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Experimental Procedures

Strains and culture conditions.

The Aspergillusochraceusstrains were cultivated on PDASS (potato dextrose agar with 3.3% sea
salt) plates at 28 € and stored as 33% glycerol stoci8atC. Aspergillus niduland.O8030 was
utilized as the fungal heterologous expression.hbst all fungal transformation, glucose minimum
medium, liquid glucose minimum medium, and sorbitol glucose minimum medium were used with
correspondingly nutritional supplement&scherichia colist r ai n DH5U was used
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 €he myceliacontaining agar was collected and extracted wiitly!
acetate Theethyl acetat@xtract ofA.nidulansandA. ochraceusveredried anddissolved in methanol
and analyzed on a Waters Acquity UPLClhss Plussevo G2 XS QTOF system equipped with an
Agilent Eclipse XDBC18 col umn (5 em, 4.6 1 1m0 Thewhobili t h
phase consisted of acetonitrile (A) and water with 0.01% trifluoroacetate (B) using a gradient elution of
10% to 100% A at12 min and 100% A at 123 min.'H, 3C and 2D NMR spectraere acquired at
298K on 500 MHz Bruker FTNMR spectrometer usbiylISO-ds, chloroformd, [De]acetoneds, 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 plastids for
nidulans theatogenes (containing their own promoter and terminator) were amplified from the genomic
DNA of A.ochraceud. ZDX-32-15 by using Q5 higfidelity DNA polymerase (New England Biolabs).
The DNA fragments were then introduced into the Nigested pYHWA vector by using a
ClonExpress Ultra One Stepdding Kit (Vazyme Biotech). To create th&o genes deletion strains in
A. ochraceus the deletion cassette was constructed by Dejoirié PCR strategy as described
previously? For protein expression, the fiéingth coding sequence of AtoB was obtained by PCR from
the genomic DNA ofA. ochraceusLZDX-32-15. The DNA fragment was then assembled into the
Ncol/Hindlll-digested pEd28a vector by using a ClonExpress Ultra One Step Cloning Kit and verified



by sequencing. For the construction of the AtoB mutant variants, @bekge sitalirected

mutagenesis method were used

Bioinformatics analysis

The structures oflefined NTF2-like enzymes (BvnE, Trtl4, SdnG, and NsrQ) and the predicted
structure (usingRoseTTAFold of NTF2-like homologous were used as queries for Foldseek against the
PDB, Uniprot, SwissProt, CATH, GMGCL, and MGnify databa%eThe cluster analysis of all 1432
sequences was carried out®yANS (Cluster analysis of sequences) software to visualize pairwise all
againstall comparisor? 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 Likelihodd

Fungal transformation in A.nidulansand A. ochraceus

Transformation ofA.nidulansLO8030 andA. ochraceusvas performed by the previously reported
protoplastpolyethylene glycol methotThe empty vectors pYiva was transformed into host strain
LOB030 to create the control strahm-CK. The completedito cluster containing plasmid pYta-
atoclusteratoC/E/H/Kgenes containing plasmid pYia-atoCEHK, andatoC/E/H/K/G/D/L/I/Fgenes
containing plasmid pYHva-atoCEHKGDLIF were transformed into the host straimiduland.O8030
to create the expression strains@tocluster, AratoCEHK and AratoCEHKGDLIF, respectivelyror
feeding experimentgtoM genes (withgpdApromoters and its own tefmators) containing plasmid
pYH-wa-atoM wastransformed into the host strafn niduland.O8030 to create thexpression 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 withA.nidulans

The spores of\.nidulansstrain AnatoM was evenly inoculated on PDASS plates which added with
the corresponding substrates (1.0 mg of substrat
at 28€ for 96 hours. The culture was extracted with an equal volume of ethyl acetate and evaporated

to dryness. The extract was dissolvedniethanolnd analyzed by L®AS.

Protein expression and purification

For His-tagged AtoB expression, the plasmid pAtbBvas introduced int&. coli BL21 (DE3)
component cells following the manufacturerdés ins
at 37 €, 200 rpm in 10 mL of LB medium containing 50 md' * kanamycin (Solar Lab) for 16 hours,

then inoculated into 1 L of LB medium. A final concentration of 0.2 mM isopropyfifilsgalactoside
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(IPTG) was added when Q&areached 0.7 to induce protein expression and the cells were cultured for
18 hours at 16 €. The cells were harvested by centrifugationCGats000 rpm for 20 min. Supernatant
was discarded, and cell pellets were suspended in 18 mL cold lysis buff@M3%aH.PQ, pH 7.5,

300 mM NacCl, 10% glycerine, and 10 mM imidazole). A fiftesimute ultrasonication was used to
disruptE. colicells. Cell lysate was centrifuged a€412000 rpm for 30 min, and the supernatant was
incubatedwith Ni-NTA agarose (GE Healthcare) for 1 hour &.4T'he mixture was loaded onto afre
equilibrated column and then washed by washing buffer (50 mMRaHpH 7.5, 300 mM NacCl, 10%
glycerine, and 30 mM imidazole). The fused AtoB protein was eluted by elution buffer (50 mM
NaH.PO, pH 7.5, 300 mM NacCl, 10% glycerine, and 200 mM imidazole). The fractions containing
target proteins were desalted by using IDesalting Column (GE Healthcare) and eluted with storage
buffer (50 mM TrisHCI, 20% glycerol, pH’.5). The purified protein was stored-80 C.-

In vitro assays of AtoB and its mutant variants

Theenzymatiaeaction was performed withinafinalol ume of 100 eL -El@nt ai ni
(pH7.5 , 1 Gubstratddompoundnd2 0 ¢ pgrified AtoB (or its variants) for 12 hour at 30 €
Reactions were terminated by adding 100 L of M
before analyzed by L®IS. The enzymatic products were analyzed with a linear gradient elution of 20
to 45% acetonitrile in water containing 0.01% trifluoroatet® 7 min, followed by 45 to 100%

acetonitrile for 1 min.

