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General experimental procedure

Analytical TLC was performed on silica gel 60 F254 (Merck) and RP-18 F254 (Merck). Column
chromatography was carried out on silica gel 60 (70-230 and 40-50 mesh). The 600 MHz NMR spectra were
recorded on a JEOL ECA-600 spectrometer (*H NMR, 600 MHz; **C NMR, 150 MHz). Chemical shifts for
'H and **C NMR are given in parts per million () relative to tetramethylsilane (&4 0.00) and residual solvent
signals (3¢ 77.0) for CDCls as internal standards. HRMS-ES was measured on a JMS-700 MStation (JEOL
Ltd.). GC-MS analyses were performed on a SCION 456-GC TQ system (Bruker) equipped with DB-5MS
capillary column (0.25 mmx 30 m, 0.25 um thickness; Agilent).

Strains

Escherichia coli DH5a was used for cloning and following standard recombinant DNA techniques. E. coli
BL21(DE3) was used for the expression of histidine-tagged proteins. Asperillus oryzae NSAR1 (niaD™, sC",
AargB, adeA") and A. oryzae NSPID1 (niaD", sC™, 4pryG, AligD) were used as the host for fungal expression.
Arthrinium sacchari (Apiospora sacchari) Kumo-3 and Ar. sacchari MPU169, Cordyceps indigotica
(Metarhizium indigoticum) NBRC 100684 was used for genomic DNA preparation and draft genome
sequencing.

Preparation of genomic DNA
The genomic DNA of Ar. sacchari Kumo-3, Ar. sacchari MPU169, and C. indigotica NBRC 100684 were
prepared as described previously.S!

Genome sequencing

Genome sequencing of Ar. sacchari Kumo-3 was conducted by Hokkaido System Science Co., Ltd. using
Hiseq system (lllumina) and the obtained reads were assembled using Velvet 1.2.10.52 Genome sequencing of
Ar. sacchari MPU169, and C. indigotica NBRC100684 was conducted by Macrogen Japan Corp. using
Novaseq6000 system (lllumina). Assembly of obtained reads was conducted by Research Institute of Bio-
System Informatics (Tohoku Chemical Co., Ltd.) using SPAdes 3.14.1.53

Accession numbers

The sequences of identified genes have been deposited in the DNA Data Bank of Japan (DDBJ) with the
following accession numbers;

LC795829: AsGGS from Ar. sacchari Kumo-3
LC795830: AsGGS from Ar. sacchari MPU169
LC795831: AsPS from Ar. sacchari Kumo-3
LC795832: AsPS from Ar. sacchari MPU169
LC795833: AsCPS from Ar. sacchari Kumo-3
LC795834: AsCPS from Ar. sacchari MPU169
LC795835: CiCPS-PS

LC795836: CiGGS

Construction of the A. oryzae transformant expressing AsPS, AsCPS, and AsGGS

The genes were amplified using genomic DNA of Ar. sacchari Kumo-3 by PrimeSTARe MAX DNA
Polymerase (TAKARA) with primers collected in Table S1. Escherichia coli DH5a were used for cloning,
following standard recombinant DNA techniques. Fungal expression plasmid pUARA2%* possessing the a-
amylase promoter (amyB) of A. oryzae and auxotrophic marker argB of A. nidulans respectively was used.
The AsPS gene was amplified with the primers AS-TC1-IFpUKpnI-FW and AS-TC1-IFpUKpnI-RV. The
AsSCPS gene was amplified with the primers AS-TC2-1FpUKpnI-FW and AS-TC2-IFpUKpnI-RV. The
AsGGS gene was amplified with the primers AS-GGPP-IFpUKpnI-FW and AS-GGPP-IFpUKpnI-RV. The
PCR products were purified. The AsPS, AsCPS, and AsGGS were cloned into pUARAZ2 which had been
digested with Kpnl and Notl to yield pUARA2-AS-TC1-TC2-GGPP. The constructed plasmid was used for
transformation of A. oryzae NSAR1 according to the procedures described previously.St
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Culture medium for the A. oryzae transformants
CPS medium: 1.75% Czapek—Dox Broth, 0.17% meat peptone, 0.17% soy peptone, 0.17% casein peptone,
1.0% soluble starch, 0.5% maltose monohydrate in 60/150 mL distilled water.

