Supporting Information

Genome mining of cryptic bisabolenes that were biosynthesized by
intramembrane terpene synthases from Antrodia cinnamomea

Ranuka T. Hewage, ™* Cheng-Chung Tseng,” Suh-Yuen Liang,” Chen-Yu Lai" and
Hsiao-Ching Lin™*

TInstitute of Biological Chemistry, Academia Sinica, Taipei 115, Taiwan R.O.C.

#Chemical Biology and Molecular Biophysics Program, Taiwan International Graduate Program, Academia
Sinica, Taiwan R.O.C.

tDepartment of Chemistry, National Taiwan University, Taipei 106, Taiwan R.O.C.

*Department of Indigenous Medical Resources, Gampaha Wickramarachchi University of Indigenous
Medicine, Sri Lanka



11
1.2
1.3
1.4
1.5
1.6
1.7

1.8
1.9
1.10
1.11

1.12
1.13

1.14
1.15
1.16
1.17
1.18
1.19
1.19.1
1.19.2
1.19.3
1.20

Table of Contents

General molecular biology eXPEriMENTS ......c.oiviiieiicie e 8
GENOME ANAIYSIS ...ttt r e bbb 8
Protein SeqUENCE OF TPSLA ...ttt te et re e be e e e nas 8
Protein SeqUENCE OF TPS2A ..ottt et re e be e sreenas 8
Protein SeqUeNCe OF TPSLH .....ooiiiiiii s 8
Protein SEqUENCE OF TPSLD .....oiiiiiiiieie e 9
Construction of plasmids pCY01M-Tps1B-Tps1C-TpslD-TpslE, pCY02M-TpslG-

Tps1H-Tps1A and pCY03M-Tps1J-Tps1K-TpslL for expression in S. cerevisiae........... 9
Construction of plasmid pXW55-Tps1A for expression in S. CErevisiae...........coccevvennene 11
Construction of plasmid pCY02M-Tps1A-Tps1H for expression in S. cerevisiae .......... 11
Construction of plasmid pXW02-Tps1D for expression in S. Cerevisiae..............cccvenene 11

Construction of plasmid pXW55-Tps1A-D100A, pXW55-Tps1A-Y155A, pXW55-
Tps1A-D215A, pXW55-Tps1A-D218A, pXW55-Tps1A-D222A for expression in S.

(00T €AY LY - TSSO 11
Heterologous expression of point mutated TPS1A in S. CErevisiae ........c.occevvevvevvevveennnnn. 12
Construction of plasmids pCY01M-Tps2D-Tps2E-Tps2A, pCY02M-Tps2F-Tps2G and

PCYO3M-Tps2B-Tps2C for eXpression iN'S. CEreVISIAR ..........ccovrereeieieienesie s 12
Construction of plasmid pXW55-Tps2A for expression in S. CErevisiae...........c.ccevvennnne 13
Heterologous reconstitution of Tps2A gene cluster in S. Cerevisiae ..........ccocovvevvevneennenn. 13

Preparation of microsomal fractions of Tps1A, Tps2A and Tps1lH from S. cerevisiae ... 14

In vitro assay of TPSLA With SUDSIIate FPP ...........ccoiiiiiiiieceeeee e 14
In vitro assay of yeast microsomal fractions with substrates 1, 2and 3............cccccoeeee. 14
In vitro assay of Tps1H and Tps1D with compound 1 ........cccccoveiiiiiiiiiicie e, 15
Isolation of (+)-(S,Z)-0-biSabolene (1) ....cccvevie i 15
(ST ] =LA o] I ) 2 SO SS 16
Isolation of COMPOUNAS 5 AN 6 ......ecvveuiiiiiiicee e 18
Method for homologs identification, sequence clustering, and phylogenetic analysis..... 20



List of Schemes

Scheme S1. Separation process of compound 1 from tps1A expressed yeast culture. ................. 15
Scheme S2. Separation process of compound 1 from tps2A expressed yeast culture. ................. 16
Scheme S3. Separation process of 13C-labeled compound 13C-3 from tps1A expressed yeast

CUITUT . 20

List of Tables
Table S1. Deduced functions of genes within the tpsl gene ClUSEer ..........ccocvvvieiiicieninenee 22

Table S2. Deduced functions of genes within the tps2 gene CIUSEer. .........ccccvveieiiiiieiciinee 23

Table S3. Selected protein sequences of reported UbiA-type TPSs, the UbiA superfamily of

intramembrane prenyltransferases and integral membrane TPSs for phylogenetic analysis....... 24
Table S4. Primers used for tpsl gene cluster Study........c.oviveiiiiiniieii e 25
Table S5. Primers used for tps2 gene cluster Study..........ooovviiiiiiiinii i 27
Table S6. *H NMR and C and 2D NMR spectroscopic data of 1 in CDCls......... 28

Table S7. Comparison of reported *H NMR and 3C NMR spectroscopic dataof 1 ............ 29
Table S8. 'H, C NMR and 2D NMR spectroscopic data of 2 in acetone-ds. ........30

Table S9. 'H, 33C NMR and 2D NMR spectroscopic data of 3 in acetone-ds. ... .31

Table S10. Comparison of reported *H NMR and *C NMR spectroscopic data of 3................. 32
Table S11. 'H, 3C NMR and 2D NMR spectroscopic data of 4 in acetone-de ............ccce..eee.... 33
Table S12. 'H, 3C NMR and 2D NMR spectroscopic data of 5 in methanol-da......................... 34
Table S13. 'H, 3C NMR and 2D NMR spectroscopic data of 6 in acetone-de. ..............cce........ 35



List of Figures

Figure S1. GC-MS analysis of yeast transformants (A) (i) S. cerevisiae co-expressing tpsl whole
gene cluster (tps1A-tpslL), (ii) S. cerevisiae co-expressing tpslA + tps1G—tpsiL, (iii) S.
cerevisiae co-expressing tps1A + tps1B-tps1H, (iv) S. cerevisiae co-expressing tps1A +
tps1G—tps1H + tps1D—tps1E, (v) S. cerevisiae co-expressing tpslA + tpslD, and (vi) S.

cerevisiae co-expressing tps1A + tps1D + tps1H; (B) (i) S. cerevisiae co-expressing tps2

whole gene cluster (tps2A-tps2G), (ii) S. cerevisiae co-expressing tps2A + tps2D-tps2G,
(iii) S. cerevisiae co-expressing tpS2A + tpS2D—PS2E. .....cc.oveiiiiiiiiieee s 36

Figure S2. LC-MS analysis of yeast transformants, (A) (i) S. cerevisiae control (ii) S. cerevisiae

co-expressing tps1 whole gene cluster (tps1A-tps1L), (iii) S. cerevisiae co-expressing
tps1A, (iv) S. cerevisiae co-expressing tps1A + tpslH, (v) S. cerevisiae co-expressing tps1A
+tpslD + tpslH; (B) (i) S. cerevisiae control (ii) S. cerevisiae co-expressing tps2 whole
gene cluster (tps2A-tps2G), and (iii) S. cerevisiae co-expressing tpS2A. ......cccvvvvevvereenenn 37
Figure S3. GC-MS analysis of yeast transformants, (i) S. cerevisiae expressing tps1A, (ii) S.
cerevisiae co-expressing tps1lA + GGPPS, (iii) S. cerevisiae expressing tps2A, (iv) S.
cerevisiae co-expressing tPS2A + GGPPS. ..o 38
Figure S4. GC-MS analysis of in vitro assay with (i) 100 mg/mL, (ii) 50 mg/mL, (iii) 10 mg/mL
and (iv) 5 mg/mL Tps1A microsomal fraction + FPP. .........ccccooviiiiiiiiiiieceee e 38
Figure S5. Amino acid sequences alignment of Tps1A, Tps2A, UbiA-type terpene synthases and

UbiA prenyltransferases (ApUbiA and AfUbiA). Red squares show the putative active site

motifs of TPS1A-like terpene SYNthaseS.........cooviiiiiiriiee s 39
Figure S6. Protein structure prediction and analysis of TPSLA.. ..o 40
Figure S7. Protein structure prediction and analysis of TPS2A.. ... 41

4



Figure S8. GC-MS spectra of unlabeled and *3C-labeled compounds 1,2 and 3...........c..c......... 42
Figure S9. SDS-PAGE analysis of purified Tps1D (27.9 KDa)........ccccccceivvevveveiieceese e 42

Figure S10. LCMS analysis of (i) boiled Tps1H and Tps1D with 1; (ii) Tps1H and Tps1D with

Figure S11. Phylogenetic analysis of Tps1A, Tps2A, other UbiA-type TSs, integral membrane
TPSs and UDIA Prenyltransferases. .......ccocveeiieieiie e 44
Figure S12. *H-NMR spectrum (CDCls, 500 MHz) of 1 from TPS1A. ......ccoovvveevereieeererenae. 45

Figure S13. 3C-NMR, DEPT135 and DEPT90 spectra (CDCls, 125 MHz) of 1 from Tps1A... 46

Figure S14. HSQC spectrum (CDCl3, 500 MHz) of 1 from TPS1A. ...ccoooviiiiiiiiinenene e 47
Figure S15. HMBC spectrum (CDClI3, 500 MHz) of 1 from TPS1A. .....cccoiimiiinieiene e 48
Figure S16. COSY spectrum (CDCl3, 500 MHz) of 1 from TPS1A. ..cccooviiiiiiiiirieiese e 49
Figure S17. NOESY spectrum (CDClIs, 500 MHz) of 1 from TPS1A. ..cccooovviiiiiirenene e 50
Figure S18. 'H-NMR spectrum (CDCls, 500 MHz) of 1 from TPs2A. .......ccccoereevreeccreenne. 51

Figure S19. 3C-NMR, DEPT135 and DEPT90 spectra (CDCls, 125 MHz) of 1 from Tps2A... 52

Figure S20. *H-NMR spectrum (acetone-ds, 500 MHz) of 2 from tps1A expressed yeast culture.

Figure S21. 3C-NMR, DEPT135, and DEPT90 spectra spectrum (acetone-ds, 125 MHz) of 2
from tpSLA expressed YEast CUILUIE. .........covoveiieie e 54
Figure S22. HSQC spectrum (acetone-ds, 500 MHz) of 2 from tps1A expressed yeast culture.. 55
Figure S23. HMBC spectrum (acetone-ds, 500 MHz) of 2 from tps1A expressed yeast culture. 56
Figure S24. COSY spectrum (acetone-de, 500 MHz) of 2 from tps1A expressed yeast culture.. 57

Figure S25. NOESY spectrum (acetone-ds, 500 MHz) of 2 from tps1A expressed yeast culture.