AtoB protein expression and purification for crystallization

The plasmid pAtoR2 wastransformed intde. coli BL21(DE3). An individual bacterial colony was
grown in 5 L LB medium witt6 0 n@.¢ kanamycin at 37 € 6 ODsoo reached 0.8The culture was
cooled to 16 AC over 1 hour and inducedEmlith 0.2
cells was collected by centrifugation&€,.5000 rpm for 20 minThe cell pellet was rguspended in
lysis buffer 60 mM NaHPQ: pH 7.5, 300 mM NaCl, 10% glycerine, and 10 mM imidayaled lysed
by sonication f ol |l owe800bpm far 8mtinr Thénutigeastiperoatant was 4 A
incubated with NiINTA agarose (GE Healthcare) for 1 hour & .4The AtoB protein was washed by
washing buffer (50 mM Na#PQ: pH 7.5, 300 mM NaCl, 10% glycerine, and 30 mM imidazole) and
eluted by elution buffer (50 mM NaRO, pH 7.5, 300 mM NacCl, 10% glycerine, and 200 mM
imidazole). After preliminary isolation, RDO Desalting Column was used to desalt and exchange with
storage buffer. Then the protein solution wasubated with HigaggedHRV 3C proteaseShanghai
Sango Biotechin a 1:20 molar ratio to remove the HI8g. The protein was dialysed overnight against
50 mM Tri s pH 81 andreocadkd ittdba®N T dbluMratdemove 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 T+#4CI, 150mM NaCl 10% Glycerol 1ImM TCEP pH 8.0. The
eluted fractions were tested by SPBGE and determined to be >95% purke concentration of AtoB
was concent mdtaeddetarninedlb@V spectrophotometry using the calculated molar

extinction coefficient.

Crystallization and structure determination of AtoB

Untagged AtoB was screened for initial crystallization conditions wssiiging drop vapour diffusion
method at 4 . Protein wa crystallized in 0.06 Mnagnesium chloride hexahydra@e06 M Calcium
chloride dihydrate, 0.1 Modium HEPES, 0.1M MOP@&cid), pH 6.5, 12.5% glycerol, 12.5% PEG1000,
and 12.5% PEG3350. Theerystals were cryoprotected in 0.06 fthgnesium chloride hexahydrate,
0.06 MCalcium chloride dihydrate, 0.1 Bodium HEPES, 0.1M MOP@&cid), pH 6.5, 12.5% glycerol,
12.5%PEG1000, and 12.5% PEG3350 and additional 15% glyaardlflastrozen in liquid nitrogen.
Complex structures of untagged AtoB proteins (10mig?t) and substrate analod9 (3 mM) were
preparedy incubating crystals in 2 M ammonium sulfate, 0.2 M potassium sodium tartrate tetrahydrate,
and 0.1 M sodium citrate (pH 5.6) at €8 Crystals were cryoprotected 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 flashfrozen in liquid nitrogen.X-ray diffraction data were collected at the Shanghai
Synchrotron Radiation Facility (beamliB&02U1) with an X-ray wavelength 00.97915A. The data
were integrated argtaledusingXDS and Aimless progranfsThe structure was solved by a molecular
replacement method using BvnE (PDB ID: 6U&4)search model (Phaser) and refined using Coot and
Phenix®>!! The datacollection and refinement details are presented in Tabl€l#&5coordinates and the
structure factor amplitudes for tlapoAtoB and AtoB complexed with ligands were deposited to the
Protein Data Bank under accession cdi#sM, 8ZED and8ZEC.

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

To characterize the metabolites of fungal mutants, the fungal straincuiévated on 2.5 L (10 L
for gatoBgatoM strain) PDASS medium at 28 € for 15 day$he culture was extracted repeatedly with
ethyl acetate (3 x2.5 L) at room temperature crude extract was separated by reversed phase C18
silica column chromatography eluted with methadgD in a gradienmanner (v/v, 20:80, 30:70, 40:60,
50:50, 75:25, 100:0). The fractions with target compounds were purified bypseparative RRC18
HPLC using CHCN/H;O as mobile phase

Compound: colorless oil, UVamax(methanol) 209, 290 nm; HRESIM&z361.2375 [M+H} (Calcd
for CooHs304, 361.2379); fotH NMR and**C NMR data see Table S8.

Compoundia: colorless crystal, UV (methanol, nna}ax 209, 290; HRESIM$n/z421.1861 [M+H]
(Calcd for GoH290s, 421.1862); fotH NMR and**C NMR data see Table S7.
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Compounddb: colorless crystal, UV (methanol, nnayax209, 290; HRESIM$n/z421.1864 [M+H]
(Calced for GoH290s, 421.1862); fotH NMR and**C NMR data see Table S7.

Compoundsa: white amorphous powder, Udhax (methanol) 209, 290 nm; HRESIM&/z421.1862
[M+H]* (Calcd for GoH290s, 421.1862); fotH NMR and'*C NMR data see Table S13.

Compoundsb: white amorphous powder, Udax (methanol) 209, 290 nm; HRESIM&/2421.1866
[M+H]* (Calcd for GoH290s, 421.1862); fotH NMR and'*C NMR data see Table S13.

Compound’: colorless oil, UVamax(methanol) 209, 290 nm; HRESIM§2359.2218 [M+H} (Calcd
for C2Hz104, 359.2222); fotH NMR and®™C NMR data see Table S8.

Compounds: colorless oil, UVanax (methanol) 209, 290 nm; HRESIM®/z 397.1996 [M+Na]
(Calcd for GoH3z00sNa, 397.1991); folH NMR and**C NMR data see Table S8.

Compound: colorless oil, UVamax(methanol) 209, 290 nm; HRESIM&z377.2328 [M+H7 (Calcd
for CooH330s, 377.2328); fotH NMR and**C NMR data see Table S9.

Compoundl0: colorless oil, UVamax (methanol) 209, 290 nm; HRESIM8/z375.2176 [M+H]
(Calcd for GzH310s, 375.2171); fotH NMR and®™*C NMR data see Table S9.

CompoundL1l: white amorphous powder, Udhax (methanol) 209, 290 nm; HRESIM&/z413.1941
[M+Na]* (Calcd for GzHzOsNa, 413.1940); fotH NMR and**C NMR data see Table S9.

Compoundl12: colorless oil, UVanax (methanol) 209, 290 nm; HRESIM®/z377.2327 [M+H]
(Calcd for GoH330s, 377.2328); fotH NMR and®™C NMR data see Table S10.

Compoundl3: white amorphous powder, Udhax (methanol) 209, 290 nm; HRESIM&z375.2174
[M+H]* (Calcd for GoH310s, 375.2171); fotH NMR and**C NMR data see Table S10.

CompoundL4: white amorphous powder, Udhax (methanol) 209, 290 nm; HRESIM&/z413.1942
[M+Na]* (Calcd for G:H300sNa, 413.1940); folH NMR and**C NMR data see Table S10.