Cultivation of the transformants in CPS medium and HPLC analysis

The transformants were cultivated on a selection agar plant at 30 °C and its mycelia were inoculated in CPS
medium and incubated at 30 °C for 5 days. The freeze-dried mycelium (30 mg) was extracted with EtOAc
(950 pL) and MeOH (50 pL). After being centrifuged at 13,500 rpm for 15 min, the extract was transferred to
a new tube and washed by H,O. The organic layer was concentrated in vacuo. The residue was then dissolved
in n-hexane and injected into GC-MS.

GC-MS conditions: The injector temperature was 250 °C. Each sample was injected to the column at
70 °C in the splitless mode. After 5 min isothermal hold at 70 °C, the column temperature was
increased by 20 °C min~* to 280 °C, then kept at this temperature for 10 min. The flow rate of the
helium carrier gas was set at 1.20 mL min™,

Isolation of (—-)-sandaracopimaradiene (1)

The transformant harboring AsGGS, AsPS, AsCPS, and the one P450 gene in the franking region was
cultivated in CPS medium (2.4 L; 150 mL x 16) at 30 °C for 5 days. After the fermentation, the
culture media and the mycelia were separated by filtration. The mycelia were lyophilized and
extracted by EtOAc containing 10% of MeOH two times to give crude extract (1.3 g). The mycelial
extract was dissolved in EtOAc (80 mL), washed with an equal volume of H-O, and concentrated in
vacuo. The extracts were subjected to silica gel column chromatography to give 1 (10.5 mg).

(-)-Sandaracopimaradiene (1)
[a]s —14.3 (c 0.97, CHCI3); HRMS (EI) m/z: [M]* Calcd for CaoHsz 272.2499; Found 272.2494:; 'H and 13C

NMR data are summarized in Table S2.

Protein expression and purification for in vitro assays

AsPS and AsCPS were expressed in E. coli as recombinant proteins fused with N-terminal hexa-histidine tag.
To construct plasmids for in vitro assay, protein coding sequences were amplified from the genomic DNA of
Ar. sacchari Kumo-3 by PCR with the primer sets, AS-TC1 _pET28a_Ndel-FW and AS-

TC1 _pET28a_EcoRI-RV for AsPS, and AS-TC2_pET28a_Ndel-FW and AS-TC1 pET28a_EcoRI-RV for
AsCPS, respectively. The amplified DNA fragments were cloned into pET28a(+) using In-Fusion® Snap
Assembly Master Mix (Takara Bio Inc.) to yield pET28a(+)-AsPS and pET28a(+)-AsCPS.

The E. coli BL21(DES3) cells harboring the plasmid pET28a(+)-AsPS or pET28a(+)-AsCPS were cultured in
TB medium containing 30 pg/mL kanamycin at 37 °C to an OD600 of 0.4-0.6. After cooling the culture to

0 °C, isopropyl-1-thio-B-p-galactopyranoside (IPTG) was added at the final concentration of 0.1 mM to
induce protein expression. The cultivation was further continued at 18 °C for 20 h. All the following
procedures were performed at 4 °C. For purification, the cells were collected by centrifugation at 6,000g and
resuspended in the lysis buffer (20 mM Tris-HCI (pH 7.6), 500 mM NaCl, 20 mM imidazole (pH 7.6)). The
cells were disrupted by sonication, and the lysate was centrifuged at 15,0009 for 15 min. The supernatant was
loaded onto a Ni-Sepharose 6 Fast Flow (Cytiva) column equilibrated with the lysis buffer. After washing the
resin with the same buffer, proteins were eluted with the elution buffer (20 mM Tris-HCI (pH 7.6), 500 mM
NaCl, 250 mM imidazole (pH 7.6)). The buffer was replaced to 50 mM Tris-HCI (pH 7.6) containing 300 mM
NaCl by PD-10 Desalting Column (PD-10).
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In vitro enzyme assays for AsPS and AsCPS