Figure S26. *H-NMR spectrum (acetone-ds, 500 MHz) of 3 from tps1A expressed yeast culture.

Figure S27. 3C-NMR, DEPT135, and DEPT90 spectra (acetone-ds, 125 MHz) of 3 from tps1A
EXPreSSEd YEASE CUITUIE. ....cvviiiieiecie ittt re et teaneesreeneenee e 60
Figure S28. HSQC spectrum (acetone-ds, 500 MHz) of 3 from tps1A expressed yeast culture.. 61
Figure S29. HMBC spectrum (acetone-ds, 500 MHz) of 3 from tps1A expressed yeast culture. 62
Figure S30. COSY spectrum (acetone-ds, 500 MHz) of 3 from tps1A expressed yeast culture.. 63

Figure S31. NOESY spectrum (acetone-ds, 500 MHz) of 3 from tps1A expressed yeast culture.

Figure S33. 3C-NMR and DEPT135 spectra (acetone-ds, 125 MHz) of 4 from tps1A expressed
YEAST CUITUNE. ..ottt et e st e st e e s re e s be e st e s reesteeneesneenreeneeas 66
Figure S34. HSQC spectrum (acetone-ds, 500 MHz) of 4 from tps1A expressed yeast culture.. 67
Figure S35. HMBC spectrum (acetone-ds, 500 MHz) of 4 from tps1A expressed yeast culture. 68
Figure S36. COSY spectrum (acetone-ds, 500 MHz) of 4 from tps1A expressed yeast culture.. 69

Figure S37. NOESY spectrum (acetone-ds, 500 MHz) of 4 from tps1A expressed yeast culture.

............................................................................................................................................... 70
Figure S38. HSQC spectrum (MeOD, 500 MHZ) 0f 5. ......cviiiiiiiccecccecceee e 73
Figure S39. HMBC spectrum (MeOD, 500 MHZ) Of 5. .....coooiiiiiiie e 74
Figure S40. COSY spectrum (MeOD, 500 MHZ) 0f 5. .....ccvoiiiiiie e 75
Figure S41. NOESY spectrum (MeOD, 500 MHZ) 0f 5.......ccoiiiiiiiiiicece e 76
Figure S42. 'H-NMR spectrum (acetone-ds, 500 MHZ) Of 6..........c.cccovurrereriveceeeeeeeeeeie e 77



Figure S43. 3C-NMR, DEPT135, and DEPT90 spectra spectrum (acetone-ds, 125 MHz) of 6. 78

Figure S44. HSQC spectrum (acetone-de, 500 MHZ) OF 6.........cocovviiiiiiniiinceee e 79
Figure S45. HMBC spectrum (acetone-de, 500 MHZ) OF 6. ......ccooiiiiiiiiiiiicee e 80
Figure S46. (A) HRMS and (B) EI-MS Spectra of 1. ......ccccoeiiiiiiieiice e 85
Figure S47. (A) HRMS and (B) EI-MS SPectra 0f 2. ......c.ccoeviiieiieircc e 86
Figure S48. (A) HRMS and (B) EI-MS Spectra of 3. ......c.oooveiiiiiiieirce e 87
Figure S49. (A) HRMS and (B) EI-MS Spectra 0f 4. ........cooevviieiieiecc e 88
Figure S50. (A) HRMS and (B) EI-MS spectra 0f 5. ........ccoeiiiii i 89
Figure S51. (A) HRMS and (B) EI-MS Spectra of 6. .........ccccoveieiiiiicic e 90
Figure S52. UV and MS spectra and [a]p?® of compounds 1, 2 and 3 (a: Tpsl1 and b: Tps2)..... 91
Figure S53. UV and MS spectra and [a]p?® of compounds 4, 5and 6. ........c..cccecevveerrvererecnnnnn. 92



1.1 General molecular biology experiments

PCR was performed using Q5° High-Fidelity DNA Polymerase (New England Biolabs). PCR
products were purified with a Zymoclean™ Gel DNA Recovery kit. DNA restriction enzymes
were used as recommended by the manufacturer (New England Biolabs). DNA fragments were
assembled using the NEBuilder® HiFi DNA Assembly Cloning kit (New England Biolabs). E. coli
TOP10 (Invitrogen) and DH10B (Invitrogen) were used for cloning, following standard
recombinant DNA techniques. RNA extraction was performed using a RiboPure Yeast Kit
(Ambion). RT-PCR was performed using ImProm-11™ Reverse Transcription System (Invitrogen)
to synthesize complementary DNA (cDNA) from total RNA.

1.2 Genome analysis

The genome sequence of A, cinnamomea was downloaded from NCBI database. Functional

domains in the translated protein sequences were predicted using Conserved Domain Search.

ClustalW was used for multiple sequence alignment.

1.3 Protein sequence of TpslA
MSPRYSALLKVLCRMPGSLDGFVSIFRRFMQDPLGIRYHLHTLLLFTWADMKTILLPITA
FACSTAPLHSFSNLVQGMIWIWLHQLLCNVSNQARGKSEDALNKPWRPLPSGRLTEPQA
VILRWITVAVCLLLSATYGRDLLMTTVGLILTTLLYDELGMASHHIGKNLCNIGGYTTIE
VGATKLMGASRDLDYVSTVAVIISGVLIFTTIQAQDFPDIEGDAALGRVTFPIYAPEFSRIF
TFIVMPAWSIFLGWFWDIGVISRMVFAALGTYVGLRYYLWRTVDIDKRSYVFFNAWLT
LAHILPLSVRTGFLAF

1.4 Protein sequence of Tps2A
MASKRTFPVISIRPLLSLCFSALRNWIRTLILFTYTDYKTIVLPVSVFACVSAPVHSFVRFL
HAVLWIWLHLLQCNVSNQYRSVLEDAVNRPWRPLPSRLISVEHACILRWLLVPLCIGTS
LCYGWDVALASACLTLTTVCYDELGLAGHFLGKNLCNVPGYVSFEIGATKIMGSTTNL
DFIALESILCSAMVIFTTIQTQDFPDVAGDRALGRVTLPILCPEGSRHFTTCVLLFWSGFLS
YAWSIGLLSSAVLISLGIWVAYRYYRFRKVEEDKKSYLIYNIWLLFVHSLAAHARWNLM
AL

1.5 Protein sequence of TpslH
MEGLQAIPSIFSLSAGVQSATALGIIVLVFYAIKGLLYPTSAARRFPPGPPQKPLVGNILEV
SPKGAWTRFTEYKEQYGDLVFFRGLGNNILVLNSMKVINDLLDKRGNVYSHRPGFTVV
GELMGLGQSMPLLPYGEEWRAHRKLAHVALSATAVKLYYTVQEDLAALLSKQLLETP

8



ADFFSHVRLIAGRIILSVTYGLAVDTAEDEYISHAEDTMLMIGRSTVPGAFICDFLPFLKH
LPSWVPFQREARKGKEMIERLVTKPFEHVKQQMEAGKALPSLTQHLLSSEEQVFNLEHR
VKWTAGAMYGAGGESTYATVLSFILAMALHPDKQRLAQAEIDSVIGVDRMPTIADRPN
LPYVGALIKETMRWHPVLPLSIARSTAQDDVYEGFFIPKSTTVMPNVWAIAFEPNDKYD
PHAFIPERFLDSTHPTLDPATYAFGFARRICPGKLLGENSLFILITTILAMFDVSPPEKGELT
PDFTLDLVSYPKPFECRITPRSDAKAKLIHLRAAHCAM

1.6 Protein sequence of Tps1iD
MSTNAELSQPGEAKTYAFQPAYKVPEETARLDELHAGITEYFGNRLSLAPLETISPVKILE
LGAGSGAWAIQAATEFPGAHVLAVDISPIPPRPLPSNLSFQQVDLTKPFALEKESFDVVH
ARLVMMHLPNGEDVLRRAIDLVKPGGWLLVEDPDDDNMVDGGKPLGPGMSAFVGAW
LKIVRSRGAEPSLGRELERILQSSSAFSEVNVMKVTIPISGKSQDPKENKLGLTWKTNML
RVARDLPGRFAEQGITEEVA

1.7 Construction of plasmids pCY01M-TpslB-TpslC-TpslD-TpslE, pCY02M-TpslG-
TpslH-TpslA and pCY03M-TpslJ-Tps1lK-TpslL for expression in S. cerevisiae

The cDNA of tps1B, tps1C, tps1D and tps1E were obtained by RT-PCR from the RNA extract
of A. cinnamomea S27 and amplified using primer pairs, Tps1B-Xhol-PapHz-s. c-F/Tps1B-Xhol-
TapH2-R, Tps1lC-Notl-PapH2-sb-F/Tps1C-Notl-Teeii-R, TpslD-Pmel-Ppcki-F/  TpslD-Pmel-
Teno2-R, and Tps1E-Smal-Pmisi-F/ TpslE-Smal-TtpHe-R, respectively. pCY01M-Tps1B-TpslC-
Tps1D-TpslE was constructed by assembling the intron-less tpsl1B, tps1C, tpslD, and tps1E DNA
fragments to the Xhol/Notl/Pmel/Smal linearized YEplac195-derived 2u multiple expression
plasmid (containing URA3 marker). The cDNA of tps1G, tps1H and tps1A were obtained by RT-
PCR from the RNA extract of A. cinnamomea S27 and amplified using primer pairs, Tps1G-Xhol-
PabH2-s.c.-F/Tps1G-Xhol-TapH2-R, TpslH-Notl-PapH2-sb-F/Tps1H-Notl-Tecii-R, TpslA-Pmel-
Prcki1-F/ Tps1lA-Pmel-Teno2-R, respectively. pCY02M-Tps1G-Tps1H-Tps1A was constructed by
assembling the intron-less tps1G, tpslH and tpslA fragments to the Xhol/Notl/Pmel linearized
YEplacl12-derived 2 multiple expression plasmid (containing TRP1 marker).

