complex structures of untagged AtoB proteins (10 mg mL™") and substrate analogs 19 (3 mM) were
prepared by incubating crystals in 2 M ammonium sulfate, 0.2 M potassium sodium tartrate tetrahydrate,
and 0.1 M sodium citrate (pH 5.6) at 18 °C. Crystals were cryoprotected in 2 M ammonium sulfate, 0.2
M potassium sodium tartrate tetrahydrate, and 0.1 M sodium citrate (pH 5.6) and additional 15%
glycerol, and flash frozen in liquid nitrogen. X-ray diffraction data were collected at the Shanghai
Synchrotron Radiation Facility (beamline BLO2U1) with an X-ray wavelength of 0.97915 A. The data
were integrated and scaled using XDS and Aimless programs.® The structure was solved by a molecular
replacement method using BvnE (PDB ID: 6U9I) as search model (Phaser) and refined using Coot and
Phenix.”!! The data collection and refinement details are presented in Table S5. The coordinates and the
structure factor amplitudes for the apo-AtoB and AtoB complexed with ligands were deposited to the
Protein Data Bank under accession codes 9JLM, 8ZED and 8ZEC.

Large-scale fermentation, extraction, Isolation and characterization of compounds

To characterize the metabolites of fungal mutants, the fungal strains were cultivated on 2.5 L (10 L
for AatoBAatoM strain) PDASS medium at 28 °C for 15 days. The culture was extracted repeatedly with
ethyl acetate (3 x 2.5 L) at room temperature. The crude extract was separated by reversed phase C18
silica column chromatography eluted with methanol-H>O in a gradient manner (v/v, 20:80, 30:70, 40:60,
50:50, 75:25, 100:0). The fractions with target compounds were purified by semi-preparative RP-C18
HPLC using CH3CN/H>O as mobile phase.

Compound 3: colorless oil, UV Amax (methanol) 209, 290 nm; HRESIMS m/z 361.2375 [M+H]* (Calcd
for C22H3304, 361.2379); for 'H NMR and '*C NMR data see Table S8.

Compound 4a: colorless crystal, UV (methanol, nm): Amax 209, 290; HRESIMS m/z 421.1861 [M+H]*
(Caled for C2H290s, 421.1862); for 'H NMR and '*C NMR data see Table S7.
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Compound 4b: colorless crystal, UV (methanol, nm): Amax 209, 290; HRESIMS m/z 421.1864 [M+H]*
(Caled for C2Ha90s, 421.1862); for 'H NMR and '3C NMR data see Table S7.

Compound 6a: white amorphous powder, UV Amax (methanol) 209, 290 nm; HRESIMS m/z 421.1862
[M+H]" (Calcd for C22H290s, 421.1862); for 'H NMR and '*C NMR data see Table S13.

Compound 6b: white amorphous powder, UV Amax (methanol) 209, 290 nm; HRESIMS m/z 421.1866
[M+H]" (Calcd for C22H290s, 421.1862); for 'H NMR and '*C NMR data see Table S13.

Compound 7: colorless oil, UV Amax (methanol) 209, 290 nm; HRESIMS m/z 359.2218 [M+H]* (Calcd
for CaoH3104, 359.2222); for '"H NMR and *C NMR data see Table S8.

Compound 8: colorless oil, UV Amax (methanol) 209, 290 nm; HRESIMS m/z 397.1996 [M+Na]*
(Calcd for C2H300sNa, 397.1991); for 'H NMR and '3C NMR data see Table S8.

Compound 9: colorless oil, UV Amax (methanol) 209, 290 nm; HRESIMS m/z 377.2328 [M+H]" (Calcd
for C2,H330s, 377.2328); for 'H NMR and *C NMR data see Table S9.

Compound 10: colorless oil, UV Amax (methanol) 209, 290 nm; HRESIMS m/z 375.2176 [M+H]*
(Calcd for C2H310s, 375.2171); for 'H NMR and '*C NMR data see Table S9.

Compound 11: white amorphous powder, UV Amax (methanol) 209, 290 nm; HRESIMS m/z 413.1941
[M-+Na]" (Caled for C22H3006Na, 413.1940); for 'H NMR and *C NMR data see Table S9.

Compound 12: colorless oil, UV Amax (methanol) 209, 290 nm; HRESIMS m/z 377.2327 [M+H]*
(Caled for C2H330s, 377.2328); for 'H NMR and '*C NMR data see Table S10.

Compound 13: white amorphous powder, UV Amax (methanol) 209, 290 nm; HRESIMS m/z 375.2174
[M+H]" (Calcd for C22H310s, 375.2171); for 'H NMR and '*C NMR data see Table S10.

Compound 14: white amorphous powder, UV Anax (methanol) 209, 290 nm; HRESIMS m/z 413.1942
[M+Na]* (Caled for C22H3006Na, 413.1940); for 'H NMR and '*C NMR data see Table S10.

Compound 15: white amorphous powder, UV Anax (methanol) 209, 290 nm; HRESIMS m/z 393.2273
[M+H]" (Calcd for C22H330s, 393.2277); for 'H NMR and '*C NMR data see Table S11.

Compound 16: colorless crystal, UV Amax (methanol) 209, 290 nm; HRESIMS m/z 391.2121 [M+H]*
(Caled for C22H3106, 391.2121); for 'H NMR and '*C NMR data see Table S11.

Compound 17: colorless crystal, UV Jmax (methanol) 209, 290 nm; HRESIMS m/z 429.1888 [M+Na]*
(Caled for C2H3006Na, 429.1889); for 'H NMR and '*C NMR data see Table S11.

Compound 19: colorless crystal, UV Amax (methanol) 209, 290 nm; HRESIMS m/z 407.2071 [M+H]*
(Calcd for C22H3107, 407.2070); for 'H NMR and '3C NMR data see Table S12.

Compound 21: colorless crystal, UV Amax (methanol) 209, 290 nm; HRESIMS m/z 445.1835 [M+Na]*
(Calcd for C2H300sNa, 445.1838); for 'H NMR and '3C NMR data see Table S12..

Compound 23: colorless crystal, UV Amax (methanol) 209, 290 nm; HRESIMS m/z 423.2018 [M+H]*
(Calcd for C2H310s, 423.2019); for 'H NMR and '3C NMR data see Table S12.