Typical conditions for enzymatic reactions were as follows: a reaction mixture (300 uL of 50 mM Tris buffer,
pH 7.6) containing 2 mM MgCl,, 100 uM GGPP, 5 uM AsPS, 5 uM AsCPS was incubated at 30 °C
overnight. The reaction mixture was extracted with 200 pL of hexane three times and concentrated in vacuo.
The extract was dissolved in 100 uL of hexane and analyzed by GC-MS.

For hydrolysis of pyrophosphate group, the reaction mixture was extracted with n-BuOH and concentrated in
vacuo. The extract was dissolved in the buffer containing 60% MeOH, 10 mM sodium acetate (pH 5.0), acid
phosphatase (0.13 units, Sigma Aldrich). After the incubation at 37 °C overnight, the reaction mixture was
extracted with hexane as described above.

For the reaction with ObCPS_11g, the cell-free extract of E. coli BL21(DE3) harboring ObCPS_11g was
added to the reaction mixture. In the typical conditions, 220 uL of the extract dissolved in 50 mM Tris-HCI
(pH 7.6) containing 300 mM NaCl was added to the 300 uL-scale reaction mixture.

Construction of the A. oryzae transformant expressing CiCPS-PS and AsGGS

The genes were amplified using genomic DNA of C. indigotica NBRC 100684 and Ar. sacchari MPU169 by
KOD One® PCR master mix (TOYOBO CO., Ltd.) with primers collected in Table S2. E. coli DH5a were
used for cloning, following standard recombinant DNA techniques. The CiCPS-PS gene was amplified with
the primers CTC_fwd and CTC_rev. The linker containing terminator of amyA gene and promoter of enoA
gene was amplified from pDP601C with the primers TamyA-PenoA-Insert-Fw and TamyA-PenoA-Insert-Rv.
The amplified fragments and pDP601 digested with Smal were assembled by NEBuilder HiFi DNA assembly
master mix (New England Biolab) to yield pDP601:: CiCPS-PS /AsGGS. The constructed plasmid was used
for transformation of A. oryzae NSPID1 by a hot spot knock-in method according to the procedures described
previously.®
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Table S1: Oligonucleotides used in this study.

Primer name

DNA sequence (5’ to 3°)

AS-TC1-IFpUKpnl-FW
AS-TC1-IFpUKpnl-RV
AS-TC2-IFpUKpnl-FW
AS-TC2-1IFpUKpnl-RV
AS-GGPP-IFpUNotl-FW
AS-GGPP-IFpUNOotI-RV
AS-TC1_pET28a_Ndel-FW
AS-TC1_pET28a_EcoRI-RV1
AS-TC2_pET28a_Ndel-FW
AS-TC2_pET28a_EcoRI-RV
GGPPS1_fwd

GGPPS_rev
TamyA-PenoA-Insert-Fw
TamyA-PenoA-Insert_Rv
CTC_fwd

CTC _rev

CCGGAATTCGAGCTCGATGATGACGGCAAAATACGC
ACTACAGATCCCCGGCGATTTCCATTCCACGTACG
CCGGAATTCGAGCTCGACAATGGATCTAACCAACGA
ACTACAGATCCCCGGATGCGTCCAGTTGCTTGGTC
TTTGAGCTAGCGGCCAACATGGCATTGGTTCAGGAC
GTCACTAGTGCGGCCCATGTCGACATAGCTTCTGC
CGCGCGGCAGCCATATGACGGCAAAATACGC
GACGGAGCTCGAATTACCAGGAACTATGCCTTTGG
CGCGCGGCAGCCATATGGATCTAACCAACGATGCGAG
GACGGAGCTCGAATTTTTGGTGCCTTAGCGTGTTCC
GCTCCGGAATTCGAGCTCGGTACCCATGGCATTGGTTCAGGAC
TATGTTTCATCATCGGGTACGACCCTCAGTCGTTGTCAATCTTG
GGGTCGTACCCGATGATG