The cDNA of tps1J, tps1K and tpslL were obtained by RT-PCR from the RNA extract of A.
cinnamomea S27 and amplified using primer pairs, Tps1J-Xhol-PapH2z-s.c-F/Tps1J-Xhol-T apHz-
R, Tps1K-Notl-PapHz-s.b.-F/Tps1lK-Notl-Teei1-R, TpslL-Pmel-Ppcki-F/TpslL-Pmel-Teno2-R,
respectively. pCY03M-Tps1J-Tps1lK-TpslL was constructed by assembling the intron-less
tpslJ, tpslK and tpslL DNA fragments to the Xhol/Notl/Pmel linearized YEplac195-derived 2
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multiple expression plasmid (containing LEU2 marker). The above fragments were assembled
using the NEBuilder HiFi DNA Assembly Cloning kit (New England Biolabs) for propagation in
E. coli DH10p. Constructed plasmids were verified by sequencing. The primers used for

amplification and cloning are listed in Table S4.

I:’ADH2-S. cerevisiae F)ADHZ-S. bayanusP PCK1 F)MLS1 PADHZ-S. cerevisiae PADHZ—S. bayanus |:)F‘CK1
TpslB — TpsiC — TpsiD J-{ TpsiE I\ TpslG == TpslH - TpslA
pCY01M_Tps1-B-C-D-E pCY02M_Tps1-A-G-H
\-l ori H Ampr — URA3 — 2 }—/ \ ori_ = Amp’ |—{ TRP1 — 2y
|:)ADHZ-S, cerevisiae PADHZ—S, bayanus I:’PCK1 PADHZ S. cerevisiae ADHZ S. bayanus
-I TpslK —— TpsiL |\ )J-{ Tps2B )J-{ Tps2C }\
PCYO03M_Tps1-J-K-L pCYO03M_Tps2-B-C
N o H Ay ewzd 7 Y Ny tewd ¥
I:,ADHZ-S. cerevisiae |:,ADHZ-S_ bayanus PPCK1 ADHZS cerevisiae ADHZS bayanus
Tps2D p——L Tps2E —— Tps2A }J-{ Tps2F )J-{ Tps2G )-\
pCY01M_Tps2-A-D-E pCY02M_Tps2-F-G

ori_ | Amp’ |— URA3 |— 2u \"M TRP1 |~ 2 V
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1.8 Construction of plasmid pXW55-Tps1A for expression in S. cerevisiae

The cDNA of tps1A was amplified using primer pair Tps1A-Ndel-PmlI-F/R. pXW55-Tps1A
was constructed by assembling the intron-less tps1A DNA fragment to the Ndel/Pmll linearized
YEplac195-derived 2p expression plasmid (containing URA3 marker). The above fragment
assembly experiments were performed using the NEBuilder® HiFi DNA Assembly Cloning kit
(New England Biolabs) for propagation in E. coli DH10B. All plasmids were verified by
sequencing. Primers used for the amplification and cloning are listed in Table S4.

1.9 Construction of plasmid pCY02M-Tps1A-TpslH for expression in S. cerevisiae

The cDNA of tpslA and tpslH were amplified using primer pair TpslA-Pmel-Ppcki-
F/TpslA-Pmel-Teno2-R  and  Tps1H-Notl-PapHz-sb.-F/Tps1H-Notl-Teeii-R,  respectively.
pCY02M-Tps1lA-TpslH was constructed by assembling the intron-less tps1A and tpslH DNA
fragments to the Notl/Pmll linearized YEplacl12-derived 2p multiple expression plasmid
(containing TRP1 marker). The above fragment assembly experiments were performed using the
NEBuilder® HiFi DNA Assembly Cloning kit (New England Biolabs) for propagation in E. coli
DHI10B. All plasmids were verified by sequencing. Primers used for the amplification and cloning

are listed in Table S4.

1.10 Construction of plasmid pXWO02-Tps1D for expression in S. cerevisiae

The cDNA of tpslD was amplified using primer pair TpslD-pXWO02-Ndel-F/TpslD-
pXWO02-PmlI-R. pXWO02-Tps1lD was constructed by assembling the intron-less tpslD DNA
fragment to the Ndel/Pmll linearized YEplac195-derived 2 expression plasmid (containing LEU2
marker. The above fragment assembly experiments were performed using the NEBuilder® HiFi
DNA Assembly Cloning kit (New England Biolabs) for propagation in E. coli DH10B. All
plasmids were verified by sequencing. Primers used for the amplification and cloning are listed in
Table S4.

1.11 Construction of plasmid pXW55-Tps1A-D100A, pXW55-Tps1A-Y155A, pXW55-
TpslA-D215A, pXW55-Tps1A-D218A, pXW5H5-Tps1A-D222A for expression in S.
cerevisiae
An alanine residue was replaced with the corresponding amino acid residue on the mutants

Tps1A-D100A, TpslA-Y155A, TpslA-D215A, Tps1lA-D218A and TpslA-D222A. To construct

the Tps1A-D100A mutant, the overlapping region was amplified using Tps1A-D100A-F/TpslA-

PmlI-R and TpslA-Ndel-F/Tps1A-D100A-R. To construct the TpslA-Y155A mutant, the
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overlapping region was amplified using TpslA-Y155A-F/TpslA-PmlI-R and TpslA-Ndel-
F/TpslA-Y155A-R. To construct the Tps1A-D215A mutant, the overlapping region was amplified
using TpslA-D215A-F/Tps1A-Pmll-R and TpslA-Ndel-F/TpslA-D215A-R. To construct the
Tps1A-D218A mutant, the overlapping region was amplified using Tps1A-D218A-F/Tps1A-
PmII-R and TpslA-Ndel-F/ TpslA-D218A-R. To construct the TpslA-D222A mutant, the
overlapping region was amplified using TpslA-D222A-F/TpslA-PmlI-R and TpslA-Ndel-
F/Tps1lA-D222A-R. The above DNA fragments were assembled with the Pmll/Ndel-linearized
YEplac195-derived 2 expression plasmid (containing URA3 marker). The above fragments
assembly experiments were performed using NEBuilder® HiFi DNA Assembly Cloning kit (New
England Biolabs) for propagation in E. coli DH10B. Constructed plasmids were verified by
sequencing. The primers used for amplification and cloning are listed in Table S4.
1.12 Heterologous expression of point mutated Tps1A in S. cerevisiae

The mutant plasmids pXW55-Tps1A-D100A, TpslA-Y155A, TpslA-D215A, TpslA-
D218A, and Tps1A-D222A were transformed into the S. cerevisiae RCO1 strain (= BJ5464-NpgA
harboring AtCPR) by using frozen-EZ yeast transformation 11 kit™ (Zymo Research), respectively.
The transformants were inoculated into the corresponding 3 mL yeast synthetic drop-out medium
and incubated with shaking 230 rpm at 28 °C for 3 days. A 3 pL aliquot of the seed culture was
inoculated to 3 mL YPD medium (10 g/L yeast extract, 20 g/L peptone, 10 g/L glucose) and
cultured 28 °C, 230 rpm for 3 days. The cultures were harvested and separated into cells and
medium parts by centrifuge, respectively. The cells were extracted by acetone and concentrated in
vacuo. The extracts were then dissolved in MeOH and analyzed by LC-MS as described in
Chemical Analysis. For GCMS analysis, culture medium directly subjected to GCMS analysis
using the SPME method.
1.13 Construction of plasmids pCY01M-Tps2D-Tps2E-Tps2A, pCY02M-Tps2F-Tps2G

and pCY03M-Tps2B-Tps2C for expression in S. cerevisiae

The cDNA of the tps2 gene cluster was obtained by RT-PCR from the RNA of Antrodia
cinnamomea S27 and amplified using primer pairs, Tps2D-Xhol-PapHz-s.c-F/Tps2D-Xhol-T apHz-
R, Tps2E-Notl-PapH2-sb -F/Tps2E-Notl-Trgi1-R, and Tps2A-Pmel-Ppcki-F/Tps2A-Pmel-Tenoz-R
respectively. The pCY01M-Tps2D-Tps2E-Tps2A was constructed by assembling the intronless
tps2D, tps2E, and tps2A DNA fragments to the Xhol/Notl/Pmel linearized YEplac195-derived 2
multiple expression plasmid (containing URA3 marker). The cDNA of tps2F and tps2G was
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obtained by RT-PCR from the RNA of A. cinnamomea S27 and amplified using primer pairs,
Tps2G-Xhol-Paphz-s.c -F/Tps2G-Xhol-TapH2-R and Tps2F-Notl-PapHz-sb-F/Tps2F-Notl-Teei1-R,
respectively. pCY02M-Tps2G-Tps2F was constructed by assembling the intronless tps2G and
tps2F fragments, to the Xhol/Notl linearized YEplac112-derived 2p multiple expression plasmid
(containing TRP1 marker). The cDNA of tps2B and tps2C were obtained by RT-PCR from the
RNA of A. cinnamomea S27 and amplified using primer pairs, Tps2C-Xhol-PapHz-s.c-F/Tps2C-
Xhol-TapH2-R and Tps2B- Notl-Paph2-s. b-F/ Tps2B-Notl-Teci1-R respectively. pCYO03M-Tps2C-
Tps2B was constructed by assembling the intronless tps2B and tps2C DNA fragments to the
Xhol/Notl linearized YEplac195-derived 2p multiple expression plasmid (containing LEU2
marker). The above fragments were assembled using the NEBuilder HiFi DNA Assembly Cloning
kit (New England Biolabs) for propagation in E. coli DH10p. Constructed plasmids were verified
by sequencing. The primers used for amplification and cloning are listed in Table S5.
1.14  Construction of plasmid pXW55-Tps2A for expression in S. cerevisiae

The cDNA of tps2A was obtained by RT-PCR from the RNA Antrodia cinnamomea S27
and amplified using primer pair Tps2A-Ndel-PmlI-F/R. pCYO01-Tps2A was constructed by
assembling the intronless tps2A DNA fragment to the Ndel/Pmll linearized YEplac195-derived
2p expression plasmid (containing URA3 marker). The above fragment assembly experiments
were performed using the NEBuilder® HiFi DNA Assembly Cloning kit (New England Biolabs)
for propagation in E. coli DH10. All plasmids were verified by sequencing. Primers used for the
amplification and cloning are listed in Table S5.
1.15 Heterologous reconstitution of Tps2A gene cluster in S. cerevisiae