10



The protein sequence of AtoB
MGSTSSTDLMALPLRERLIQTADHYFRNMESFDLETGLTGRTADCILKVLPASFGMPDRTNEE
CMAAHIATRADMTMKNFKAWRVPGSIPIVDEANRKVVFHMEIY AEMGDGVYHNEFIFIMTT

NDEGTLLKEVAEYVDTAAEKKFAAERMARTKGS
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Supplementary Tables

Table S1. Predicted protein functions and blast results of afo cluster.

Protein | Predicted functions BlastP homologs | Fungal strain Coverage/identities
AtoA | transporter CRL18191.1 Penicillium camemberti 99/51 %
AtoB | NTF2-like protein 6U9L A Penicillium brevicompactum | 88/40 %
AtoC | polyketide synthase KAF7507855.1 Endocarpon pusillum 99/41 %
AtoD | 20G-Fe(Il) oxygenase | KAB8075087.1 Aspergillus leporis 99/57 %
AtoE prenyltransferase KAF4301751.1 Botryosphaeria dothidea 98/58 %
AtoF | cytochrome P450 KAF3397743.1 Penicillium rolfsii 90/38 %
AtoG | cytochrome P450 XP 033428940.1 | Aspergillus tanneri 82/57 %
AtoH | FAD-oxidase A0A3G9GXo61.1 Talaromyces verruculosus 50/51 %
Atol cytochrome P450 PY100108.1 Aspergillus ellipticus 94/42 %
AtoJ short-chain reductase | XP_001259639.1 | Aspergillus fischeri 98/48 %
AtoK | terpene cyclase AOAOE3D8Q2.1 | Penicillium janthinellum 98/51 %
AtoL short-chain reductase | AOA3GYHALS.1 | Talaromyces verruculosus 98/60 %
AtoM | cytochrome P450 KAE8162642.1 Aspergillus tamarii 96/48 %

12




Table S2. Fungal strains used in this study.

Strain Genotype Source
Aspergillus nidulans
LO8030 pyrod4, riboB2, pyrG89, nkuA:.argB, sterigmatocystin | !

cluster (AN7804-AN7825)A
An-CK LO8030 carrying pYH-wa this study
An-atocluster LO8030 carrying pYH-wa-atocluster this study
An-atoCEHK LO8030 carrying pYH-wa-atoCEHK this study
An-atoCEHKGDLIF LO8030 carrying pY H-wa-atoCEHKGDLIF this study
An-atoM LO8030 carrying pY H-wa-atorM this study
Aspergillus ochraceus
LZDX-32-15 wild type 12
AoS1 AAoku80::hygR; AAopyrG::neo in LZDX-32-15 this study
AoS1AatoD AatoD::AfpyrG in AoS1 this study
AoS1AatoF AatoF::AfpyrG in AoS1 this study
AoS1AatoG AatoG::AfpyrG in AoS1 this study
AoS1Aatol Aatol::AfpyrG in AoSl this study
AoS1Aato] AatoJ::AfpyrG in AoSl this study
AoS1AatoL AatoL::AfpyrG in AoS1 this study
AoS1AatoM AatoM::AfpyrG in AoS1 this study
AoS1AatoBAatoM AatoB,atoM::AfpyrG in AoS1 this study
AoS1AatoDAatoL AatoD,atoL::AfpyrG in AoS1 this study
AoS1AatoFAatoM AatoF,atoM::AfpyrG in AoS1 this study
AoS1AatoGAatoD AatoG,atoD::AfpyrG in AoS1 this study
AoS1AatoGAatoL AatoG,atoL::AfpyrG in AoS1 this study
AoS1AatolAatoM Aatol,atoM::AfpyrG in AoS1 this study
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Table S3. PCR primers used in this study.

primer sequences of primer (5°—3”)
AtoB-for agaaggagatataccatgggctccacctcaagca
AtoB-rev tgetegagtgcggeagageccttggtectege

Untagged-AtoB-for

ccgetggaagttctgttccaggggeccctccgegaacgtetcatee

Untagged-AtoB-rev

gtgeggecgeaagetctaagageccttggtecteg

E136A

gtggeegegtatgttgatac

E136D ggtggccgactatgttgatac
E136Q ggtggcccagtatgttgatac
E143A cagcggctgcaaagaagttc
E143D cagcggctgacaagaagttc
E143Q cagcggctcaaaagaagttc
H68A gtatggccgetgetatege
R72A gctcatatcgcetaccgegge
R72Q gctcatatcgetacccagge
R150A gttcgetgetgaggegatg
R150Q gttcgetgetgageagatg
Y25F gcagaccacttcttccgcaac
Y114F cgacggcgtgtttcacaatg
R59A gtatgcccgatgctaccaacg
R59Q gtatgcccgatcagaccaacg
R59K gtatgcccgataagaccaacg
scr-ku80-5f-for gctecttcacegtctcgaag
ku80-5f-rev gtcgacggtatcgattggaatgtccegatgtagetcaageagag
ku80-3f-for ggcggtaatacggttatccaccagtcgegagaaatagggeg
scr-ku80-3f-rev atcctctgaagcecagttceg
ku80-5f-for cagtcaagaacgcctcectg
ku80-3f-rev ggcacaacccactgcaatce
Ku80-for tcatgccecgatctacggaag
Ku80-rev gagactgtgtcacaaggacatg

scr-pyrg-5f-for

cacgccatcatagcggaatag

pyrg-5f-rev cagcagtatcagactcctgagtc

pyrg-3f-for cgactcaggagtctgatactgetggtcggetagatccagceaactc
scr-pyrg-3f-rev cagggtcagggacggtatct

pyrg-5f-for gtgcaggcaagcttatcgac

pyrg-3f-rev gcatggagtggttcttcaatce

pyrg-for ctaattccccccaacacgeg

pyrg-rev atgtcttccaagtcgcaattgac

scr-atoB-5f-for ctgaacagtcggggtggaatc

atoB-5f-rev gtgcctectctcagacagaatgetggaggategtttcgtagtic
atoB-3f-for catatttcgtcagacacagaataactctcgctgagaggatggegagga
scr-atoB-3f-rev gtggcaggaggatcataaccg

atoB-5f-for gatatagaagcaccaccgcca

atoB-3f-rev ggtgtttccaagacagagagce

atoB-rt-for atgggctccacctcaagca
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atoB-rt-rev