Compoundl5: white amorphous powder, Udhax (methanol) 209, 290 nm; HRESIM&/z393.2273
[M+H]* (Calcd for GoH330s, 393.2277); fotH NMR and'*C NMR data see Table S11.

Compoundl6: colorless crystal, U&nmax (methanol) 209, 290 nm; HRESIM&/z2391.2121 [M+H]
(Calced for GoH3106, 391.2121); fotH NMR and**C NMR data see Table S11.

CompoundL7: colorless crystal, Umax (methanol) 209, 290 nm; HRESIM&z429.1888 [M+Nal]
(Calcd for GoHsz00sNa, 429.1889); folH NMR and**C NMR data see Table S11.

Compoundl9: colorless crystal, U&max (methanol) 209, 290 nm; HRESIM&/z407.2071 [M+H]
(Calcd for G2Hz107, 407.2070); fotH NMR and**C NMR data see Table S12.

Compound1: colorless crystal, U¥max (methanol) 209, 290 nm; HRESIM&z445.1835 [M+Na]
(Calcd for GoH3z00sNa, 445.1838); folH NMR and**C NMR data see Table S12..

Compound?3: colorless crystal, U&nmax (methanol) 209, 290 nm; HRESIM&/z423.2018 [M+H]
(Calcd for G2Hz10s, 423.2019); fotH NMR and**C NMR data see Table S12.
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The protein sequence of AtoB

MGSTSSTDLMALPLRERLIQTADHYFRNMESFDLETGLTGRTADCILKVLPASFGMPDRTNEE
CMAAHIATRADMTMKNFKAWRVPGSIPIVDEANRKVVFHMEIYAEMGDGVYHNEFIFIMTT
NDEGTLLKEVAEYVDTAAEKKFAAERMARTKGS
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Supplementary Tables

Table S1.Predicted protein functions and blast resultatofcluster.

Protein| Predicted functions | BlastP homologs | Fungal strain Coveragel/identities
AtoA | transporter CRL18191.1 Penicillium camemberti 99/51 %
AtoB | NTF2like protein 6U9l_A Penicillium brevicompactum | 88/40 %
AtoC | polyketide synthase | KAF7507855.1 | Endocarpon pusillum 99/41 %
AtoD | 20G-Fe(ll) oxygenasg 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 AOA3G9GX61.1 | Talaromyces verruculosus | 50/51 %
Atol cytochrome P450 PY100108.1 Aspergillus ellipticus 94/42 %
AtoJ | shortchain reductase| XP_001259639.1| Aspergillus fischeri 98/48 %
AtoK | terpene cyclase AOAOE3D8Q2.1 | Penicillium janthinellum 98/51 %
AtoL shortchain reductase | AOASG9HALS8.1 | Talaromyces verruculosus 98/60 %
AtoM | cytochrome P450 KAE8162642.1 | Aspergillus tamarii 96/48 %
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Table S2.Fungal strains used in this study.

Strain Genotype Source
Aspergillus nidulans
LO8030 pyroA4 riboB2, pyrG89 nkuA:argB, sterigmatocystin *

cluster AN7804AN7825 o
An-CK LO8030carrying pYHwa this study
An-atocluster LO8030carrying pYHwa-atocluster this study
An-atoCEHK LO8030carrying pYHwa-atoCEHK this study
An-atoCEHKGDLIF LO8030carrying pYHwa-atotCEHKGDLIF this study
An-atoM LO8030carrying pYHwa-atorM this study
Aspergillusochraceus
LZDX-32-15 wild type 12
AoS1 Aoku80:hygR  p¥@::neo inLZDX-32-15 this study
AoS1 pat oD qatoD::AfpyrGin AoS1 this study
AoS1l pat oF gatoF::AfpyrGin AoS1 this study
AoS1 pat oG qatoG:AfpyrGin AoS1 this study
AoS 1 pat ol qatol::AfpyrGin AoS1 this study
AoS1l pat olJ gqato:AfpyrGin AoS1 this study
AoS1l pat olL gatoL::AfpyrGin AoS1 this study
AoS 1 pat oM gatoM::AfpyrGin AoS1 this study
AoS1 pat oBgat o| gatoB,atoM:AfpyrGin AoS1 this study
AoS 1 gpat o Dat o| gatoD,atoL:AfpyrGin AoS1 this study
AoS1 gpat o F pat o| gatoF,atoM:AfpyrGin AoS1 this study
AoS1 gpat o Ggpat o| gatoG,atoD:AfpyrGin AoS1 this study
AoS1 gpat o Ggpat o] gatoG,atol:AfpyrGin AoS1 this study
AoS 1 pat ol gat o| gatol,atoM:AfpyrGin AoS1 this study
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Table S3.PCR primers useih this study.

primer sequences of primer (50Y30)
AtoB-for agaaggagatataccatgggctccacctcaagca
AtoB-rev tgctcgagtgcggcagagcccttggtcctcge

UntaggedAtoB-for

ccgctggaagttetgttccaggggeccctccgegaacgtctcatce

UntaggedAtoB-rev

gtgcggcecgcaagctctaagageccttggtecteg

E136A

gtggccgcegtatgttgatac

E136D ggtggccgactatgttgatac

E136Q ggtggcccagtatgttgatac

E143A cagcggctgcaaagaagttc

E143D cagcggctgacaagaagttc

E143Q cagcggctcaaaagaagttc

HG68A gtatggccgctgctatcgce

R72A gctcatatcgcetaccgegge

R72Q gctcatatcgctacccaggc

R150A gttcgctgctgaggcegatg

R150Q gttcgctgctgagcagatg

Y25F gcagaccacttcttccgcaac

Y114F cgacggcgtgtttcacaatg

R59A gtatgcccgatgctaccaacg

R59Q gtatgcccgatcagaccaacg

R59K gtatgcccgataagaccaacg

scrku80-5f-for gctccttcaccgtctcgaag

ku80-5f-rev gtcgacggtatcgattggaatgtcccgatgtagctcaagcagag
ku80-3f-for ggcggtaatacggttatccaccagtcgcgagaaatagggceg
scrku80-3f-rev atcctctgaagccagttcecg

ku80-5f-for cagtcaagaacgcctccctg

ku80-3f-rev ggcacaacccactgcaatc

Ku80-for tcatgcccgatctacggaag

Ku80-rev gagactgtgtcacaaggacatg

scrpyrg-5f-for cacgccatcatagcggaatag

pyrg-5f-rev cagcagtatcagactcctgagtc

pyrg-3f-for cgactcaggagtctgatactgctggtcggctagatccagcaactc
Scrpyrg-3f-rev cagggtcagggacggtatct