The tps2 whole gene cluster or tps2A was co-transformed into the S. cerevisiae RCO1 strain
(= BJ5464-NpgA harboring AtCPR)[1] by using frozen-EZ yeast transformation Il kit™ (Zymo
Research). The transformants were inoculated into the corresponding 2 mL yeast synthetic drop-
out medium and incubated with shaking 250 rpm 28 °C for two days. A 20 pL aliquot of the seed
culture was inoculated to 2 mL YPD medium (10 g/L yeast extract, 20 g/L peptone, 10 g/L glucose)
and cultured at 28 °C, 250 rpm for 3 days. The cultures were harvested and separated into cells
and medium parts by centrifuge, respectively. The cells were extracted by acetone and
concentrated in vacuo. The extracts were then dissolved in MeOH and analyzed by LC-MS as
described in Chemical Analysis. For GC-MS analysis, culture medium directly subjected to GCMS
analysis using the SPME method.
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1.16 Preparation of microsomal fractions of TpslA, Tps2A and TpslH from S. cerevisiae

A 2.5 mL aliquot of the S. cerevisiae RCO1 strain[2] harboring pXW55-Tps1A, pXW55-
Tps2A or pXWO02-Tps1H was inoculated to 500 mL of YPD medium (10 g/L yeast extract, 20 g/L
peptone, 10 g/L glucose) and was incubated for 3 days. The method of microsomal fraction was
modified from the reported method.[3] The cells were harvested by centrifugation (3750 rpm at 4
°C for 15 minutes), and the pellet was washed with 25 mL TES buffer (50 mM Tris—HCI, pH 7.5,
1 mM EDTA, 0.6 M sorbitol). The cell suspension was centrifuged (3750 rpm at 4 °C for 15
minutes), and resuspended in 25 mL of TES buffer with 10 mM B-mercaptoethanol followed by
incubation at room temperature for 10 minutes. The cells were centrifuged again (3750 rpm at 4
°C for 15 minutes) and resuspended in 5 mL extraction buffer and transferred into a 50 mL falcon
tube. The cells were disrupted by 0.5 mm dia. glass beads (BioSpec) manually handshaking at 4
°C for ten minutes at 30 seconds intervals separated by 30 seconds intervals on ice. The cell lysate
was transferred into a new falcon tube, and the remaining lysate on beads was washed by 5 mL
extraction buffer (50 mL TES buffer, 0.5 g bovine serum albumin, 2 mM 2-mercaptoethanol, 1
mM phenylmethylsulfonyl fluoride) and then combined. The cell debris was removed by
centrifugation (10,000 g at 4 °C for 20 minutes), and the microsomal fractions were obtained by
centrifugation (at 100,000 g for 70 minutes at 4 °C). The microsomal fractions were resuspended
in TEG-M buffer (50 mM Tris-HCI, pH 7.5, 1 mM EDTA, 20% glycerol, 1.5 mM 2-
mercaptoethanol) and stored at -80 °C.
1.17 Invitro assay of TpslA with substrate FPP

The reaction of Tps1A was performed on a 50 pL scale. The reaction mixture contained 100
mg/mL microsomal fractions of Tps1lA, 100 uM substrate farnesyl pyrophosphate, 5 mM MgCl.
and 100 mM Tris-HCI buffer (pH 8.0). The reactions were incubated for 16 hours at 30 °C. For
GCMS analysis, the reaction mixture was subjected to SPME analysis.
1.18 Invitro assay of yeast microsomal fractions with substrates 1, 2, and 3

The 50 uL reaction mixture contained 100 mg/mL yeast microsomal fractions, 100 uM of 1,

2 or 3, 2 mM NADPH, NADPH regeneration system (Corning Gentest™) (2.5 pL of solution A
and 0.5 pL of solution B), 5 mM MgCl, and 100 mM Tris-HCI buffer (pH 8.0). The reactions were
incubated for 16 hours at 30 °C and were then added by acetonitrile (100 uL).
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To analyze the generation of compound 4, 5 uL of MeOH was incubated with compound 2
with or without 100 mg/mL yeast microsomal fractions. The extracts were evaporated, dissolved
in acetonitrile, and analyzed by LC-MS. For GC-MS analysis, the reaction mixture was subjected
to SPME analysis.

1.19 Invitro assay of Tps1lH and Tps1D with compound 1

The 50 pL reaction mixture contained 100 mg/mL microsomal fractions of Tps1H, 10 uM
TpslD, 100 uM 1, 100 uM S-adenosyl methionine, 2 mM NADPH, NADPH regeneration
system (Corning Gentest™) (2.5 pL of solution A and 0.5 pL of solution B), 5 mM MgClz and
100 mM Tris-HCI buffer (pH 8.0). The reactions were incubated for 16 hours at 30 °C and were
then extracted by ethyl acetate (100 uL x 3). The extracts were evaporated, dissolved in
methanol, and analyzed by LC-MS.

1.19.1 Isolation of (+)-(S,Z)-a-bisabolene (1)

The S. cerevisiae strain harboring pXW55-Tps1A was cultivated on YPD (4 L) for 4 days
with constant shaking at 230 rpm at 28 °C. The cells were extracted with acetone six times. The
acetone extracts was concentrated in vacuo then partitioned with hexanes and water for six times,
and the hexanes part was concentrated in vacuo to give hexanes crude extracts (508.89 mg). The
resulting hexanes-soluble products were separated by silica gel 60 column (230—400 mesh, 2 x 20

cm) eluted with 100% hexanes to give compound 1 (4.27 mg, colorless oil), (Scheme S1).

S. ceravisiae expressed tps1A cultured for 4 days in shaking at 230 rpm at 28
°C (2 L conical flask contained 1 L YPD medium x 4)

cells and culture broth separated
by centrifuge at 3750 rpm for 15 min

medium cells

extract with acetone
500 mL x 6

partitioned with hexane
300 mL x 6
hexane extract

508.89 mg

silica gel column (25.0g, 60A, i.d=2.0 cm, L=20.0cm)
100% hexane

1
4.27 mg

Scheme S1. Separation process of compound 1 from tps1A expressed yeast culture.
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The S. cerevisiae strain harboring pXW55-Tps2A was cultivated on YPD (4 L) for 4 days

with constant shaking at 230 rpm at 28 9C. The cells were extracted with acetone six times. The
acetone extracts was concentrated in vacuo then partitioned with hexanes and water six times, and
the hexanes part was concentrated in vacuo to give hexanes crude extract (223.61 mg). The
resulting hexane-soluble products were separated by silica gel 60 column (230-400 mesh, 2 x 20

cm) eluted with 100% hexane to give compound 1 (2.50 mg, colorless oil), (Scheme S2).

S. ceravisiae expressed tps2A cultured for 4 days in shaking at 230 rpm at 28
°C (2 L conical flask contained 1 L YPD medium x 4)

cells and culture broth separated
by centrifuge at 3750 rpm for 15 min

medium cells

extract with acetone
500 mL x 6

partitioned with hexane
300 mL x 6

hexane extract
223.61 mg

silica gel column (25.0g, 60A, i.d=2.0 cm, L=20.0cm)
100% hexane

1
2.50 mg

Scheme S2. Separation process of compound 1 from tps2A expressed yeast culture.

1.19.2 Isolation of compounds 24
The S. cerevisiae strain harboring pXW55-Tps1A was cultivated on YPD (4 L) for 5 days

with constant shaking at 240 rpm at 28 OC. The cells part was extracted with acetone three times.
The acetone extract was concentrated in vacuo and the residual water was partitioned with hexanes
three times. The hexanes soluble part was concentrated in vacuo to give hexanes extracts (128.3
mg). The medium part was extracted with ethyl acetate three times. The ethyl acetate was
concentrated in vacuo to give the crude extracts (1.23 g). The crude extracts were further
partitioned with hexanes and methanol three times. The hexanes soluble part was concentrated in
vacuo to give the hexanes extracts (79.3 mg). The above two hexanes soluble extracts from cells

and medium extracts were combined and separated by silica gel 60 column (230-400 mesh, 2 x
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20 cm) eluted with 100% hexanes (200 mL), 5% acetone/hexanes (100 mL) and 20% acetone/
hexanes (200 mL) to give four fractions C1-C4. Fraction C2 was subjected to a semi-preparative
RP-C18 HPLC column (Luna®, 5 pm Phenyl-Hexyl 100 A , 250 x 10 mm) and eluted by 70%
methanol/water (0-18 min), 70-95% methanol/water (18-30 min), and 95% methanol/water (30—
60 min) with 1% formic acid at a flow rate of 1.0 mL/min to give compound 3 (4.5 mg, colorless
amorphous solid, R¢=21.0, PDA detector Am =252 nm), compound 2 (5.1 mg, colorless oil, R:
= 43.0 minutes, PDA detector Am = 207 nm), and compound 4 (1.8 mg, colorless oil, Rt = 32.5
minutes, PDA detector Am = 237 nm) (Scheme S3).

To characterize the compounds 2 and 3 from Tps2A, the S. cerevisiae strain harboring
pXW55-Tps2A was cultivated on YPD (2 L) for 5 days with constant shaking at 240 rpm at 28

OC. The cells were extracted with acetone three times. The acetone extract was concentrated in
vacuo and the residual water was partitioned with hexane three times; The hexane part was
concentrated in vacuo to give hexanes extracts (101.2 mg). The hexane extract was separated by
silica gel 60 column (230—400 mesh, 2 x 20 cm) eluted with 100% hexane (200 mL), 5% acetone:
hexane (100 mL), and 20% acetone:hexane (200 mL) to give three fractions E1-E3. Fraction E2
was subjected to a semi-preparative RP-C18 HPLC column (Luna®, 5 pm Phenyl-Hexyl 100 A |
250 x 10 mm) and eluted by 70% methanol:water (0—18 min), 70-95% methanol:water (18-30
min), and 95% methanol:water (30-60 min) with 1% formic acid at a flow rate of 1.0 mL/min to
give compound 3 (1.4 mg, colorless amorphous solid, Rt = 21.0, PDA detector Am = 252 nm) and
compound 2 (1.8 mg, colorless oil, R = 43.0 minutes, PDA detector Am = 207 nm) (Scheme S3).

17



S. ceravisiae expressed tps71A cultured for 5 days in shaking at 240 rpm at 28 °C

(2

L conical flask contained 1 L YPD medium x 4)

cells and culture broth separated by centrifuge at 3750 rpm for 15 minutes

medium

extracted with ethyl acetate
2Lx3

ethyl acetate crude extract
1.23g

partitioned with
hexane: methanol

cells

extract with acetone
2Lx3

acetone crude extract

partitioned with
hexane:water

methanol extract
1.049g

hexane extract hexane extract water extract
79.3 mg 128.3 mg 145.1 mg

combined hexane extract
207.6 mg

silica gel column (25.0g, 60A, i.d=2.0 cm, L=20.0cm)
100% hexane 200 mL

5% acetone: hexane 100 mL

20% acetone:hexane 200 mL

73.6 mg

C-2 Cc-3 c-4
52.0 mg 23.1mg 17.8 mg

RP-C18 HPLC

Luna® 5um,Phenyl-Hexyl 100A,250 x 10mm
PDA detector

18-30 min 70-95% methanol:water

30-60 min 95% methanol: water

in 1 % farmic acid

3
m/z 221.2 [M-H,O
4.5mg
R =21.0 min
Am =252 nm

2 4
+H]" m/z 203.2 [M-H,0+H]* m/z 253.2 [M+H]*
5.1mg 1.8 mg
Ry =43.0 min Ry =32.5 min
Am =207 nm Am =237 nm

Scheme S3. Separation process of compounds 2—4 from tps1A expressed yeast culture.