GGGTTTGACGAGCTGC
ACCAATTCCGCAGCTCGTCAAACCCATGGGTCAACACAAACAC
CCTTCACGAGCTACTACAGATCCCCTCAAGCTACTGGCTCCAC
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Table S2: 'H and °C NMR data of 1.

Position H (mult, J in Hz) (ppm)? IH (mult, J in Hz) (ppm)*® 13C (ppm)® | *C (ppm)*®

1 1.01 (1H, m) 0.97 (1H, ddd, 8.0, 3.0, -) 39.4 39.4
1.71 (1H, m) 1.71 (1H, m)

2 1.72 (1H, m) 1.72 (1H, m) 18.8 18.8
1.62 (1H, m) 1.62 (1H, m)

3 1.18 (1H, brtd, 13.2, 3.6, -) 1.18 (1H, brtd, 13.1, 3.7, -) 42.2 42.2
1.43 (1H, m) 1.43 (1H, m)

4 - - 33.3 33.3

5 1.03 (1H, m) 1.02 (1H, d, 2.0) 54.8 54.8

6 1.58 (1H, m) 1.58 (1H, m) 22.6 22.6
1.29 (1H, dddd, 25.8, 13.2, 4.2, -) 1.28 (1H, dddd, 25.4, 13.0, 4.8, -)

7 2.25 (1H, ddd, 14.4, 4.8, 1.8) 2.25 (1H, ddd, 14.0, 4.0, 2.0) 36.0 36.0
2.04 (1H, wt, 13.8, 6.0, 1.8) 2.05 (1H, t, 14.0, 6.0, -)

8 - - 137.3 137.3

9 1.69 (1H, m) 1.69 (1H, m) 50.7 50.6

10 - - 38.3 38.3

11 1.42 (1H, m) 1.42 (1H, m) 19.1 19.0
1.52 (1H, m) 152 (1H, m)

12 1.48 (1H, m) 1.48 (1H, m) 346 346
1.35(1H, tdd, 12.6, 3.6, -) 1.35(1H, tdd, 12.4,4.1, -)

13 - - 37.4 37.4

14 5.21 (1H, s) 5.21 (1H, s) 1285 1285

15 5.78 (1H, dd, 17.4, 10.8) 5.77 (LH, dd, 17.0, 11.0) 149.2 149.1

16 4.88 (1H, dd, 10.8, 1.8) 4.88 (1H, dd, 11.0, 1.0) 109.9 110.0
4.91 (1H, dd, 17.4, 1.8) 4.90 (1H, dd, 17.0, 1.0)

17 1.04 (3H, s) 1.04 (3H, s) 26.0 26.0

18 0.88 (3H, 5) 0.87 (3H, 5) 338 338

19 0.85 (3H, 5) 0.85 (3H, 5) 221 22.1

20 0.80 (3H, 5) 0.79 (3H, 5) 15.0 15.0

2Experimental data in this study.

S6



"
sH. sGpGsLIDS|
TWCEDKTAQFDGVL

109
KMHESHAS .

UKRYRRDPLOLKV
UKRHOKQPLOIGQ
RHLTQPLNLOD
lUtcuagErLoTLD

3 :v_ 29

ITRIVANSDD VTEHVNG I KHW
IRQIVADLD D

MDLTEK MRTAILONYTD. .
ncuuﬁusoLs1t*\ IRRLNGLDD . .
GTPKDLKTGNDFVSANKISHLORAFKSHNS | |

GWMVGSDAQIDG[I
ISWGRNPGSQIDG[I
SHIGS LPTTOTAG|LLD TASANY

1mg 1sg 200 219
LHEFﬁlI v ¢ o D|rRfe AL L ROE HF Mo
E{AL{L GR I DfY DiRVIAIRIY T VKIG SMF A