pyrg-5f-for gtgcaggcaagcttatcgac

pyrg-3f-rev gcatggagtggttcttcaatcc

pyrg-for ctaattccccccaacacgceg

pyrg-rev atgtcttccaagtcgcaattgac

scratoB-5f-for ctgaacagtcggggtggaatc

atoB-5f-rev gtgcctcctctcagacagaatgctggaggatcgtttcgtagttc
atoB-3f-for catatttcgtcagacacagaataactctcgctgagaggatggcgagga
scratoB-3f-rev gtggcaggaggatcataaccg

atoB-5f-for gatatagaagcaccaccgcca

atoB-3f-rev ggtgtttccaagacagagagcc

atoB-rt-for atgggctccacctcaagca
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atoB-rt-rev

gcgaacttcttttcagcecge

scratoD-3f-for

gctcaacggatacatacacttcg

atoD-3f-rev catatttcgtcagacacagaataactctccagcaaggacttccataggattc
atoD-5f-for ggcggtaatacggttatccacgatgggctatacggtcgttgag
scratoD-5f-rev ctagctgttccgcaaacgatag

atoD-3f-for cgtcattgtcgttgtcgtcg

atoD-5f-rev caagcaggctgtggatctgac

atoD-rt-for ctagacatccagcggtacatcag

atoD-rt-for ctggatggcctcgaatgeg

scratoF5f-for gcctccaccagceagtgttg

atoF5f-rev catatttcgtcagacacagaataactctccaaggctagaagccattgttcct
atoF3f-for gtgcctectctcagacagaatgegtggtcctaacgaagtgt
scratoF3f-rev gctggcectgcaacaggatc

atoF5f-for tggaggtgggtatgggcetag

atoF3f-rev gatacctgcacgaccattcgc

atoFrt-for atgcagacgggtatggagct

atoFrt-rev gcctegcetgtctcaacctc

scratoG5f-for gcctegetgtetcaaccte

atoG5f-rev ggcggtaatacggttatccactgttgatgtgacagtcctcgg

atoG 3f-for gtcgacggtatcgattggaatgctgaacagccttcatcccagaag
scratoG 3f-rev gcaggaggtgatggaggtc

atoG5f-for ctggttgcttcttcgctgtag

atoG 3f-rev caatggctgaatttgcaccc

atoGrt-for atggttttcgagcttctgaacac

atoGrt-rev gctggcectgcaacaggate

scratolh-5f-for agtatcctgagcatcatcggc

atol-5f-rev catatttcgtcagacacagaataactctcgctttggcaacactgtgtagtc
atol-3f-for gtgcctcctctcagacagaattcttgctcgcaaagcetggtg
scratol-3f-rev tctacatgtctgataggcetgeg

atol-5f-for tgttctccatgacgaatcttgagg

atol-3f-rev gacgtggacaggaacggtag

atol-rt-for gactggacttcagaagcgttg

atol-rt-rev ctggcgctagtagctcaagg

scratod5f-for gcatatgcaggctcggtatacg

atoJ5f-rev catatttcgtcagacacagaataactctcctgctaaactcgctgactgactac
atoJ3f-for gtgcctcctctcagacagaatgcgtgggcatagcatatataccat
scratod3f-rev ctgacgacgcactgaatcg

atoJ5f-for gtcgactcaccgttggagac

atoJd3f-rev cttgcagccacccagatagac

atoJrt-for gcgtcgtcatccttggagtatg

atodrt-rev tcttgctcgcaaagetggtg

scratolL-5f-for gcgtgggcatagcatatataccat

atoL-5f-rev gtgcctcctctcagacagaatctgacgacgcactgaatcg
atoL-3f-for catatttcgtcagacacagaataactctcgcctcaagtagccaccctctac

scratolL-3f-rev

gaaggtcgaggaaggagtgc
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atolL-5f-for

cgcagcctatcagacatgtag

atoL-3f-rev cctctccacgttcttcgtgatg

atoL-rt-for gcttcagagtcaggtatgeg

atoL-rt-rev ctaaacagtggaccaggcgt

scratoM-5f-for gcacacttcgattcagtgcg

atoM-5f-rev catatttcgtcagacacagaataactctcgcgattgcttcagagtcagg
atoM-3f-for gtgcctectctcagacagaatccatgatcagccctttgeg
scratoM-3f-rev gccaactccatggaaaacacc

atoM-5f-for ggcaacattctcgcacgtaatc

atoM-3f-rev gaccagggagttggatggttg

atoM-rt-for gcgatatccgtcttccateg

atoM-rt-rev cgacgagcggtagtagttga

pyh-atoclusterl-for attcatcttcccatccaagaacctttaatcggcgcggccatgagacatgatctgtgaag

pyh-atoclusterl-rev

ggtatctctatggcacatatcgtgatg

pyh-atocluster2-rev

gcatctgttgatgtgacagtcctc

pyh-atoclustet3-for

gcgtggtcctaacgaagtgtag

pyh-atocluster3-rev

cttagtgacgctgtctggcttg

pyh-atoclusterd-for

cgcagcctatcagacatgtaga

pyh-atoclustet4-rev

aacatatttcgtcagacacagaataactctcgctagcctagccagcetacacacgagaag

pyh-atoCEHKGDLIF1-for

atattcatcttcccatccaagaacctttaatcggcgcgcgcgaacgtctcatccaaacc

pyh-atoCEHKGDLIF4-rev

caacatatttcgtcagacacagaataactctcgctagcgttaccgaagccatgtcgaac

pyh-atoCEHK-1-rev

tgggtgtccgegeccccgaggcecatgctcaacttcttcgctacgaaacgatectccage

pyh-atoCEHK-2-for cgaagaagttgagcatggcct

pyh-atoCEHK-2-rev gcggcgaaggagagtgaaagctggcectgcaacaggatcctacggcectaccacgactgat
pyh-atoCEHK: 3-for gatcctgttgcaggccagc

pyh-atoCEHK:3-rev tcaccaccctgtctigcgacatgcagaaagctgccatcgctggtcggtgatctcgatgce
pyh-atoCEHK-4-for cgatggcagctttctgcatg

pyh-atoCEHK-A4-rev atatttcgtcagacacagaataactctcgctagccacttggtagtgtggatacactgac
pyh-atoM-for cctttaatcggcgcgggcaacattctcgcacgtaatc

pyh-atoM-rev ataactctcgctagcctagccagctacacacgagaag
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Table S4.Plasmids used in this study.