gcgaacttcttttcagecge

scr-atoD-3f-for

gctcaacggatacatacacttcg

atoD-3f-rev catatttcgtcagacacagaataactctccagcaaggacttccataggattc
atoD-5f-for ggeggtaatacggttatccacgatgggcetatacggtegttgag
scr-atoD-5f-rev ctagctgttccgcaaacgatag

atoD-3f-for cgtcattgtegttgtcgtcg

atoD-5f-rev caagcaggctgtggatctgac

atoD-rt-for ctagacatccagcggtacatcag

atoD-rt-for ctggatggcctcgaatgeg

scr-atoF-5f-for gcctccaccageagtgttg

atoF-5f-rev catatttcgtcagacacagaataactctccaaggctagaagccattgttcct
atoF-3f-for gtgcctcctetcagacagaatgegtggtectaacgaagtgt
scr-atoF-3f-rev getggectgeaacaggate

atoF-5f-for tggaggtggotatggoctag

atoF-3f-rev gatacctgcacgaccattcge

atoF-rt-for atgcagacgggtatggagct

atoF-rt-rev gectegcetgtetcaaccte

scr-atoG-5f-for gcectegetgtctcaaccte

atoG-5f-rev ggcggtaatacggttatccactgttgatgtgacagtectcgg
atoG-3f-for gtcgacggtatcgattggaatgctgaacagecttcatcccagaag
scr-atoG-3f-rev gcaggaggtgatggaggtc

atoG-5f-for ctggttgcttcttcgetgtag

atoG-3f-rev caatggctgaatttgcaccc

atoG-rt-for atggttttcgagcttctgaacac

atoG-rt-rev getggectgeaacaggate

scr-atol-5f-for

agtatcctgagcatcatcgge

atol-5f-rev catatttcgtcagacacagaataactctcgctttggcaacactgtgtagtc
atol-3f-for gtgcctectetcagacagaattettgetcgcaaagetggte
scr-atol-3f-rev tctacatgtctgataggetgeg

atol-5f-for tgttctccatgacgaatcttgagg

atol-3f-rev gacgtggacaggaacggtag

atol-rt-for gactggacttcagaagcgttg

atol-rt-rev ctggcgctagtagetcaagg

scr-atoJ-5f-for

gcatatgcaggctcggtatacg

atoJ-5f-rev catatttcgtcagacacagaataactctcctgctaaactcgetgactgactac
atoJ-3f-for gtgcctectetcagacagaatgegtgggcatagcatatataccat
scr-atoJ-3f-rev ctgacgacgcactgaatcg

atoJ-5f-for gtcgactcaccgttggagac

atoJ-3f-rev cttgcagccacccagatagac

atoJ-rt-for gegtegteatccttggagtatg

atoJ-rt-rev tettgetcgecaaagetggtg

scr-atoL-5f-for gcgtgggcatagceatatataccat

atoL-5f-rev gtgcectectctcagacagaatctgacgacgceactgaateg
atoL-3f-for catatttcgtcagacacagaataactctcgcctcaagtagecaccctetac

scr-atoL-3f-rev

gaaggtcgaggaaggagtgc
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atoL-5f-for

cgcagcctatcagacatgtag

atoL-3f-rev cctctccacgttettcgtgatg

atoL-rt-for gcttcagagtcaggtatgcg

atoL-rt-rev ctaaacagtggaccaggcegt

scr-atoM-5f-for gcacacttcgattcagtgeg

atoM-5f-rev catatttcgtcagacacagaataactctcgcgattgcttcagagtcagg
atoM-3f-for gtgcctcctetcagacagaatccatgatcagecctttgeg
scr-atoM-3f-rev gccaactccatggaaaacacc

atoM-5f-for ggcaacattctcgcacgtaatc

atoM-3f-rev gaccagggagttggatggtitg

atoM-rt-for gcgatatcegtcttccatcg

atoM-rt-rev cgacgagcggtagtagttga

pyh-atocluster-1-for

attcatcttcccatccaagaacctttaatcggegeggecatgagacatgatctgtgaag

pyh-atocluster-1-rev

ggtatctctatggcacatatcgtgatg

pyh-atocluster-2-rev

gcatctgttgatgtgacagtccte

pyh-atocluster-3-for

gegtggtectaacgaagtgtag

pyh-atocluster-3-rev

cttagtgacgctgtctggcttg

pyh-atocluster-4-for

cgcagcctatcagacatgtaga

pyh-atocluster-4-rev

aacatatttcgtcagacacagaataactctcgctagectagecagetacacacgagaag

pyh-atoCEHKGDLIF-1-for

atattcatcttcccatccaagaacctttaatcggegegegegaacgtetcatccaaacc

pyh-atoCEHKGDLIF-4-rev

caacatatttcgtcagacacagaataactctcgctagegttaccgaagcecatgtcgaac

pyh-atoCEHK-1-rev

tgggtgtccgegecececgaggecatgetcaacttettcgetacgaaacgatectecage

pyh-atoCEHK-2-for

cgaagaagttgagcatggcct

pyh-atoCEHK-2-rev

gecggcgaaggagagtgaaagetggectgcaacaggatcctacggectaccacgactgat

pyh-atoCEHK-3-for

gatcctgttgcaggecage

pyh-atoCEHK-3-rev

tcaccaccctgtcttgecgacatgcagaaagetgecatcgetggtcggtgatctegatge

pyh-atoCEHK-4-for

cgatggcagctttctgcatg

pyh-atoCEHK-4-rev

atatttcgtcagacacagaataactctcgctagecacttggtagtgtggatacactgac

pyh-atoM-for

cctttaatcggegegggcaacattctcgeacgtaate

pyh-atoM-rev

ataactctcgctagcectagecagetacacacgagaag
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Table S4. Plasmids used in this study.

expression cassette in pET-28a

Plasmid Description Source
pYH-wa URA3, WA flanking, AfpyrG, Amp, gpdA(p) !
pYH-wa-atocluster ato cluster genes expression cassette in pYHWA-pyrG this study
pYH-wa-atoCEHK atoC, atoE, atoH, and atoK expression cassette in pYHWA-pyrG | this study
pYH-wa-atoCEHKGDLIF | atoC, atoE, atoH, atoK, atoG, atoD, atoL, atol, and atoF this study
expression cassette in pYHWA-pyrG

pYH-wa-atoM atoM expression cassette in pYH-wa-pyrG this study
pAtoB-1 atoB expression cassette in pET-28a this study
pAtoB-2 AtoB (Fused with HRV 3C Protease cleavage site and HIS tag) this study
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Table S5. Data collection, phasing, and refinement statistics.