O KIAR[SH K V Y1G P L
IS HIH LV HIG SMM AJS
SHH L Y HiG SMM Al

33q
[AF]Y SHD EF VITEF

FOp & C)

rnmNLolaov
IRIAIG FIO S SE|
nla

549 53¢

Pled ... PIPRFPFASITI(PPISOTLPKELR
RAAESTSVIN IWKDNAST . KM. HKL
AsPS IYRAAA.PPTGS[I D"S}D?"AK\'A KG.RKHVIKL
AscPs SSVWQMSPSSSTE . QOADION
P! AMNHEAGKG . HNL' K
GECPS/KS

MEIVVIAIGAAF QG RA
MEIAvGPYF . 6ol sl

o

169 779

Pled RFARS| RFITHVIGADNVAGTIALV
LQAVREF)

AspS .PSYPDIVET|UHRFVTY

AsCP

s
CiCPS-PS SHCGNGDNKTPSSDVLL
GECPS/KS SGNGHOHESPNIGQVED

TSHPAV \'Al
tvL N e kDL N ssls siplop Tir

199 w#sg so0q

Pled QINEERGSRDLV] ... JOTPHVGAKRARD Y[TH]

PDACS TLTAHPPN. .. Y E L EMVHGASEP AAARLAKRRRACH
SLLDGR...... H { LS : .. .G L DMADIY ERDCLRRALOSKGAVSRD . MGDASLDQMCNROME(IW

FHLSGA......

CACPS-PS KSATYASKARLMA Il
GECPS/KS MNLLOGK

KT R
QSVIBRQIFA;}RQSRDD@GDRAnSK DMR KK

(N/D) Dxx(S/T) xxxE

019 _ag

Pled SrlNREVSlGANleerGLr1N’YKlYAN’SN’lHH
V[s|sIV IKDVVRNGE

Asp: NITOPVSGE KA

AscCPS ofele oo alolofe ofe ofele bl o ofe ofefels o aiian

CACPS-PS  QMFCDV RMAASAVKSSKPSLERVASVEPVA

o
GECPS/KS K FCDV]L GlsuK . ...

Figure S1: Sequence alignment of fungal TCs involved in the biosynthesis of labdane-related diterpenoids.

The positions of three active center motifs are highlighted by bars. Three bifunctional TCs, Ple3 (Accession No.
AOABS6QR11) in pleuromutilin biosynthesis, PDACS (Accession No. Q96WT?2) in the aphidicolin biosynthesis, and
GfCPS/KS (Accession No. SOEAB85) in gibberellin biosynthesis, are compared with the AsPS, AsCPS, and CiCPS-PS.
After the sequences were aligned by MUSCLE using MEGA, 7 the resulting alignment was depicted using ESPript 3.0.5
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Figure S2: MS spectra of 1 shown in Figures 3, 4, and 5.
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Figure S3: SDS-PAGE analysis of recombinant proteins with 10% polyacrylamide gel.

Lane 1: Purified N-Hisg-AsPS. Lane 2: Purified N-Hisg-CPS. Lane 3 and 4: Soluble proteins extracted from E. coli
BL21(DE3) harboring ObCPS_11g gene (lane 3: 0 mM IPTG; lane 4: 0.5 mM IPTG). M: Protein Molecular Weight
Marker (Broad) (Takara, Cat# 3452).

ObCPS_11g
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Figure S4: GC-MS analysis of the reaction by AsCPS and ObCPS_11g.