expression cassette in pEZBa

Plasmid Description Source
pYH-wa URA3, WA flanking, AfpyrG, Amp, gpdA(p) !
pYH-wa-atocluster ato cluster genes expression cassette in pYHWAG this study
pYH-wa-atoCEHK atoC, atoE, atoH, andatoK expression cassette in pYHWgyrG | this study
pYH-wa-atoCEHKGDLIF | atoC, atoE, atoH, atoK, atoG, atoD, atolL, atol, andatoF this study
expression cassette in pYHWgyrG

pYH-wa-atoM atoM expression cassette in p¥Yika-pyrG this study
pAtoB-1 atoBexpression cassette in pEZBa this study
pAtoB-2 AtoB (Fused wittHRV 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 Pi211 Pi211 P1211

Cell dimensions
a,b,c(A)

U, b, o
Resolution A)
Rmerge
CC1/2 (%)

I /01
Completeness (%)
Redundancy

Refinement
Resolution R)
No. reflections
Ruork / Riree (%0)
No. atoms
Protein
Ligand/ion
Water
B-factors
Protein
Ligand/ion
Water

Ramachandran plot (%)

Favoured
Allowed
Outliers

R.m.s. deviations
Bond lengthsA)
Bond angles (}

51.23, 70.07, 51.83
90.00, 101.95, 90.00
41.081.90 (1.971.90)
21.39(56.82

98.90 (50.30)

8.51 (3.90)

98.04 (92.37)

6.40 (5.90)

41.081.90 (1.971.90)
27975 (2627)
2104/2628

2324
2
305

12.89
1984
8.31

97.58
1.73
0.69

0.007
0.91

51.56, 122.89, 69.73
90.00, 90.00, 90.00
29.142.37(2.462.37)
16.48 (42.78)

97.90 (84.70)

4.34 (2.10)

78.82 (83.11)

3.10 (3.00)

29.142.37 (2.462.37)
27862 (2953)
26.03/32.10

4372
4
209

33.33
29.21
37.03

98.90
1.10
0.00

0.001
0.39

44.27,92.92, 44.27
90.00, 90.18, 9000
29.711.65 (1.711.65)
6.51 (58.78)

99,80 (81.50)

14.16 (2.88)

99.24 (99.53)

5.60 (5.60)

29.711.65 (1.711.65)
42709 (4241)
12.58/15.84

2336
82
220

26.72
29.43
27.13

97.24
241
0.34

0.013
1.89
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Table S6.Relative enzymatic activities of witype AtoB and its variants.

Enzyme Percentage ofa (%)? Percentage ofb (%)* Relative production ofa (%)*  Relative production ofb (%)?

AtoB WT 77.884.35 22.1246.38 100.00:0.45 100.004.73
R59A 4.604.03 0.00 5.914.04 0.00
R59Q 20.8240.44 1.160.02 26.7440.56 5.224.08
R59K 47.950.54 12.290.27 61.570.67 55.56#. 56
Y114F 0.00 0.00 0.00 0.00
R72A 5.1840.09 0.2940.40 6.6540.12 1.29#.82
R72Q 39.88#.14 1.9840.06 51.204.46 8.944.25
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 10.216.37 18.374.78 13.126.47 83.0613.51
E143Q 21.46%6.39 17.57%€.93 27.5540.49 79.424#4.19
HGE8A 59.614#.36 3.834.03 76.53#.75 17.339.15

2Data preented as means +SD frofmree independerixperiments
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Table S7.'H and®™®*C NMR data of compound&a and4b.

No. hial
Uc Un (mult., Jin Hz) Uc Un (mult., Jin Hz)
1 163.8 - 1629 -
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 - 1622 -
5a 82.4 - 80.6 -
5aMe 20.2 1.40, s 18.6 0.72,s
6 74.4 459, d (4.2) 73.9 4.43,s
6a 76.8 - 76.1 -
7 2089 - 207.9 -
8 55.9 - 56.8 -
8Me U 26.1 1.30, s 29.1 1.37,s
8Meb 228 1.28, s 20.2 1.15, s
9 209.4 - 209.1 -
10 461 e aqr26 0 3454039
10a 75.7 - 745 -
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)
11a 34.4 2.16, m 31.2 2.08, td (12.0, 5.0)
12 27 Jigad(esso) 7 234 dd (166 50)
12a 98.6 - 96.7 -
6-OH - 5.60, d (4.2) - 5.84, br.s
6a0OH - 5.66, s - 6.37, br.s
10aOH - 4.70, d (2.6) - 5.09, br.s

araecorded in acetords; P recorded in DMS@ls
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Table S8.'H and**C NMR data of compounda and6b in acetoneds.

6a 6b
No. Uc Un (Mult., Jin HZz) Uc Un (Mult., Jin HZz)
1 163.7 - 162.9 -
3 156.4 - 1555 -
3-Me 17.2 2.17,s 16.3 2.17,s
4 107.0 - 106.1 -
4-Me 9.6 1.87,s 8.7 1.88,s
4a 162.5 - 161.6 -
5a 78.1 - 76.9 -
5aMe 14.0 1.35,s 13.0 1.34,s
6 74.4 4.35,s 77.1 4.45,s
6a 82.3 5.39,s 82.4 5.40, s
7 2129 - 2085 -
8 43.7 - 43.8 -
8Me U 20.7 1.29,s 20.4 1.30, s
8Me b 215 1.27,s 20.6 1.25,s
9 178.2 - 1772 -
10 26.6 1.43,s 25.8 1.42,s
10a 99.6 - 98.6 -
11 42.5 1.65, m 41.5 1.61, m
11-Me 134 1.01,d (6.7) 125 1.01,d (6.7)
1lla 40.2 1.97, m 39.4 1.96, m
12 20.6 1.90, d (15.7) 19.9 1.95, d (16.0)
2.50dd (15.7, 3.9) 2.05, dd (16.0, 4.3)
12a 99.0 - 98.2 -
10aOH - 5.24,d (1.6) - 5.41,d (1.6)
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Table S9.'H and**C NMR data of compound3 7, and8 in DMSO-ds.