AtoB-apo AtoB-apo AtoB with 19

Data collection
PDB ID 9JLM 8ZED 8ZEC
Space group Pi21 P12 P21
Cell dimensions

a,b,c(A) 51.23,70.07,51.83 51.56, 122.89, 69.73 44.27,92.92,44.27

a, B,y (°) 90.00, 101.95, 90.00 90.00, 90.00, 90.00 90.00, 90.18, 90.00
Resolution (A) 41.08-1.90 (1.97-1.90)  29.14-2.37(2.46-2.37) 29.71-1.65 (1.71-1.65)
Rumerge 21.39 (56.82) 16.48 (42.78) 6.51 (58.78)
CC1/2 (%) 98.90 (50.30) 97.90 (84.70) 99.80 (81.50)
1 /o1 8.51(3.90) 4.34 (2.10) 14.16 (2.88)
Completeness (%) 98.04 (92.37) 78.82 (83.11) 99.24 (99.53)
Redundancy 6.40 (5.90) 3.10 (3.00) 5.60 (5.60)
Refinement
Resolution (A) 41.08-1.90 (1.97-1.90)  29.14-2.37 (2.46-2.37) 29.71-1.65 (1.71-1.65)
No. reflections 27975 (2627) 27862 (2953) 42709 (4241)
Ruwork / Riree (%) 21.04/26.28 26.03/32.10 12.58/15.84
No. atoms

Protein 2324 4372 2336

Ligand/ion 2 4 82

Water 305 209 220
B-factors

Protein 12.89 33.33 26.72

Ligand/ion 19.84 29.21 29.43

Water 8.31 37.03 27.13
Ramachandran plot (%)

Favoured 97.58 98.90 97.24

Allowed 1.73 1.10 241

Outliers 0.69 0.00 0.34
R.m.s. deviations

Bond lengths (A) 0.007 0.001 0.013

Bond angles (°) 0.91 0.39 1.89
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Table S6. Relative enzymatic activities of wild-type AtoB and its variants.

Enzyme Percentage of 4a (%) Percentage of 4b (%)" Relative production of 4a (%)* Relative production of 4b (%)
AtoB WT 77.88+0.35 22.12+0.38 100.00+0.45 100.00+1.73
R59A 4.60+0.03 0.00 5.91+£0.04 0.00
R59Q 20.82+0.44 1.16+0.02 26.74+0.56 5.22+0.08
R59K 47.95+0.54 12.29+0.27 61.57+0.67 55.56+1.56
Y114F 0.00 0.00 0.00 0.00
R72A 5.18+0.09 0.29+0.40 6.65+0.12 1.29+1.82
R72Q 39.88+1.14 1.98+0.06 51.20+1.46 8.94+0.25
E136A 0.00 0.00 0.00 0.00
E136D 0.00 0.00 0.00 0.00
E136Q 0.00 0.00 0.00 0.00
E143A 0.00 0.00 0.00 0.00
E143D 10.21+£0.37 18.37+0.78 13.12+0.47 83.06+3.51
E143Q 21.46+0.39 17.57+0.93 27.55+0.49 79.42+4.19
H68A 59.61+1.36 3.83+0.03 76.53+1.75 17.33+0.15

*Data presented as means £SD from three independent experiments
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Table S7. 'H and *C NMR data of compounds 4a and 4b.

4a® 4b®

No.

dc Su (mult., J in Hz) dc Su (mult., J in Hz)
1 163.8 - 162.9 -
3 156.2 - 155.4 -
3-Me 16.5 2.15,s 16.9 2.15,s
4 107.3 - 106.3 -
4-Me 9.5 1.88, s 9.2 1.84,s
4a 163.1 - 162.2 -
5a 82.4 - 80.6 -
5a-Me 20.2 1.40, s 18.6 0.72,s
6 74.4 4.59,d (4.2) 73.9 443, s
6a 76.8 - 76.1 -
7 208.9 - 207.9 -
8 55.9 - 56.8 -
8-Mea 26.1 1.30, s 29.1 1.37,s
8-Mep 22.8 1.28, s 20.2 1.15,s
9 209.4 - 209.1 -
100 46l 2O ilThae MO Thedlae)
10a 75.7 - 74.5 -
11 39.1 1.87, m 38.4 0.87, m
11-Me 10.3 1.06, d (6.7) 9.6 0.94, d (6.4)
11la 34.4 2.16, m 31.2 2.08, td (12.0, 5.0)
2T S wes e 197 2awades so
12a 98.6 - 96.7 -
6-OH . 5.60,d (4.2) . 5.84, br.s
6a-OH - 5.66, s - 6.37, br.s
10a-OH - 4.70, d (2.6) - 5.09, br.s

2 recorded in acetone-ds; ® recorded in DMSO-ds
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Table S8. 'H and *C NMR data of compounds 6a and 6b in acetone-ds.

6a 6b

No. dc on (mult, Jin Hz)  oc o1 (mult., J in Hz)

T 1637 - 1629 -

3 1564 - 1555 -

3-Me 172 217,s 163 2.17,s

4 107.0 - 1061 -

4-Me 9.6 1.87, s 8.7 1.88,'s

4a 1625 - 1616 -

5a 781 - 769 -

5a-Me 140  135,s 13.0  134,s

6 744 4355 77.1 4455

6a 823 539, 824  5.40,s

7 2129 - 2085 -

8 437 - 438 -

8-Mea 207 1.29,s 204 130,s

8-Mep 215 1.27,s 206  125,s

9 1782 - 1772 -

10 266 1435 258  142,s

10a 9.6 - 986 -

1 425 165 m 415 1.61,m

11-Me 134  1.01,d(6.7) 12.5 1.01,d (6.7)

11a 402 197,m 394 1.96,m

12 206  1.90,d(15.7) 199  1.95,d(16.0)
2.50 dd (15.7, 3.9) 2.05, dd (16.0, 4.3)

12a 99.0 - 982 -

10a-OH - 5.24,d (1.6) - 5.41,d (1.6)
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Table S9. 'H and *C NMR data of compounds 3, 7, and 8 in DMSO-ds.