1.19.3 Isolation of compounds 5

The S. cerevisiae RCO01 strain harboring pCY02M-Tps1A-Tps1H and pXW02-Tps1lD was
cultivated on YPD (4L) for 4 days with constant shaking at 250 rpm at 28 °C. The cells were
extracted with acetone three times. The acetone extract was concentrated in vacuo, and the
resultant crude mixture was partitioned with hexanes and water three times. The hexanes soluble
part was concentrated in vacuo to give hexanes extracts (190.5 mg) and then separated by a silica
2 x 20 cm) eluted with 100% hexane (200 mL), 5%

acetone/hexanes (100 mL), and 20% acetone/hexanes (200 mL) to give four fractions (fractions

gel 60 column (230-400 mesh,

D1-D4). Fraction D3 was subjected to a semi-preparative RP-C18 HPLC column (Luna®, 5 pm

and 6
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Phenyl-Hexyl 100 A , 250 x 10 mm) and eluted by 70% methanol/water (0—40 min), 70-100%
methanol/water (40-50 min) and 100% methanol (50-60 min) with flow rate of 1.0 mL/min to
give compound 5 (4.3 mg, colorless oil, Rt = 31.0 minutes, PDA detector Am = 220 nm ) and
compound 6 (3.2 mg, yellow color oil, Rt=57.0 minutes, PDA detector Am = 225 nm) (Scheme
S4).

S. cerevisiae co-expressed {ps1A, tps1H and tps1D cultured for 5 days in shaking at 240 rpm at 28 °C
(2 L conical flask contained 1 L YPD medium x 4)

cells and culture broth separated by centrifuge at 3750 rpm for 15 minutes

medium cells

extracted with acetone
2Lx3

crude extract

partitioned with
hexane: water

hexane extract water extract
190.5 mg 110.2 mg

silica gel column (25.0g, 60A, i.d=2.0cm, L=20.0cm)
100% hexane 200 mL

5% Acetone: Hexane 100 mL

20% Acetone: Hexane 200 mL

D-1 D-2 D-3 D-4
23.5mg 32.0 mg 64.6 mg 124 mg
RP-C18 HPLC

Luna® 5um,Phenyl-Hexyl 100A, 250 x 10 mm
PDA detector

40-50 min 70-100% methanol:water

50-60 min 100% methanol:water

5 6
m/z 235.2 [M+H]* m/z 249.2 [M+H]*
4.3 mg 3.2mg
R;31.0 min R; 57.0 min
Am =220 nm Am =225 nm

Scheme S4. Separation process of compounds 5 and 6 from tps1A, tps1H, and tps1D co-
expressed yeast culture.
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S. ceravisiae expressed tps1A cultured for 1 days in shaking at 240 rpm at 28
°C (2 L conical flask contained 1 L YPD medium x 3)

cells and culture broth separated by centrifuge at 3750 rpm for 15 min

cells resuspend in YPD to obtain final volume 90 mL
30 mL of homogenized cells and 246.0 mg of 1—13C—CH3COONa (100 mM) cultured for 3 days in shaking at 240 rpm at 28 °C
(125 mL conical flasks x 3)

cells and culture broth separated by centrifuge at 3750 rpm for 15 min

medium cells

extract with acetone
2L x3

acetone crude extract

partitioned with
hexane:water

hexane extract water extract
58.5 mg 45.6 mg

silica gel column (25.0g, 60A, i.d=2.0 cm, L=20.0cm)
100% hexane 200 mL

5% acetone: hexane 100 mL

20% acetone:hexane 200 mL

G-1 G-2 G-3
3.2mg 15.9 mg 12.5mg

RP-C18 HPLC

Luna® 5um,Phenyl-Hexyl 100A,250 x 10mm
PDA detector

18-30 min 70-95% methanol:water

30-60 min 95% methanol: water

in 1 % farmic acid

3
m/z 221.2 [M-Hy,O+HJ*
1.1 mg
Ry =21.0 min
Am =252 nm

Scheme S3. Separation process of **C-labeled compound 3C-3 from tps1A expressed yeast culture.

1.20 Method for homologs identification, sequence clustering, and phylogenetic analysis
Homologs of Tps1A were identified with BLASTp[4] against NCBI nr database at
https://blast.ncbi.nlm.nih.gov/. A total of 1874 homologs with expected p values < E-10 were
identified and protein sequences were downloaded from the website. The homologs of Tps1A
were combined with Tps1A and Tps2B (total 1876 sequences) to build a database with which

each of the sequences was aligned to all in this database with BLASTp on in-house server.
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The expected p values calculated for each paired sequence alignment from BLASTp were
transformed by taking the logarithm in base 10 and subsequently negating the sign. The
transformed values are capped so that any E-value below 1e-200 is set to a maximum allowed edge
weight of 200. A data matrix of 1876 by 1876 with the transformed p values was used for sequence
clustering using Markov Cluster algorithm v14-137[5] with the inflation rate () set to 4.

One of the sequence clusters from MCL which contained 1077 homologs and included Tps1A
and Tps1B was considered for phylogenetic analysis. To further reduce the number of homologs,
the redundant or similar sequences with identity >0.7 were first grouped and the longest sequence
was chosen as the representative for the group using CD-hit at http://weizhong-
lab.ucsd.edu/cdhit_suite/cgi-bin/index.cgi.[6] A total of 460 homologs of TpslA (including 14

target proteins of interest) were used to build the phylogenetic tree with ETE3 v.3.1.2[7] using the
standard fasttree workflow and the default parameters (Clustal Omega v.1.2.1)[8] with default
parameters for multiple sequence alignment and FastTree v.2.1.8[9] for tree building). FastTree 2
is an approximately-maximum likelihood method and uses 1000 resamples to estimate the
reliability of each split with the Shimodaira-Hasegawa test on the three alternate topologies
(nearest-neighbor interchanges) around that split. Treeshrink v 1.3.7 (Mai et al. 2018) was used
with alpha equal to 0.1 to remove the outliers (seven) which had unrealistically long branch lengths
in the phylogenetic tree.

Final tree plot in the fan layout was generated with ggtree package in R v. 4.1.0 and the tree
branches were colored according to the phylum which the protein homolog is belong to, based on
the annotation from NCBI taxonomy database. The protein homologs missing the information of
phylum in the database were removed from the tree so that only 459 sequences were shown. The
phylogenetic tree was further trimmed down with Treemmer v. 0.3[10] to generate a simplified
tree (50 sequences) based on the clades found in the tree with pre-determined maximal number of

branches per clade.
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Supplementary Tables

Table S1. Deduced functions of genes within the #ps/ gene cluster.

tps1B

tps1C tps1D tps1E

tps1F

tps1G

tps1H tps1A tps1l tps1J

tps1K

tps1L

3O @D D h e

Antrodia cinnamomea S27, Scaffold 24

Protein

Gene name | SZ(9¢ nfl BLASTPb _ ldentity/ » |Conserved domain® Putative function®

name protein) homologs similarity (%)

tpslB TpsiB 576/191 TBU28072.1 65/81 ¢cl12078, cytochrome P450 cytochrome p450

tpslC TpsiC 969/322 EEB90673.1 58/78 cl33968 , carboxylesterase epoxide hydrolase

tpslD | TpslD | 870/289 | XP_007400083.1 63/74 pfam13649, adenosylmethionine-dependent methyltransferase
methyltransferase

tpslE TpslE 1071/356 XP_024339819.1 59/74 pfam07859, o/B-hydrolase o/B-hydrolase

tpslF TpslF THH19420.1 59/72 hypothetical protein hypothetical protein

tpslG TpslG 1584/527 BAK09392.1 71/83 ¢l12078, cytochrome P450 cytochrome p450

tps1lH TpsiH 1548/515 XP_007367894.1 67/81 ¢l12078, cytochrome P450 cytochrome p450

ips1A TpslA 948/315 KAF8273408.1 64/77 ((:g_}_(;SSBSSS) UbiA family of prenyltransferases UbiA prenyltransferase

tpsil Tpsll TFK73510.1 35/45 hypothetical protein hypothetical protein

tpsld | Tpsl) | 1173370 | XP_024339816.1 64/79  |COGO673, predicted dehydrogenase NAD-binding Rossmann fold

oxidoreductase

tps1K | TpslK | 1113/390 | TBU38724.1 52/70 COGO59, pimeloyl-ACP methyl ester o/B-hydrolase
carboxylesterase

tpslL TpslL 1029/342 XP_012183658.1 75/86 ¢l00470, aldo-keto reductase aldo/keto reductase

2Open reading frames were predicted by FGENESH (Softberry).
b Based on analysis by NCBI Blastp and Conserved Domain Search.
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Table S2. Deduced functions of genes within the tps2 gene cluster.

tps2B

tps2C

tps2D

tps2E tps2A tps2F

tps2G

G @ D H(G@

Antrodia cinnamomea S27, Scaffold 2

S:r?; Pr:::ﬁén S;%Egﬁgg/ hl?)bﬁlst;lc:;b simli(lj;rr:g/t)(/{%) T Conserved domain® Putative function®

tps2B Tps2B 1341/446 XP_012177243.1 70/80 pfam13532, 20G-Fe(ll) oxygenase 20G-Fe(Il) oxygenase superfamily
tps2C Tps2C 1590/529 PIL27185.1 60/75 ¢l12078, cytochrome P450 cytochrome P450

tps2D Tps2D 1530/509 EPS95741.1 65/80 ¢l12078, cytochrome P450 cytochrome P450/ hypothetical protein
tps2E Tps2E 1638/545 KZT01991.1 62/81 ¢l12078, cytochrome P450 cytochrome P450

tps2A | Tps2A | 906/302 TDL18470.1 65/76 ;f:ﬁjf;ngfk;'&fef?g%’ aos‘; . UbiA prenyltransferase

tps2F Tps2F 1008/335 EPS95742.1 54/71 hypothetical protein

tps2G Tps2G 1632/543 KZT01991.1 64/80 112078, cytochrome P450 cytochrome P450

2Open reading frames were predicted by FGENESH (Softberry).
® Based on analysis by NCBI Blastp and Conserved Domain Search.
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Table S3. Selected protein sequences of reported UbiA-type TPSs, the UbiA superfamily of intramembrane prenyltransferases and

integral membrane TPSs for phylogenetic analysis.