3 7 8
No. Uc Uq (mult.,Jin Hz)  Uc Un (mult., Jin Hz) Uc Un (mult., J in Hz)
1 162.1 - 163.1 - 162.6 -
3 155.1 - 155.3 - 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 -
ba 80.1 - 799 - 824 -
5aMe 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 200 1.71,0
141,0 1.51,0 1.50, 0
7 542 0.94,0 534 1.59,0 540 1.61,m
8 38.4 - 46.6 - 471 -
8Me U 28.1 0.91,s 26.1 1.03,s 26.1 1.03,s
8Me b 159 0.69,s 21.0 0.97,s 21.1 0.98,s
9 76.5 3.01,q(4.9,3.5) 2154 - 215.6
10 270 151, m 39.2 2.08,0 38.8 1.66,0
1.64,0 2.39, ddd14.0, 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) 2.28, ddd (15.6, 6.9, 3.6)
11 36.2 - 36.0 - 374 -
11-Me 147 0.82,s 14.1 0.96,s 14.8 1.05,s
1lla 50.6 1.35;m 496 1.51,0 55,9 1.66,0
12 16.7 2.20,dd (16.9,4.8) 16.8 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-OH - 4.39,d (5.0) - - - -
12-0H - - - - - 4.78,d (4.2)
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Table S10.'H and®™®C NMR data of compound$-11.

11°
No.
Uc Un (mult., Jin Hz) Uc Un (mult., Jin Hz) Uc Un (mult., J in Hz)
1 1625 - 163.9 - 164.7 -
3 1548 - 155.8 - 158.1 -
3-Me 16.8 2.13,s 171  2.15,s 17.2 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 815 - 824 - 85.3 -
5aMe 20.1 111,s 20.2 1.29,s 205 1.34,s
6 70.7 3.84, br 72.1 4.05,t(3.1) 725 4.00,m
6a 26.2 1.65,0 27.2 1.86,0, 27.6 1.81,o0,
1.83,m
7 45.1 1.52,0 445 2.01,0 46.4 237, m
8 37.9 - 371 - 385 -
8Me U 28.0 0.87, s 26.7 1.05,s 26.9 1.06,s
8-Me b 16.0 0.69, s 216 1.04,s 216 1.05,s
9 76.8 3.03, m 2155 - 2159 -
10 27.1 1.52,0 385 2020 404 257, m
1.63, m 1.81, m
10a 37.1 1.04,0 34.3 2.61,ddd (16.0,10.5,7.6 345 2.52,0
1.05, m 244, 0 2.43,0
11 36.1 - 472 - 498 -
11-Me 14.3 0.82,s 145 1.08,s 154 1.16,s
11a 43.9 1.70, 0 46.4 2.29,dd (11.7, 3.9) 475 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) - - - -
12-0H - - - - - 4.68,d (1.3)

arecorded in DMS@ls; ° recorded in acetords
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Table S11.'H and®™C NMR data of compoundk2-14in acetoneds.

N 12 13 14
0 Uc Un (mult., Jin Hz) Uc Un (mult., J in Hz) Uc Un (mult., J in Hz)

1 164.2 - 164.0 - 163.5 -

3 155.7 - 1559 - 140.4 -

3-Me 171  2.14,s 171 2.15,s 17.3 2.21,s

4 107.0 - 107.0 - 107.7 -

4-Me 9.6 1.81,d (1.0) 9.6 1.83,d (1.0) 9.4 1.86,d (1.0)

4a 163.1 - 163.0 - 158.1 -

ba 80.9 - 80.6 - 832 -

5aMe 214 1.25,s 20.7 1.19, s 21.3 1.34, s

6 34.7 2.28,dd (13.9, 12.7) 345 2.24,0 346 221, m
1.82,0 1.88, dt (12.6, 3.5) 1.79, m

6a 255 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 -

8 446 - 538 - 540 -

8-Me U 233 1.07,s 23.8 1.19,s 23.8 1.20,s

8Me b 18.3 0.95,s 222 1.11,s 221 1.11,s

9 73.1 3.87,m 2151 - 2155 -

10 31.7 1.70,0 342 261, m 35.1 2.35:m
1.32, m 2.45,0 2.28, m

10a 282 1.68,0 334 2.04,0 345 257,0

1.66, m 2.43,ddd15.4, 7.5, 3.7)

11 41.2 - 41.4 - 42.9 -

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

1lla 435 2.51,dd (13.2,5.0) 440 2.47,m 499 257,0

12 17.9 2.19,dd (16.7, 5.0) 179 2.26,0 62.9 4.84,d(10.6)
2.09, m 2.20,0

12a 98.8 - 986 - 103.1 -

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

9-OH - 3.29,d (6.0) - - - -

12-0H - - - - - 455, s

24



Table S12.'H and®™C NMR data of compoundk5-17.

N 1% 17
0 Uc Un (mult., J in Hz) Uc Un (mult., J in Hz) Uc Un (mult., J in Hz)

1 164.0 - 1644 - 164.6 -

3 155.8 - 1551 - 158.6 -

3-Me 171  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 -

5a 820 - 81.3 - 84.7 -

5aMe 20.8 1.30,s 20.0 1.29, s 20.7 1.39,s

6 75.0 4.22,m 742  4.21,t(3.1) 748  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 -

8 446 - 53.4 - 54.2 -

8Me U 235 1.13,s 225 1.21,s 23.7 1.17,s

8Me b 182 0.91,s 23.6 1.17,s 224 1.15,s

9 722 3.87,dt(9.4,6.1) 2159 - 2150 -

10 31.8 1.78,td (11.9,7.1) 33.7 2.55,0 35.3 2.34,0
1.28,0 2.13,0

10a 282 212,0 33.1 2.10, m 34.5 2.57, m
2.05,0 1.67, m 2.34,0

11 424 - 41.9 - 44.1 -

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) 385  2.57,0 453  2.71,d (10.1)

12 176 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 989 - 99.1 - 103.2 -

6-OH - - - - - 5.34, br.s

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

9-OH - 3.19,d (6.0) - - - -

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

arecorded in acetords; P recorded in chloroforau
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Table S13.'H and®™C NMR data of compoundk9, 21, and23.