3 7 8
No. oc Ju (mult., J in Hz) oc Ou (mult., J in Hz) oc Ou (mult., J in Hz)
1 162.1 - 163.1 - 162.6 -
3 155.1 - 1553 - 157.1 -
3-Me 16.9 2.13,s 16.9 2.15,s 17.0 2.18,s
4 106.0 - 106.0 - 106.2 -
4-Me 9.2 1.76, s 9.2 1.78, s 9.1 1.79,d, (1.1)
4a 163.2 - 163.1 - 162.3 -
S5a 80.1 - 79.9 - 82.4 -
5a-Me 204 1.14, s 20.1 1.20, s 20.3 1.21,s
6 39.9 2.03,0 37.0 1.86, ddd (13.1, 7.4, 3.6) 39.5 1.96, dt (12.1, 13.0)
1.59,0 1.53,0 1.72, m
6a 19.0 1.68,0 20.0 1.64, m 20.0 1.71, 0
1.41,0 1.51,0 1.50, 0
7 54.2 094, 0 534 1.59,0 54.0 1.61, m
8 384 - 46.6 - 47.1 -
8-Mea  28.1 091,s 26.1 1.03,s 26.1 1.03,s
8-Mep 159 0.69, s 21.0 097,s 21.1 0.98, s
9 76.5 3.01,q (4.9, 3.5) 2154 - 215.6
10 27.0 1.51,m 39.2 2.08,0 38.8 1.66, 0
1.64,0 2.39, ddd (14.0, 7.2, 3.7)
10a 36.9 1.58,0 33.5 2.60,ddd (15.9,11.0,7.4) 33.7 2.56,ddd (15.7, 11.1, 7.2)
1.05, m 2.33, ddd (15.9, 7.0, 3.6) 228, ddd (15.6, 6.9, 3.6)
11 36.2 - 36.0 - 374 -
11-Me 14.7 0.82,s 14.1 0.96, s 14.8 1.05,s
11a 50.6 1.35, m 49.6 1.51,0 55.9 1.66, 0
12 167 2.20,dd(169,4.8) 168  2.25,dd (16.6,4.8) 60.9  4.66,dd (9.9, 4.2)
2.05,dd (16.9, 4.8) 2.09,0
12a 97.1 - 97.1 - 102.6 -
9-0H - 439,d (5.0) ; ; ; ;
12-0H - ; ; ; ; 478, d (4.2)
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Table S10. 'H and *C NMR data of compounds 9-11.

9° 10° 11°
No.
oc ou (mult., J in Hz) oc ou (mult., J in Hz) dc ou (mult., J in Hz)
1 162.5 - 1639 - 164.7 -
3 154.8 - 155.8 - 158.1 -
3-Me 16.8 2.13,s 17.1 2.15,s 172 2.20,s
4 106.5 - 107.3 - 108.0 -
4-Me 9.4 1.84,s 9.6 1.87,d(0.9) 9.5 1.89,d (1.0)
4a 163.2 - 163.2 - 163.7 -
5a 81.5 - 824 - 853 -
5a-Me  20.1 1.11,s 20.2 1.29,s 20.5 1.34,s
6 70.7 3.84, br 72.1  4.05,t(3.1) 72.5  4.00,m
6a 26.2 1.65,0 27.2 1.86, o, 27.6  1.81,0,
1.83, m
7 45.1 1.52,0 445 2.01,0 464 237,m
8 37.9 - 37.1 - 385 -
8-Mea  28.0 0.87,s 26.7 1.05,s 269  1.06,s
8-Mep  16.0 0.69, s 21.6 1.04,s 21.6  1.05,s
9 76.8 3.03, m 2155 - 2159 -
10 27.1 1.52,0 385  2.02,0 404 2.57,m
1.63, m 1.81, m

10a 37.1 1.04,0 343  2.61,ddd (16.0,10.5,7.6) 345 2.52,0

1.05, m 2.44,0 243, 0
11 36.1 - 472 - 49.8 -
11-Me 143 0.82,s 14.5 1.08, s 154  1.16,s
lla 43.9 1.70, 0 464  2.29,dd (11.7,3.9) 47.5  2.18,d(10.5)
12 16.1 2.21,dd (16.7, 5.0) 174 2.39,0 63.1 4.89,d(11.0)

2.04,dd (16.4, 13.3) 2.22,dd (16.8, 13.2)
12a 96.6 - 984 - 102.6 -
6-OH - 4.70,d (3.3) - - - 4.25,d(2.3)
9-OH - 4.39,d(5.1) - - - -
12-OH - - - - - 4.68,d (1.3)

2 recorded in DMSO-ds; Y recorded in acetone-ds
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Table S11. 'H and *C NMR data of compounds 12-14 in acetone-ds.

N 12 13 14
o dc ou (mult., J in Hz) dc ou (mult., J in Hz) dc Ou (mult., J in Hz)

1 1642 - 164.0 - 163.5 -

3 155.7 - 1559 - 1404 -

3-Me 17.1 2.14,s 17.1 2.15,s 17.3 2.21,s

4 107.0 - 107.0 - 107.7 -

4Me 96  1.81,d(1.0) 9.6  1.83,d(1.0) 94  1.86,d(1.0)

4a 163.1 - 163.0 - 158.1 -

Sa 80.9 - 80.6 - 83.2 -

5a-Me 21.4 1.25,s 20.7 1.19, s 21.3 1.34,s

6 34.7 2.28,dd (13.9, 12.7) 34.5 2.24,0 34.6 221, m
1.82,0 1.88, dt (12.6, 3.5) 1.79, m

6a 25.5 1.94,td (14.1,4.1) 25.8 2.06, 0 25.9 2.04,0
1.75, m 1.77, m 1.78, m

7 78.0 - 79.3 - 80.1 -

8 44.6 - 53.8 - 54.0 -

8-Mea 233 1.07,s 23.8 1.19,s 23.8 1.20,s

8-Mep 18.3 0.95,s 22.2 1.11,s 22.1 1.11,s

9 73.1 3.87, m 215.1 - 2155 -

10 31.7 1.70, 0 34.2 2.61,m 35.1 235, m
1.32, m 2.45,0 2.28, m

10a 28.2 1.68, 0 334 2.04,0 345 2.57,0

1.66, m 2.43,ddd (15.4,7.5,3.7)

11 41.2 - 414 - 42.9 -

11-Me  18.5 1.08, s 18.6 1.19, s 19.4 1.29,s

11a 43.5 2.51,dd (13.2,5.0) 44.0 247, m 49.9 2.57,0

12 17.9 2.19,dd (16.7, 5.0) 17.9 2.26,0 62.9 4.84,d (10.6)
2.09, m 2.20,0

12a 98.8 - 98.6 - 103.1 -

7-OH - 3.14,s - 3.82,s - 3.75,s

9-0H - 3.29,d (6.0) ; ; - ;

12-OH - - - - - 4.55,s
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Table S12. 'H and *C NMR data of compounds 15-17.