Protein name

Function

Accession number

Source

AtyB UbiA polyprenyltransferase KZ1L66378.1 Aspergillus sp. PSU-RSPG185
MpaA UbiA polyprenyltransferase AJG44379.1 Penicillium roqueforti
AscA UbiA prenyltransferase BBF25313.1 Acremonium egyptiacum
Pyr6 Polyprenyl transferase Q4WLDO0.2 Neosartorya fumigata
ApUDbiA 4-hydroxybenzoate polyprenyltransferase WP _148679072.1 Aeropyrum pernix
AfUDbIA 4-hydroxybenzoate polyprenyltransferase WP _010879665.1 Archaeoglobus fulgidus
Coq2 4-hydroxybenzoate octaprenyltransferase NP _014439.3 Saccharomyces cerevisiae
UbiA 4-hydroxybenzoate octaprenyltransferase WP_000455227.1 Enterobacteriaceae
AusN Polyprenyl transferase Q5AR21.1 Aspergillus nidulans
Fma-TC Fumagillin B-trans-bergamotene synthase M4VQY9.1 Aspergillus fumigatus
TpslA UbiA prenyltransferase KAF8273408.1 Antrodia cinnamomea
Tps2A UbiA prenyltransferase TDL18470.1 Antrodia cinnamomea
EriG diterpene cyclase ARE72244.1 Hericium erinaceus

StsC UbiA family prenyltransferase WP _010468024.1 Streptomyces somaliensis
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Table S4. Primers used f

or tps1 gene cluster study.

Antrodia cinnamomea S27, scaffold 24, tpsi gene cluster

Primer name

| Sequence (5'—3")

pCYO01M-Tps1B-Tps1C-

Tps1D-TpslE

Tps1B-Xhol-PapH2-s.c -
F

CTATTAACTATATCGTAATACACACTCGAGATGACAAGA
GTACCATTCTTTCGTGTC

Tps1B-XhoI-T apu2-R

CGTAAAGACATAAGAGATCCGCCTCGAGTCAGATGATC
CACCTTCTTCCGAATC

Tps1C-NotI-Papm2-s.5-F

CTCTATCCTCAAAATACAATACAAAGCGGCCGCATGAAC
CACTCAAACTACAAGGACC

Tps 1C-NotI-Tpgn-R

GGTATATATTTAAGAGCGATTTGTGCGGCCGCTTAGTTG
AGAGGCAAAGTCAGGATCC

Tps1D-Pmel-Ppcki-F

CTAATTATTCCATAATAAAATAACAACGTTTAAACATGTC
TACGAACGCCGAACTGAG

TpSlD—PmeI—TENoz—R

CTAATAATTCTTAGTTAAAAGCACTGTTTAAACTTATACA
ATCCTCTTGCGGGACCATG

TpS 1 E-SmaI-PMLs1-F

GTAAAAGCACATAAAAGAATTAAGAAACCCGGGATGGC
GCAGTATAGCCACCTC

TpS 1 E—SmaI—TTDHz -R

GTAACTTAAGGAGTTAAATCCCGGGTTATGACATCAGCA
ACAACCTGATCCC

pCY02M-Tps1G-Tps1H

-TpslA

Tps1G-Xhol-Paph2-s. -F

CTATTAACTATATCGTAATACACACTCGAGATGGTTGCAG
TCGATTCTCTGC

TpS 1 G-XhOI-TADHZ -R

CGTAAAGACATAAGAGATCCGCCTCGAGTTAGAGAGCT
TCAAGGATCACAGGG

Tps1H-Notl-PapH2-s.5 -
F

CTATCCTCAAAATACAATACAAAGCGGCCGCATGGAGG
GACTTCAAGCTATACCG

Tps1H-Notl-Tpgii-R

GGTATATATTTAAGAGCGATTTGTGCGGCCGCTCACATC
GCGCAATGCGCAG

TpslA-Pmel-Ppcki-F

CTAATTATTCCATAATAAAATAACAACGTTTAAACATGTC
TCCTCGCTATTCCGC

TpS 1 A-PmeI-TENoz -R

CTAATAATTCTTAGTTAAAAGCACTGTTTAAACTCAAAA
GGCAAGGAAACCTGTTCTG

pCYO03M-Tps1J-Tps1K-Tps1L

Tps1J-Xhol-PapmH2-s..c-F

CTATTAACTATATCGTAATACACACTCGAGATGGCACCC
ATCCGCTTAGG

Tps1J-XhoI-Tapm-R

GTAAAGACATAAGAGATCCGCCTCGAGTCACAAGACTA
CTTTCTTACCCTCCAATG

Tps1K-Notl-PapH2-s.5 -
F

CTCTATCCTCAAAATACAATACAAAGCGGCCGCATGGTG
TTCACTGCGACCATG

Tps1K-Notl-Teaii-R

GTATATATTTAAGAGCGATTTGTGCGGCCGCCTACGAAA
GACTTTCCAAGTAAGCCTG

TpS 1 L-PmeI-PPCK 1 -F

CTAATTATTCCATAATAAAATAACAACGTTTAAACATGTC
CGAACCAGTATTGGCTG

Tps1L-Pmel-Teno2-R

CTAATAATTCTTAGTTAAAAGCACTGTTTAAACTCAGAA
TCTGGGCGGCTGAGG

pXWO02-Tps1D

Tps1D-pXWO02-Ndel-F

AATCAACTATCAACTATTAACTATATCGTAATACCATATGT
CTACGAACGCCGAACTGAG
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Tps1D-pXWO02-PmlI-R

GGTGGTGGTGCACGTGTACAATCCTCTTGCGGGACCAT
G

pXWO02-Tps1H

Tps1H-pXWO02-Ndel-F

ATCAACTATCAACTATTAACTATATCGTAATACCATATGG
AGGGACTTCAAGCTATACCG

Tps1H-pXWO02-PmlI-R

GTGGTGGTGGTGGTGCACGTGTCACATCGCGCAATGCG
CAG

pXW55-TpslA

Tps1A-Ndel-F

ACCATATGTCTCCTCGCTATTCCGC

Tpsl A-pXW55-PmlI-R

TGCACGTGTCAAAAGGCAAGGAAACCTGTTCTG

pXW55-Tps1A-D100A, Y155A, D215A, D218A, D222A

TpslA-D100A-F

CAAGCAAGAGGGAAGAGTGAGGCCGCCTTAAACA
AACCATGGCGG

TpslA-D100A-R

CCGCCATGGTTTGTTTAAGGCGGCCTCACTCTTCCC
TCTTGCTTG

TpslA-Y155A-F

CATCCTCACGACGTTGCTCGCAGACGAGCTTGGCA
TGG

TpslA-Y155A-R

CCATGCCAAGCTCGTCTGCGAGCAACGTCGTGAGG
ATG

TpslA-D215A-F

CAGGCACAAGCGTTCCCCGACATCGAAGGAGAC

Tpsl1A-D215A-R

CTTCGATGTCGGGGAACGCTTGTGCCTGAATGGTA
GTG

TpslA-D222A-R

CACGACCCAAGGCCGCCGCTCCTTCGATGTCGGGG
AAG

TpslA-D100A-F

CAAGCAAGAGGGAAGAGTGAGGCCGCCTTAAACA
AACCATGGCGG

TpslA-D100A-R

CCGCCATGGTTTGTTTAAGGCGGCCTCACTCTTCCC
TCTTGCTTG

TpslA-Y155A-F

CATCCTCACGACGTTGCTCGCAGACGAGCTTGGCA
TGG
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Table S5. Primers used for tps2 gene cluster study.

Antrodia cinnamomea_S27- scaffold 2-tps2 gene cluster

Primer name

Sequence (5'—3")

pCYOIM-Tps2D-Tps2E-Tps2A

Tps2D-Xhol-PapH2-s.c-F

TAACTATATCGTAATACACACTCGAGATGATGGCCACGACA
GTCTATCTAC

Tps2D-XhoI—TADH2-R

GTAAAGACATAAGAGATCCGCCTCGAGTCAGGTGTCTTTG
CGAAGAAGCTC

Tps2E-Notl-Papn2-s.5 -F

CCTCAAAATACAATACAAAGCGGCCGCATGCAGACCTACA
CTATCATTGAAAGC

TpSZE—NOtI—TPGI 1-R

GTATATATTTAAGAGCGATTTGTGCGGCCGCCTATGTGCCT
GTTATCGGCCCG

TpsZA-PmeI-PPCK1 -F

CTAATTATTCCATAATAAAATAACAACGTTTAAACATGGCG
TCGAAGCGTACTTTC

TpsZA-PmeI-TENog -R

AATTCTTAGTTAAAAGCACTGTTTAAACTTAGAGAGCCAT
GAGATTCCACCGTG

pCYO02M-Tps2F-Tps2G

Tps2G-Xhol-PapH2-s.c -
F

CTATTAACTATATCGTAATACACACTCGAGATGGAGACCAT
GGCAATATTGAATGTG

TpSZG-XhOI-TADHQ-R

GTAAAGACATAAGAGATCCGCCTCGAGTCAGATGCTCTTC
ACCGGGCG

Tps2F-NotI-Paphz-s. 5-F

CCTCAAAATACAATACAAAGCGGCCGCATGACAGTATCAT
TGCAGAAGGCTG

Tpst -Notl-Tpgii-R

GTATATATTTAAGAGCGATTTGTGCGGCCGCTCAGACATGG
GATGCCTCCGTG

pCYO03M-Tps2B-Tps2C

Tps2C-Xhol-PapH2-s.c -F

CTATTAACTATATCGTAATACACACTCGAGATGGAACTGCT
CAATGAGACCCTAC

Tps2C-XhoI-TADH2-R

GTAAAGACATAAGAGATCCGCCTCGAGCTACAACTGATGC
AAATTCGAATCCTCAG

Tps2B- NotI-PapHz-s. »-F

CCTCAAAATACAATACAAAGCGGCCGCATGTCTTCAGCGA
CAACGACCC

Tps2B-Notl-Tpgii-R

TATATTTAAGAGCGATTTGTGCGGCCGCTCATGATACATTG
GTATTTACATCGAGGGTTG

pXW55-Tps2A

Tps2A-Ndel-F

CAACTATCAACTATTAACTATATCGTAATACCATATGGCGTC
GAAGCGTACTTTC

Tps2A-pXWS55-PmlI-R

GATGGTGATGGTGATGCACGTGGAGAGCCATGAGATTCCA
CCGTG
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Table S6. *H NMR (500 MHz) and *C NMR (125 MHz) and 2D NMR spectroscopic data of
(+)-(S,2)-a-bisabolene (1) in CDCls.