19 21° 23
No. U U (mult, Jin Hz)  Uc U (mult., J in Hz) lc U (mult., J in Hz)
1 163.1 - 164.6 - 164.1 -
3 155.3 - 158.0 - 155.1 -
3-Me 16.9  2.14,s 172 2.21,s 16.9  2.02,s
4 106.2 - 107.9 - 107.0 -
4-Me 9.2 1.84, d (1.0) 9.5 1.91,d (1.1) 9.4 1.79, s
da 162.2 - 163.2 - 162.7 -
5a 858 - 87.3 - 86.3 -
5aMe 149  1.09,s 150  1.24,s 154  1.55,s
6 69.7  3.81,d (10.0) 711  4.20,dd (10.3,2.9) 70.7  4.30,0
6a 778  4.35,d(9.9) 785  4.48,d (6.3) 79.4  5.14,d (9.9)
7 218.3 - 2203 - 219.7 -
8 50.8 - 523 - 525 -
g&Me U 211 0975 211 1.10,s 205  1.39,s
8Me b 166  0.91,s 16.7  1.00,s 171 1.22,s
9 106.2 - 107.4 - 106.8 -
10 376  1.87,0 406  2.06,0 427  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) 354  2.01,0 751  4.30,0
1.37, dd (14.7, 9.3) 1.52, dd (14.7, 9.3)
11 323  1.51,0 351  1.62,0 386 1750
11-Me  19.8  0.96,d (7.3) 19.2  1.29,d(7.3) 184  1.23,d(7.0)
11a 376  3.21,m 457  3.61,dd (10.4,2.9) 317  4.45, br
12 20.1  2.27,dd (16.4,5.3) 63.8  4.66,d (10.4) 224 259, dd (16.4, 13.0)
2.09, 0 2.88, dd (16.4, 5.3)
12a 97.4 - 103.2 - 989 -
6-OH - 5.16, s - 3.89,d (5.1) - -
7-OH - - - - - -
9-OH - 6.15, S - 5.25, s - -
120H - - - 4.49, d (3.2) - -

arecorded in DMS@dg; P recorded in acetonds; © recorded in pyridinels
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Figure S1. Phylogenetic tree of AtoB and others NTFRke enzymes in cluster 2Accession numbers
of the sequences used are as follow$-AOA2S7QP61F1-model_v4, AFAOA2S7PVMLF1-
model_v4, AFAOA178ZC7*F1-model_v4, AFAOAOD2GUG6F1-model_v4, AFAOA178CHJOF1-
model_v4, AFAOAOD2C339F1-model_v4, AFAOA6ASKGX1-F1-model_v4, AFAOA364LBR&
F1-model_v4, PrhC, ARAO0A423WW54F1-model_v4, AFW3XO0G9-F1-model v4, AF
AOAON1ION5-F1-model_v4, AFAOA178A7QLF1-model v4, AFAOALL7WZQ3-F1-model v4,
AF-AOA1Y2LI02-F1-model_v4, AFQOUEQ#F1-model_v4, AFAOAOD2DPS2F1-model_v4, AF
AOAOA2J569F1-model_v4, AF-A0A4V4AHH14-F1-model_v4, AFAOAOF9ZWHT7-F1-model_v4,
MGYP003624089044, AROALJ7IFA7-F1-model_v4, AFAOAB6A6V9I5-F1-model_v4, AF
AOA2D3ULB4-F1-model_v4, MGYP003624097902, AKOAOD2FGS1Fl-model_v4, AF
AOA1Y2X768F1-model_v4, AFAOAOD1ZUAO-F1-model_v4, AFAOAOB7KGEO-F1-model_v4,
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BvnE, ARAOA5Q0MV05-F1-model_v4, AFAOA1Y2DR31-F1-model_v4, AFAOA6A6GS84F1-

model_v4, AFAOAONONHCS5F1-model_v4, AFA0A150V2S2F1-model_v4, AFAOA5M3ZB19

F1-model_v4, AFAOAON1HHLS8-F1-model_v4, AFAOA1V8UUUS-F1-model_v4, AF

AOA7C8NOC6F1-model_v4, AFRWIOWISF1-model v4, AFAOA1V1T119F1-model v4, AF

AOA024S3E8F1-model_v4, AFAOAOD2J5E7F1-model v4, AFAOA072PGP1F1-model v4,
MGYP001096341093, MGYP001130917282, -ABAOD2D8L4-F1-model_v4, AFWIXP94F1-

model_v4, AFH6BUQ7-F1-model_v4, AFK2R667%F1-model_v4,AF-Q5AR28F1-model_v4, AF

CONQE4F1-model_v4, AFW3XH85-F1-model_v4, AFAOA063BMJI3F1-model_v4, AFW6XNO7-

F1-model_v4, AFW7EQ73F1-model_v4, AFA0A364LBW5-F1-model_v4, AFA0A428NR74F1-

model_v4, AFAOAOF7TNO6F1-model v4, AFAOA3G3C7G5F1-model v4, AFQ5AR33FI1-

model_v4, AFAOALS9RSESF1-model_v4, AFC8VQ92F1-model_v4, AFQ5AR25F1-model_v4,
AF-A0A162ZUC4F1-model_v4, AFAOA084QVZ5F1-model_v4, AFAOA6A6ABK7-F1-model_v4,
AF-AOA6G1IG75F1-model_v4, AFAOA7C8IBA5S-F1-model_v4, AFAOAOF7TRUGF1-model v4,
AF-AOA3G3C7F4F1-model_v4, AFQ5AR3%:F1-model _v4, AusH, AFAOA439CM26F1-model_v4,
AF-AOA4Z0Y966-F1-model_v4, AFA0A2J6PMI4F1-model_v4, AFA0A072P8I7F1-model_v4,
MGYP000685565244, MGYP001095823150, -ABA507B340F1-model _v4, Trtl4, AF
AOA5M3ZD72-F1-model_v4, AF-AOA1C1C8LF*F1-model v4, AFW9VJIE3F1-model v4, AF

G2QVB5F1-model_v4, AFAOA2T2ZY43-Fl-model v4, AFA0A4U7B5C6F1-model v4, AF

W3XFA8-F1-model _v4, AFAOAL1Y2EAWG6-F1-model_v4, AFA0A553HTJ4F1-model_v4,
MGYP003566758423, AROA420YKZ9-F1-model_v4, AFAOA439CVM8-F1-model v4,
MGYP001950053385, AR0A4Q4MZM6-F1-model v4, AFAO0A317AR19F1-model v4, AF