N 152 16° 172
0 oc Ju (mult., J in Hz) Jc Ou (mult., J in Hz) dc Ou (mult., J in Hz)

1 164.0 - 164.4 - 164.6 -

3 155.8 - 155.1 - 158.6 -

3-Me 17.1 2.15,s 17.4 2.22,s 17.3 2.21,s

4 107.3 - 106.5 - 108.0 -

4-Me 9.6  1.87,d(1.0) 9.8 1.87,d (1.0 9.5 1.90,d (1.0)

4a 162.9 - 162.1 - 163.4 -

Sa 82.0 - 81.3 - 84.7 -

5a-Me 20.8 1.30, s 20.0 1.29, s 20.7 1.39, s

6 75.0 422, m 74.2 4.21,t(3.1) 74.8 4.20, br

6a 28.1 1.65, m 28.4 2.14,dd (15.3, 3.1) 29.4 2.21,0

2.00, dd (15.3, 3.0) 2.05,0

7 79.6 - 79.8 - 81.6 -

8 44.6 - 53.4 - 54.2 -

8-Mea 23.5 1.13, s 22.5 1.21,s 23.7 1.17,s

8-Mep 18.2 091, s 23.6 1.17,s 22.4 1.15,s

9 72.2 3.87,dt(9.4,6.1) 215.9 - 215.0 -

10 31.8 1.78,td (11.9, 7.1) 33.7 2.55,0 353 2.34,0
1.28,0 2.13,0

10a 28.2 2.12,0 33.1 2.10, m 34.5 2.57, m
2.05,0 1.67, m 2.34,0

11 42.4 - 419 - 441 -

11-Me 18.2 1.08, s 18.5 1.12, s 19.5 1.32,s

11a 38.9 2.58,dd (12.9, 5.2) 38.5 2.57,0 45.3 2.71,d (10.1)

12 17.6 2.30,dd (16.9, 5.2) 17.0 2.53,0 62.6 4.94,dd (10.1, 1.4)
2.18,dd (14.5, 10.4) 2.33,dd (16.8, 12.9)

12a 98.9 - 99.1 - 103.2 -

6-OH - - - - - 5.34,brs

7-OH - 5.46,s - 5.12,s - 5.67,s

9-0H - 3.19,d (6.0) - - - -

12-0H - ; ; ; - 4.53,d (1.5)

2 recorded in acetone-ds; ® recorded in chloroform-d
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Table S13. 'H and *C NMR data of compounds 19, 21, and 23.

19° 21° 23¢
No. dc on (mult, Jin Hz)  dc o (mult., J in Hz) dc on (mult., J in Hz)
1 163.1 - 1646 - 164.1 -
3 1553 - 1580 - 155.1 -
3-Me 16.9 2.14, s 17.2 221, 169  2.02,s
4 1062 - 1079 - 1070 -
4-Me 9.2 1.84, d (1.0) 9.5 1.91, d (1.1) 9.4 1.79, s
4a 1622 - 1632 - 162.7 -
5a 85.8 - 87.3 - 86.3 -
5a-Me  14.9 1.09, s 15.0 1.24,s 15.4 1.55,s
6 69.7 3.81,d (10.0) 71.1 4.20,dd (10.3, 2.9) 707 4300
6a 77.8 4.35,d(9.9) 78.5 4.48,d (6.3) 794  5.14,d(9.9)
7 2183 - 2203 - 219.7 -
8 50.8 - 52.3 - 52.5 -
8-Mea  21.1 0.97,s 21.1 1.10, s 20.5 1.39, s
8-Mep  16.6 091,s 16.7 1.00, s 17.1 122,
9 1062 - 1074 - 1068 -
10 37.6 1.87,0 40.6 2.06, 0 42.7 1.75,0
1.50, 0 1.58,0 2.49, dd (15.3, 8.8)
10a 333 1.74,dd (14.8,9.6)  35.4 2.01, 0 75.1 4.30, 0
1.37,dd (14.7, 9.3) 1.52, dd (14.7, 9.3)
11 32.3 1.51,0 35.1 1.62,0 38.6 1.75,0
11-Me  19.8 0.96, d (7.3) 19.2 1.29,d (7.3) 18.4 1.23,d (7.0)
11a 37.6 321, m 45.7 3.61,dd (10.4, 2.9) 317 445 br
12 20.1 2.27,dd (16.4,53) 638 4.66,d (10.4) 224 2.59,dd (164, 13.0)
2.09, 0 2.88, dd (16.4, 5.3)
12a 97.4 - 1032 - 989 -
6-OH - 5.16, s - 3.89,d (5.1) - -
7-OH - - - - - -
9-OH - 6.15,s - 5.25,s - -
12-0H - - - 4.49,d(3.2) - -