No Sy (mult, J in 8¢ (type) HMBC COSY NOESY
Hz)
lo 1.57 (m) 27.6 (CH>) 139.3, 134.0, 35.4,29.7 | 2.64,2.01, 2.64
1.92
1B 1.59 (m) 139.3,134.0,35.4,29.7 1.92
20, 2.01 (m) 30.8 (CHy) 134.0, 121.8 1.59
2B 1.92 (m) 134.0 1.57
3 134.0 (CH)
4 5.42 (m) 121.8 (CH) 35.4,30.8 2.70, 1.66 2.00, 1.83,
1.66
5a 1.83 (m) 29.7 (CH») 121.8 2.64 1.66
5B 2.00 (m) 5.07
6 2.64 (m) 35.4 (CH) 139.3,123.7,29.8, 2.00, 1.83,
27.6,19.4 1.57
7 139.3 (O)
8 5.09 (brt, 7.2) 123.7 (CH) 35.4,26.5,19.4, 2.70, 1.61 2.70, 1.61
9a 2.70 (m) 26.5 (CHy) 139.3,131.4, 123.7 5.08, 5.09
9b 2.70 (m) 139.3,131.4, 123.7
10 5.08 br (t, 7.2) 123.7 (CH) 354,178 2.70 2.70
11 131.4 (C)
12 1.68 (s) 25.9 (CH3) 131.4,123.7,17.8 5.08
13 1.61 (brs) 17.8 (CH3) 131.4,123.7,25.9 5.08
14 1.66 (s) 23.8 (CH3) 134.0, 121.8, 30.8 5.42
15 1.61 (brs) 19.4 (CH3) 139.3,123.7,354 5.09
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Table S7. Comparison of reported *H NMR (500 MHz) and *3C NMR (125 MHz) spectroscopic
data of (+)-(S,Z)-a-bisabolene (1).

Reference[11, 12] (in CDCls) In this study (in acetone-ds)

'"H NMR: 500MHz,'*C NMR 125MHz '"H NMR: 500MHz,'*C NMR 125MHz
Carbon Su (mult, J in Hz) éc Su (mult, J in Hz) e
number
la 1.60 (m) 27.7 (CHy) 1.57 (m) 27.6 (CHy)
1B 1.82 (m) 1.59 (m)
20 2.00 (m) 30.8 (CH») 2.01 (m) 30.8 (CHy)
2B 2.00 (m) 1.92 (m)
3 133.5 (O) 134.0 (CH)
4 5.46 (br s) 121.1 (CH) 5.42 (m) 121.8 (CH)
S 2.00 (m) 29.6 (CH») 1.83 (m)
5B 2.00 (m) 2.00 (m) 29.7 (CHa)
6 2.68 (m) 35.5 (CH) 2.64 (m) 35.4 (CH)
7 138.9 (O) 139.3 (O)
8 5.11 (brt, 7.0) 123.8 (CH) 5.09 (brt, 7.2) 123.7 (CH)
9a 2.72 (t,7.0) 26.4 (CH») 2.70 (m) 26.5 (CH»)
9b 2.72 (t,7.0) 2.70 (m)
10 5.13 (brt, 7.0) 123.8 (CH) 5.08 br (t,7.2) 123.7 (CH)
11 131.0 (O) 1314 (O)
12 1.69 (s) 25.7 (CH3) 1.68 (s) 25.9 (CHs)
13 1.62 (s) 17.6 (CH3) 1.61 (s) 17.8 (CH3)
14 1.66 (s) 23.6 (CH3) 1.66 (s) 23.8 (CH3)
15 1.62 (s) 19.2 (CH3) 1.61 (s) 19.4 (CH3)
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Table S8. *H NMR (500 MHz) and **C NMR (125 MHz) and 2D NMR spectroscopic data of 2

in acetone-ds.

A

No | du(mult, JinHz) |dc(type) |HMBC CoSY NOESY

1 |1.58 (m) 28.2 (CH,) |134.1,36.2,30.2 2.65,2.09,1.94  |1.94

20 [2.09 (m) 31.1 (CH,) 1.94,1.58

2B [1.94 (m) 134.1,121.6, 36.2, 23.7 2.09, 1.58 1.65,1.63, 1.58
3 134.1 (C)

4 [5.40 (brs) 121.6 (CH) |134.1,36.2,31.1, 30.2, 22.8 1.82,1.63 2.01,1.82,1.63
Sa [2.01 (m) 2.65,1.82,1.63  [5.40, 2.65

5B [1.82 (br.d, 17.0) 30.2 (CH,) [134.1,121.6,36.2, 28.2 2.65, 2.01 5.40

6 [2.65(m) 36.2 (CH) |142.1,120.7,30.2, 28.2, 19.5 2.65,1.82,201 [2.01

7 142.1 (C)

8 [5.20 (brtd, 7.4, 1.1) [120.7 (CH) |142.1, 64.0,58.0, 36.2, 28.0, 19.5 |2.24,1.65 1.65

9 [2.24 (m) 28.0 (CH,) |142.1,121.6, 64.0, 58.0 2.63, 1.65 2.63,1.24

10 [2.63 (t, 6.3) 64.0 (CH) |142.1,121.6, 58.0, 28.0, 25.0 2.24 2.24,1.24,1.23
11 58.0 (C)

12 |1.24 (s) 18.9 (CHs) |64.0,58.0, 25.0 2.63, 2.24

13 |1.23 (s) 25.0 (CHs) |64.0,58.0, 18.9 2.63

14 |1.63 (br.s) 23.7 (CHs) [134.1,121.6,31.9 5.40, 2.01 5.40, 1.94

15 |1.65 (br.s) 19.5 (CHs) |142.1, 120.7, 36.2 5.20, 2.24 5.20, 1.94, 1.83
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Table S9. *H NMR (500 MHz) and *3C NMR (125 MHz) and 2D NMR spectroscopic data of 3 in

acetone-ds.

CH3
No |dn (mult, J in Hz) oc (type) |HMBC COosYy NOESY
1 |1.56 (m) 28.3 (CH,) |134.0. 36.1, 31.2, 30.3 2.66,2.05, 1.94 |2.66, 2.05, 1.94
2a [2.05 (m) 31.2 (CH,) |134.0, 121.8 1.94, 156 1.56
26 |1.94 (m) 134.0, 121.8, 36.1 2.05, 1.56 1.62, 1.56
3 134.0 (C)
4 [5.39 (brs) 121.8 (CH)|36.1, 31.2, 30.3, 23.7 202,184,162 |184, 1.62
Sa [2.02 (m) 134.0, 1218 5.39, 2.66, 1.84
SB |1.84 (brd, 17.3)  |30.3 (CHz) |134.0, 121.8, 36.1 5.39, 2.66, 2.02 |5.39, 2.02, 1.62
6 |2.66 (m) 36.1 (CH) 13063’ 124.1,31.2,30.3,283, 1507 1.84,156 |2.36,2.02, 1.84, 1.56
7 140.3 (C)
8 |5.30 (brt, 7.0) 124.1 (CH)|140.3, 36.1, 30.4, 19.6 236,202,162 |2.36,2.02, 1.62
9a |2.36 (br.dd, 14.8, 7.0) [30.4 (CH,) |140.3, 124.1, 79.5, 72.7, 196 |5.30, 2.02, 1.62 |5.30, 2.66
9b [2.02 (m) 140.3, 124.1, 79.3, 72.7
10 [3.28 (dd, 10.1, 25) |79.5 (CH) |124.1, 72.7, 30.4, 25.8, 25.4 2.36, 2.02 2.36,2.02, 1.13
11 727 (C)
12 |1.13(s) 254 (CHz) |79.5, 72.7, 25.8 3.28
13 |1.13(s) 258 (CHz) |79.5, 72.7, 25.4 3.28
14 |1.62 (br.s) 237 (CHy) [134.0, 121.8, 31.2 5.39,5.30, 2.36 |5.39, 5.30, 1.94, 1.84
15 |1.62 (br.s) 19.6 (CH3) |140.3, 124.1, 36.1 5.39, 5.30, 2.36 |5.39, 5.30, 1.94, 1.84
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Table S10. Comparison of reported *H NMR (500 MHz) and *3C NMR (125 MHz) spectroscopic
data of (-)-(S,2)-10,11-dihydroxy-bisabolene (3)[13].