A) EICs at m/z 272 of the extracts from the reaction mixture of AsSCPS and ObCPS_11g treated by acid phosphatase are

shown. B) MS spectra of the peak at 18.7 min.
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0 Identity (%) 100

Valsa malicola 03-1 (Cluster 8, score: 15.514)

Diaporthe citri NFHF-8-4 (Cluster 13, score: 14.468)

Lasiodiplodia mahajangana VT137 (Cluster 1, score: 9.455)

Nemania abortiva FL1152 (Cluster 4, score: 10.519)

Rosellinia necatrix W97 (Cluster 7, score: 16.595)

Xylaria telfairii CBS 121673 (Cluster 2, score: 13.568)

BRI xv/aria polymorpha DSM 105756 (Cluster 3, score: 11.503)
Hypoxylon argillaceum CBS 527.63 (Cluster 72, score: 3.1)
Polyplosphaeria fusca CBS 125425 (Cluster 116, score: 4.092)
Metarhizium majus ARSEF 297 (Cluster 19, score: 4.187)

r Xylaria cf. heliscus FLO509 (Cluster 81, score: 6.185)

t Pseudogymnoascus sp. VKM F-3775 (Cluster 128, score: 3.132)
Xylariaceae sp. FL0594 (Cluster 10, score: 4.157)

Rutstroemia sp. NJR-2017a BVV2 (Cluster 106, score: 3.099)
Byssothecium circinans CBS 675.92 (Cluster 129, score: 3.118)
+ Metarhizium album ARSEF 1941 (Cluster 90, score: 5.171)
b Xylariaceae sp. FLO662B (Cluster 9, score: 8.275)
Xylaria digitata CBS 161.22 (Cluster 95, score: 6.192)

r Annulohypoxylon truncatum CBS 140777 (Cluster 85, score: 7.246)
Xylariaceae sp. FLOO16 (Cluster 11, score: 7.237)

+ Nemania sp. FLO031 (Cluster 5, score: 6.225)

Diplodia seriata (Cluster 41, score: 5.189)
Diplodia seriata F98.1 (Cluster 42, score: 4.176)

+ Diaporthe helianthi 7/96 (Cluster 20, score: 9.333)

r Annulohypoxylon maeteangense CBS 123835 (Cluster 43, score: 7.261)
Xylaria arbuscula VT107 (Cluster 16, score: 3.097)

Xylaria sp. FL1777 (Cluster 18, score: 4.091)
Xylaria cf. heliscus FLO509 (Cluster 80, score: 5.137)

r Aspergillus cristatus GZAAS20.1005 (Cluster 92, score: 4.123)

b Xylaria scruposa CBS 123580 (Cluster 94, score: 6.183)
Hapsidospora chrysogenum ATCC 11550 (Cluster 127, score: 3.112)
Xylaria flabelliformis G536 (Cluster 112, score: 6.16)

Xylaria castorea CBS 124033 (Cluster 114, score: 6.164)

+ Daldinia caldariorum CBS 122874 (Cluster 57, score: 7.235)
Hypoxylon rubiginosum CBS 119005 (Cluster 79, score: 8.275)
Xylaria palmicola CBS 124036 (Cluster 89, score: 4.133)

+ Neoarthrinium moseri CBS 164.80 (Cluster 166, score: 4.107)

r Aspergillus tamarii CBS 117626 (Cluster 142, score: 4.129)
Biscogniauxia marginata CBS 124505 (Cluster 83, score: 3.128)
Hapsidospora chrysogenum ATCC 11550 (Cluster 126, score: 4.215)

+ Lignoscripta atroalba (Cluster 60, score: 3.183)

r Aspergillus versicolor CBS 583.65 (Cluster 118, score: 3.185)

Figure S5: A cluster heatmap representation of cblasters® analysis of the BGC containing AsPS, AsCPS, and AsGGS. The
identified gene clusters were shown with names of fungal strains. Numbers in the blue boxes indicate the hit counts for
each protein query. Dendrogram of hit clusters shown in the left side was generated from identity of hit clusters to query
sequences. Note that only selected clusters are shown to reduce the number of BGC identified by the initial search.
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