2 recorded in DMSO-ds; ® recorded in acetone-dg; © recorded in pyridine-ds
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Figure S1. Phylogenetic tree of AtoB and others NTF2-like enzymes in cluster 2. Accession numbers
of the sequences used are as follows: AF-A0A2S7QP61-Fl-model v4, AF-AOA2S7PVMI-F1-
model v4, AF-A0A178ZC77-F1-model v4, AF-AOAOD2GUG6-F1-model v4, AF-A0A178CHJ0-F1-
model v4, AF-A0A0D2C339-F1-model v4, AF-AOA6ASKGX1-Fl-model v4, AF-A0A364LBR&-
Fl-model v4, PrhC, AF-A0A423WW54-Fl-model v4, AF-W3X0G9-Fl-model v4, AF-
AOAONIIONS-F1-model v4, AF-A0A178A7Q1-Fl-model v4, AF-AOAIL7WZQ3-Fl-model v4,
AF-AO0A1Y2LI02-F1-model v4, AF-QOUEQ7-F1-model v4, AF-AOAOD2DPS2-F1-model v4, AF-
AO0A0A2J569-F1-model v4, AF-A0A4V4HH14-F1-model v4, AF-AOAOF9ZWH7-F1-model v4,
MGYP003624089044, AF-AOA1J7IFA7-Fl1-model v4, AF-AOA6A6VII5-Fl1-model v4, AF-
AO0A2D3ULB4-F1-model v4, MGYP003624097902,  AF-AOAOD2FGSI1-Fl-model v4,  AF-
AO0A1Y2X768-F1-model v4, AF-AO0AOD1ZUAO-F1-model v4, AF-AO0AOB7KGEO-F1-model v4,
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BvnE, AF-A0A5QOMVO05-F1-model v4, AF-AOA1Y2DR31-Fl-model v4, AF-A0A6A6GS84-F1-
model v4, AF-AOAONONHCS-F1-model v4, AF-A0A150V2S2-Fl-model v4, AF-A0A5SM3ZB19-
Fl-model v4, AF-AOAON1THHLS-F1-model v4, AF-AO0A1V8UUUS-F1-model v4, AF-
AOA7C8NOC6-F1-model v4, AF-WIWIJ9-Fl-model v4, AF-AOA1VIT119-Fl-model v4, AF-
AO0A024S3E8-F1-model v4, AF-AOAOD2J5E7-Fl-model v4, AF-AOA072PGP1-F1-model v4,
MGYP001096341093, MGYP001130917282, AF-AO0A0D2D8L4-F1-model v4, AF-W9XP94-F1-
model v4, AF-H6BUQ7-F1-model v4, AF-K2R667-F1-model v4, AF-Q5AR28-F1-model v4, AF-
CONQE4-F1-model v4, AF-W3XH85-F1-model v4, AF-A0OA063BMJ3-F1-model v4, AF-W6XNO07-
Fl-model v4, AF-W7E073-F1-model v4, AF-A0A364LBWS5-F1-model v4, AF-A0A428NR74-F1-
model v4, AF-AOAOF7TNO06-F1-model v4, AF-A0A3G3C7G5-Fl-model v4, AF-Q5AR33-F1-
model v4, AF-AOA1S9RSE8-F1-model v4, AF-C8VQ92-F1-model v4, AF-Q5AR25-F1-model v4,
AF-A0A162ZUC4-F1-model v4, AF-A0A084QVZ5-F1-model v4, AF-AOA6A6ABK7-F1-model v4,
AF-A0A6G11G75-F1-model v4, AF-AOA7C8IBAS-F1-model v4, AF-AOAOF7TRUO-F1-model v4,
AF-AO0A3G3C7F4-F1-model v4, AF-Q5AR31-F1-model v4, AusH, AF-A0A439CM26-F1-model v4,
AF-A0A4Z0Y966-F1-model v4, AF-A0A2J6PMI4-F1-model v4, AF-AO0AO072P8I7-F1-model v4,
MGYP000685565244, MGYP001095823150, AF-A0A507B340-F1-model v4, Trtl4, AF-
AO0ASM3ZD72-Fl-model v4, AF-AOA1C1C8L7-Fl-model v4, AF-WO9VIJE3-Fl-model v4, AF-
G2QVBS5-F1-model v4, AF-A0A2T2ZY43-Fl1-model v4, AF-A0A4U7B5C6-F1-model v4, AF-
W3XFA8-F1-model v4, AF-AO0A1Y2EAW6-F1-model v4, AF-A0A553HTJ4-F1-model v4,
MGYP003566758423, AF-A0A420YKZ9-F1-model v4, AF-A0A439CVMS-F1-model v4,
MGYP001950053385, AF-A0A4Q4MZM6-F1-model v4, AF-AO0OA317AR19-Fl-model v4, AF-
AOA317AQI2-F1-model v4, AF-A0A4Q4RNT2-Fl-model v4, AF-A0A4Q4M7G6-F1-model v4,
AF-A0A4Q4NKS56-F1-model v4, AF-A0A6S6VTW7-Fl-model v4, AF-AO0A1V8TQMI1-F1-
model v4, AF-AOA1Y2EHYO0-F1-model v4, AF-AOA1Y2VEO0S8-F1-model v4, AF-A0A194X721-F1-
model v4, AF-AOA084RINS-F1-model v4, AF-A0A175VXS5-F1-model v4, AF-A0A1V8V964-F1-
model v4, AF-M2MIJJ3-Fl-model v4, AF-A0A4UOTSIO-F1-model v4, AF-A0A165CVS9-F1-
model v4, MGYP001377145367, AF-AOA6ASYH21-F1-model v4, AF-W3XJG9-F1-model v4, AF-
AOAOD2FD86-F1-model v4, AF-AOA7S2PVG7-Fl-model v4, AtoB, AF-A0A0D2C074-F1-
model v4, AF-AOASN5SWXZ4-F1-model v4, AF-AOA6A6D7P4-F1-model v4, AF-A0A175VSZ1-
Fl-model v4, AF-A0A4Q4VLC3-F1-model v4, AF-A0A4Z0YU76-F1-model v4,
MGYP003566510840, AF-V5FKM4-F1-model v4, AF-A0A094A585-F1-model_v4, AF-
AOA6A6D727-F1-model v4, AF-NI1PI34-F1-model v4, AF-AOA6A6CTY6-F1-model v4, AF-
AO0A1Y2D695-F1-model _v4, AF-A0OA6A6ZJ59-F1-model_v4, AF-A0OA150V4L1-F1-model v4, AF-
B8MCN6-F1-model v4, AF-A0A2S6CKC3-F1-model v4, AF-M1WGS89-F1-model v4, NsrQ, Dcr3,
AF-A0A507AXY8-F1-model v4, AF-AOA1CICNE1-F1-model v4, AF-V9D1P8-F1-model v4, AF-
AO0A2GS5I1Y7-F1-model v4, AF-AOAOB4GAJ9-F1-model v4, AF-A0OA2P7YFT9-F1-model v4, AF-
WIY9V2-Fl-model v4, AF-AOA1CICNGS-Fl-model v4, AF-AOA6A6H580-F1-model v4, AF-
AOA2H3IBP6-F1-model v4, AF-A0A6VS8HAE3-F1-model v4, AF-AOA6A6BBC2-F1-model v4,
AF-A0A2P7Z1WO0-F1-model v4, AF-A0A4U0Y260-F1-model v4, AF-AOA2G5SHHI8-F1-model v4,
AF-A0A2S6C9T9-F1-model_v4, AF-AOA0G2EJG3-F1-model v4, AF-AOASNSDMN3-F1-model v4,
AF-A0A2D3UY61-F1-model v4, AF-AOASM8PYZS5-F1-model v4, SdnG, AF-A0A2G5HY09-F1-
model v4, MGYP002477772598, AF-A0OA6A6TBQO-F1-model v4, AF-A0A6A6ZDJ0-F1-model v4,
AF-A0A6A5S048-F1-model v4, MGYP003624101931, AF-R1GJM7-F1-model v4, AF-
AOA6A6RDD7-F1-model v4, AF-A0A6A6WXB6-Fl-model v4, AF-AO0A6A6BIHI-F1-model v4,
AF-K2RHWO0-F1-model v4, AF-M2NCAS5-F1-model v4, AF-W6Z0J8-F1-model v4, AF-M1VWN3-
Fl-model v4, AF-M1WCF2-F1-model v4, MGYP002718956911, AF-A0A411PQL6-F1-model v4,
AF-A0A067XNI6-F1-model v4, AF-C5FVF1-Fl-model v4, AF-A0A194UTMI1-F1-model v4, AF-
AOA1VET699-Fl-model v4, AF-AOA1V8TFHO-F1-model v4, AF-AOA1V8US5SMS8-Fl-model v4,
AF-AOAO010RREO-F1-model v4, AF-A0A135V335-F1-model v4, AF-A0A364N646-F1-model v4,
AF-A0A4Q4P250-F1-model v4, AF-AOA1B8AF88-Fl1-model v4, AF-A0A395T319-Fl-model v4,
AF-A0A3M7D4AN7-F1-model v4, AF-A0A4UOU6I1-F1-model v4, AF-AOA1Z5TEBO-F1-model v4,
AF-A0A3M6X0X2-F1-model v4, AF-AOA3M7ECTO-F1-model v4. Chiplot program was uesd.!
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Figure S2. Comparison of the ato cluster and the reported fungal meroterpenoid gene clusters that
encoding homologous proteins
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Figure S3. Biosynthesis of aspertetranone and functions of ato genes. (A) The branching biosynthetic
pathway of aspertetranones. (B) LC-MS analysis of the metabolites of A. ochraceus strains. When
cytochrome P450 atoG and 20G-Fe(Il) oxygenase atoD were both disrupted, the resulting strain
AatoGAatoD generated 3 together with unforeseen 7 and 8. These results suggested that AtoM would
accept both linear and angular intermediates with a ketone group at C-9 in the biosynthetic pathway of
aspertetranones. This was supported by the production of 10 and 11 in AafoG strain, while 9 was
obtained from AatoGAatoL strain. Similarly, 13 and 14 were detected in AatoD strain and their precursor
12 was generated from AatoDAatoL strain. Then, production of 15, 16, and 17 was observed in AatoL,
AatolAatoM, and Aatol strains, respectively. Furthermore, AatoFAatoM and AatoF strains produced 19
and 21, respectively, considering as the spontaneous products of ketalization. These findings indicated
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that ketone group at C-9 was obligatory for AtoM. However, the constructed AatoJ strain showed no
change comparing to AoS1. (C) LC-MS analysis of feeding experiment. For the final step in synthesis
of 1, we assumed that AtoM was involved. The feeding experiments indicated AtoM also catalyzed the
ketolation at C-12. (D) Substrate heterogeneities of short-chain dehydrogenase AtoL and cytochrome
P450 AtoM.
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Figure S4. Metabolites of AatoBAatoM and An-atoCEHKGDLIF. (A) LC-MS analysis of AOSI,
AatoBAatoM, and An-atoCEHKGDLIF strains. (B) Sturctures of compounds from AatoBAatoM strain.
(C) MS spectrum of isolated 5.
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Figure S5. The overall structures of AtoB (A), AtoB complex with compound 19 (B) and omitting
map (C and D) of the complex.
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Figure S6. Comparing the hydrophilic amino acid residues in the active cavity of AtoB (A), BvhE
(B), SdnG (C), Trt14 (D), and NsrQ (E).
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Figure S7. The dimer interface of AtoB (A), BvnE (B), SdnG (C), Trt14 (D), and NsrQ (E).
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Figure S8. SDS-PAGE analysis of purified AtoB (19.8 kDa).
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Figure S12. HMBC spectrum of 3.
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Figure S18. HSQC spectrum of 4b.
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Figure S21. "TH NMR spectrum of 6a (acetone-ds, 500 MHz).
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Figure S70. ROESY spectrum of 14.
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Figure S73. HSQC spectrum of 15.
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Figure S74. HMBC spectrum of 15.
l A A
)
) |
|
] '
0
|
- |
6.0 5.5 5.0 45 4.0 3.5 3.0 2.5 2.0 L5 L0 0.5