AOA317AQI2-F1-model_v4, AFAOA4Q4RNT2F1-model v4, AFA0A4Q4M7G6F1-model v4,
AF-A0A4Q4ANK56-F1-model_v4, AFAOA6S6VTW7-F1-model_v4, AFAOA1V8TQM1-F1-

model_v4, A~-AOA1Y2EHYO0-F1-model_v4, AFAOA1Y2VEQ8-F1-model v4, AFAOA194X721F1-

model_v4, AFAOA084R1N8F1-model_v4, AFAOA175VXS5F1-model_v4, AFAOA1V8V964-F1-

model_v4, AFM2MJJ3F1-model v4, AFAOA4UOTSIOF1-model v4, AFAOA165CVS9F1-

model_v4, MGYP00137714536AF-A0A6A5YH21-F1-model_v4, ARW3XJGS3F1-model v4, AF

AOAOD2FD86F1-model_v4, AFAOA7S2PVG7F1-model v4, AtoB, AFAOAOD2C074F1-

model_v4, AFAOAS5N5WXZ4-F1-model_v4, AFAOA6A6D7P4F1-model v4, AFAOA175VSZL

F1-model v4, AFAO0A4Q4VLC3-F1-model v4, AFAO0A4Z0YU76-F1-model v4,
MGYP003566510840, ARN5FKM4-F1-model_v4, AFAOA094A585F1-model v4, AF

AOABA6D727-F1-model_v4, AFN1PI34F1-model v4, AFAOAG6A6CTY6-F1-model v4, AF

AOA1Y2D695F1-model_v4, AFAOA6A6ZJ59F1-model _v4, AFAOA150V4L1-F1-model v4, AF

BB8MCNG6-F1-model _v4, AFAOA2S6CKC3F1-model_v4, AFM1WG89-F1-model_v4, NsrQ, Dcr3,
AF-AOA507AXY8-F1-model_v4, AFAOA1C1CNEZXF1-model_v4, AFVOD1P8F1-model v4, AF

AOA2G5I1Y7-F1-model_v4, AFAOAOB4GAJ3F1-model_v4, AFAOA2P7YFTSF1-model_v4, AF

WIY9V2-F1-model v4, AFAOA1C1CNG5F1-model v4, AFAOA6A6H580-F1-model v4, AF

AOA2H3IBP6F1-model_v4, AFAOA6VBHAE3-F1-model v4, AFAOA6A6BBC2-F1-model v4,
AF-AOA2P7Z1WGF1-model_v4, AFAOA4UQY260-F1-model_v4, AFAOA2G5HHI8-F1-model_v4,
AF-A0A2S6C9T9F1-model_v4, AFAOAOG2EJG3F1-model _v4, AFAOASN5DMN3-F1-model_v4,
AF-A0A2D3UY61-F1-model v4, AFAOASM8PYZ5F1-model v4, SAnG, AF-AOA2G5HY09F1-

model_v4, MGYP002477772598, AROAGA6TBQO-F1-model_v4, AFAOA6A6ZDJ0-F1-model_v4,
AF-AOA6A5S048F1-model_v4, MGYP003624101931, ARLGIMZF1-model_v4, AF

AOAB6A6RDD7-F1-model_v4, AFAOAG6A6WXB6-F1-model_v4, AFAOA6A6BIH1-F1-model v4,
AF-K2RHWO0-F1-model_v4, AFM2NCA5-F1-model_v4, AFW6Z0J8F1-model_v4, AFM1VWN3-

F1-model v4, AFM1WCF2F1-model_v4, MGYP002718956911, AR0A411PQL6F1-model v4,
AF-AOA067XNI6-F1-model_v4, AFC5FVFLF1-model_v4, AFAOA194UTM1-F1-model_v4, AF

AOA1V8T699F1-model_v4, AFAOA1V8TFHO-F1-model v4, AFAO0A1V8U5M8-F1-model v4,
AF-AOA010RREGF1-model_v4, AFA0A135V335F1-model v4, AFA0A364N646F1-model v4,
AF-A0A4Q4P250F1-model_vi, AFAOA1B8AF88F1-model_v4, AFA0A395T3I9-F1-model v4,
AF-AOA3M7DAN7-F1-model_v4, AFAOA4UOUG6I1-F1-model_v4, AFAOA1Z5TEBO-F1-model_v4,
AF-A0OA3M6X0X2-F1-model_v4, AFAOA3M7ECTO-F1-model_v4 Chiplot program was uesé
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Figure S3.Biosynthesis of aspertetranone and functions @ftogenes(A) The branching biosynthetic

pathway of aspertetranong®) LC-MS analysis of the metabolites 8f ochraceusstrains.When
cytochrome P45@toG and 20GFe(ll) oxygenaseatoD were both disrupted, the resulting strain
gatoCGgatoD generated® together with unforeseehand8. These results suggested that AtoM would

accept both linear and angular intermediates with a ketone grouf at the biosynthetic pathway of
aspertetranones. This was supported by the productid® ahd 11 i n ato strain, while9 was

obt ai n ethbCymtoLstrain.@milarlyl3andl4we r e d e ta®@stragndndiheir pgecursor

12wa s g e n e r adDgatbl sfrainoTimen,qproduction df, 16, andl7was obseawlyed i n
gatolgatoM, aatals tqr ai ns, r e s p e catolFgmteM agdogmtoF strairts preducet®r e, @
and21, respectively, considering as the spontaneous products of ketalization. These findings indicated
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that ketone groupat-@ was obligatory f or Atatobbtraintdlwowes nee r
change comparing to AoS(C) LC-MS analysis of feeding experimefor the final step in synthesis
of 1, we assumed that AtoM was involved. The feeding experiments indicated AtoM also catalyzed the

ketolation at C12. (D) Substrate heterogeneities of shdrain dehydrogenase AtoL and cytochrome
P450 AtoM

, t
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Figure S4.Metabolites ofgatoBgatoM and An-atoCEHKGDLIF. (A) LC-MS analysis of AOS1,
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Figure Sb. The overall structures of AtoB (A), AtoB complex with compound 19B) and omitting
map (C and D) ofthe complex
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Figure S6. Comparing the hydrophilic amino acid residuesn the active cavity of AtoB (A), BvnE
(B), SAnG (C), Trt14 (D), and NsrQ (E).
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Figure S7. The dimer interface ofAtoB (A), BvnE (B), SdnG (C), Trt14 (D), and NsrQ (E).
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Figure S8. SDSPAGE analysis of purified AtoB (19.8 kDa).
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Figure S18. HSQC spectrum of4b.
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Figure S21. *H NMR spectrum of 6a (acetoneds, 500 MHz).
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Figure S28. HSQC spectrum of6b.
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Figure S73. HSQC spectrum of15.
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Figure S75. ROESY spectrum of15.
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Figure S79. HMBC spectrum of 16.
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Figure S80. *H NMR spectrum of 17 (acetoneds, 500 MHz).

Figure S81. *C NMR spectrum of 17 (acetoneds, 125MHz).
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