Figure S75. ROESY spectrum of 15.
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Figure S76. "H NMR spectrum of 16 (chloroform-d, 500 MHz).
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Figure S77. 3C NMR spectrum of 16 (chloroform-d, 125 MHz).
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Figure S78. HSQC spectrum of 16.
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Figure S79. HMBC spectrum of 16.
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Figure S80. "H NMR spectrum of 17 (acetone-ds, 500 MHz).
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Figure S81. *C NMR spectrum of 17 (acetone-ds, 125 MHZz).
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Figure S82. HSQC spectrum of 17.
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Figure S83. HMBC spectrum of 17.
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Figure S84. ROESY spectrum of 17.
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Figure S86. *C NMR spectrum of 19 (DMSO-ds, 125 MHz).
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Figure S87. HSQC spectrum of 19.
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Figure S88. HMBC spectrum of 19.
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Figure S89. "TH NMR spectrum of 21 (acetone-ds, 500 MHz).
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Figure S90. 3C NMR spectrum of 21 (acetone-ds, 125 MHz).
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Figure S91. HSQC spectrum of 21.
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Figure S92. HMBC spectrum of 21.
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Figure S93. "TH NMR spectrum of 23 (pyridine-ds, 500 MHz).
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Figure S94. 3C NMR spectrum of 23 (pyridine-ds, 125 MHz).
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Figure S95. HSQC spectrum of 23.
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