Reference[13] (in CDCls) In this study (in acetone-ds)

'"H NMR: 500MHz,'*C NMR 125MHz 'H NMR: 500MHz,3C NMR 125MHz
Carbon Sy (mult, J in Hz) éc Su (mult, J in Hz) éc
number
la 1.53 (m) 27.5 (CHy) 1.54 (m) 283 (CH)
1B 1.58 (m) 1.57 (m)
20 2.05 (m) 30.5(CHy) | 2.04 (m) 31.1 (CHy)
28 1.92 (m) 1.94 (m)
3 133.8 (C) 134.0 (C)
4 5.38 (m) 120.8 (CH) | 5.38 (brs) 121.8 (CH)
50 2.02 (m) 29.9 (CH) 1.84 (m) 29.9 (CH)
5p 1.80 (m) 1.81 (m)
6 2.60 (m) 35.4 (CH) 2.65 (sept, 5.5) 36.1 (CH)
7 143.5 (C) 1403 (C)
8 5.18 (dd, 7.3, 7.0) 120.9 5.9 (1, 7.0) 124.1 (CH)
9a 2.20 (m) 29.8 (CHa) 2.34 (m) 30.4 (CHa)
9 2.16 (m) 2.01 (m)
10 3.36 (dd,8.9, 4.0 77.9 (CH) 3.8 (dd,10.0,2.4) | 79.5 (CH)
11 72.6 (C) 727 (C)
12 1.16 (s) 23.7 (CH3) 1.14 (s) 25.3 (CH3)
13 122 (s) 26.6 (CHs) 1.15 (s) 25.7 (CH3)
14 (CH) 1.62 () 23.7 (CH3)
15 1.66 (s) 19.5 (CHs) 1.61 (s) 19.5 (CH)
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Table S11. *H NMR (500 MHz) and **C NMR (125 MHz) and 2D NMR spectroscopic data of 4

in acetone-de

NO |on (mult, Jin Hz) | oc (type) |HMBC COSY NOESY
1 [1.57 (m) ?gﬁz) 134.0,30.1 2.65 2.05,1.94 |2.65 2.05,1.94
20 [2.05 (m) ?éii) 1.94,1.57 157
26 [1.94 (m) 134.0, 121.9 2.05, 1.57 162,157
3 134.0 (C)
121.9
4 |5.39 (brs) of)  |361.312.237 200, 1.84,1.62 |1.62
Sa [2.00 () 1340, 121.9 283 539 2,65, 184 |2.65
5p [1.84 (br.d, 16.2) ?coﬁz) 134.0,121.9, 28.3 5.39,2.65,2.00  |2.65, 1.62
6 |2.65(m) 36.1 (CH) |140.6, 124.2, 31.2, 30.0, 28.3,19.6  |2.00, 1.84, 1.57 ig? 1.94,1.84,
7 140.6 (C)
124.2
8 [5.30 (br.t, 7.4) o) |777.361,301,196 233197162 |1.62
233 (brdd, 151, |30.1
% |77 Chy  [1406.1242,778,77.7,106 5.30,3.36,1.97 |2.65
9 [1.97 (m) 140.6, 124.2, 77,8, 77.7 5.30, 3.36, 2.33 igg 2.65,1.12,
10 [3.36 (dd, 9.9, 1.9) |77.7 (CH) |124.1, 7.8, 21.1, 20.1 i'gg’ 197,112, 14 97,112, 1.09
1 778 (C)
201
12 [1.09 (s) Chy |78 777211 3.36 3.17,1.97
13 [1.12 (s) ?éi-lb) 77.8,77.7,20.1 3.36,3.17, 1.97
237 1406, 134.0 124.0,121.9 777, 539 530, 1.94,
14 [1.62 (br.s) iy |3 3. 5.39, 5.30 >
196 1406, 134.0 124.0,121.9 777, 539 530, 1.94,
15 [1.62 (br.s) oy |36 301 5.39. 5.30 >
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Table S12. *H NMR (500 MHz) and **C NMR (125 MHz) and 2D NMR spectroscopic data of 5

in methanol-ds.

No [ow(mult, Jin Hz) | dc(type) |HMBC cosY NOESY
1o |1.66 (M) 28.1 (CH2) |31.0 ig 241,219, 1y 75 219, 157
18 |L57 (m) 35.9,31.0, 26.0 272,247,219, g 6
20 |2.19 (m) 26.0 (CH,) [140.8, 131.5, 28.2, 35.9 247,166,157  |1.66
28 |2.47 (m) 171.1, 140.8, 131.5, 35.9, 28.1 |2.19, 1.66, 157  |1.63
3 1315 (C)
4 [7.02(m) 140.8 (CH)|171.1, 132.0, 35.9, 31.0, 260 |2.21, 2.07 2.20
5 [2.20 (m) 31.0 (CH,) |140.8, 131.5, 35.9, 28.1 7.02,2.72 7.02
6 |2.72 (m) 359 (CH) |139.0,360,31.0,281,19.2 |2.20,1.66,157 |1.66
7 139.0 (C)
8 |5.16 (brtd, 7.3, 1.3) |125.6 (CH)|124.5, 35.9, 27.3, 19.2 271, 1.63 271, 1.63
9 [2.71 (m) 273 (CH,) |139.0, 132.0, 124.5 5.16, 5.07 5.16, 1.63
10 |5.07 (m) 124.5 (CH)|125.6, 27.3, 25.9, 17.8 271,168 1.62 |2.71
11 132.0 (C)
12 |1.62 (br.s) 17.8 (CHy) |132.0, 124.5, 25.9 5.07
13 |1.68 (brs) 259 (CHy) |132.0, 1245, 17.8 5.07 5.07
1711
14 (CHs)
15 |1.63 (br.s) 19.2 (CHy) |139.0, 125.6, 35.9 5.16 5.16, 2.47, 2.71
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Table S13. *H NMR (500 MHz) and **C NMR (125 MHz) and 2D NMR spectroscopic data of 6

in acetone-ds.

3C

No |5k (mult, J in Hz) dc(type) |HMBC cosy NOESY
la [1.67 (m) 27.6 (CHo) |35.2, 30.5 2.74,2.46,157  [2.46,2.14, 157
1B [1.57 (m) 35.2,30.5,25.5 2.74,2.46, 1.67 2.46, 1.67
20 [2.14 (m) 25.5 (CHy) |167.7, 140.0, 130.7, 35.2, 27.6 |6.96, 2.46 2.74,2.46, 1.67
2B [2.46 (m) 167.7, 140.0, 130.7, 35.2, 27.6 |2.14,1.57 2.14,1.67,1.63,1.57
3 130.7 (C)
4 (6.96 (m) 140.0 (CH)|167.6, 130.7, 35.2, 30.5, 25.5  [2.20, 2.14 3.70,2.74, 2.14
5 12.20 (m) 30.5 (CHy) |140.0, 130.7, 35.2, 27.6 6.96, 2.14 2.74,1.63
6 74 B2CH) 1505 305,216,255, 101 |15 |ierLes
7 138.5 (C)
8 [5.15 (br.td, 7.3, 1.3) [125.2 (CH)|124.3, 35.2, 26.9, 19.1 2,72,1.63 272,163

2.72 (m) 26.9 (CHy) |138.5, 131.5, 124.3 5.15,5.08 5.15, 5.08
10 [5.08 (m) 124.3 (CH)|125.2, 25.8, 17.7 2.72,1.66 2.72,161
11 131.5 (C)
12 [1.61 (br.s) 17.7 (CHs) |131.5, 124.3 5.08
13 [1.66 (br.s) 25.8 (CH3) |131.5, 124.3, 17.7 5.08

167.7

14 (CHs)
15 [1.63 (br.s) 19.1 (CHs) [138.5, 125.2, 35.2 5.15,2.74 5.15, 2.74, 2.46, 2.20
15' 3.70 (s) 51.6 (CHs) |167.7, 130.7 6.96
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Supplementary Figures

A i. S.c. coexpressing {ps1 whole gene cluster (fps71A-L)
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Figure S1. GC-MS analysis of yeast transformants (A) (i) S. cerevisiae co-expressing tpsl whole
gene cluster (tps1A-tps1L), (ii) S. cerevisiae co-expressing tps1A + tps1G-tpslL, (iii) S. cerevisiae
co-expressing tps1A + tpslB-tpslH, (iv) S. cerevisiae co-expressing tpslA + tpslG—tpsiH +
tps1D-tps1E, (V) S. cerevisiae co-expressing tps1A + tpslD, and (vi) S. cerevisiae co-expressing
tps1A + tpslD + tpslH; (B) (i) S. cerevisiae co-expressing tps2 whole gene cluster (tps2A-tps2G),
(i) S. cerevisiae co-expressing tps2A + tps2D-tps2G, (iii) S. cerevisiae co-expressing tps2A +

tps2D—tps2E.
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Figure S2. LC-MS analysis of yeast transformants, (A) (i) S. cerevisiae control (ii) S. cerevisiae
co-expressing tpsl whole gene cluster (tps1A-tpslL), (iii) S. cerevisiae co-expressing tpslA, (iv)
S. cerevisiae co-expressing tpsl1A + tpslH, (v) S. cerevisiae co-expressing tps1A + tpslD + tpslH;
(B) (i) S. cerevisiae control (ii) S. cerevisiae co-expressing tps2 whole gene cluster (tps2A-tps2G),
and (iii) S. cerevisiae co-expressing tps2A.
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Figure S3. GC-MS analysis of yeast transformants, (i) S. cerevisiae expressing tpsl1A, (ii) S.
cerevisiae co-expressing tpslA + GGPPS, (iii) S. cerevisiae expressing tps2A, (iv) S. cerevisiae
co-expressing tps2A + GGPPS.
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Figure S4. G

C-MS analysis of in vitro assay with (i) 100 mg/mL, (ii) 50 mg/mL, (iii) 10 mg/mL

and (iv) 5 mg/mL Tps1lA microsomal fraction + FPP.
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Figure S5. Amino acid sequences alignment of Tps1lA, Tps2A, UbiA-type terpene synthases and
UbiA prenyltransferases (ApUbiA and AfUbiA). Red squares show the putative active site motifs
of TpslA-like terpene synthases.
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Figure S6. Protein structure prediction and analysis of Tpsl1A. (A) Transmembrane helices
prediction of Tps1A with the Phobius server (https://phobius.sbc.su.se/). (B) Homology model of
Tps1A generated with Phyre2 protein fold recognition server (www.sbg.bio.ic.ac.uk/ phyre2/)
based on the top hit, Aeropyrum pernix k1 4-hydroxybenzoate octaprenyltransferase (PDB_ID
c40d5C), as template. (C) Predicted Tps1A structure by AlphaFold[14] and simulated substrate
binding by AutoDock Vina.[15] The docked substrates are farnesyl pyrophosphate (FPP) (color:
salmon) and nerolidyl pyrophosphate (NPP) (color: slate). Magnesium metal ions are shown in
green. The transmembrane region (color: violet) of the protein is based on the transmembrane

regions predicted by Phobious.
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A Phobius posterior probabilities for UNNAMED

FT TOPO_DOM 1 11 CYTOPLASMIC.
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Posterior label probability
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Homology model based on template c40d5C:
4-hydroxybenzoate octaprenyltransferase, a UbiA
homolog from Aeropyrum pernix k1

260 residues (86% of (tps2A) 302 residues protein
sequence, aligned region shown above) have been
modelled with 100.0% confidence by the single highest
scoring template.

Figure S7. Protein structure prediction and analysis of Tps2A. (A) Transmembrane helices
prediction of Tps2A with the TMHMM server (www.chs.dtu.dk/servicessTMHMM/), showing
seven transmembrane helices. (B) Homology model of Tps2A generated with Phyre2 protein fold
recognition server (www.shg.bio.ic.ac.uk/ phyre2/) based on the top hit, Aeropyrum pernix k1 4-
hydroxybenzoate octaprenyltransferase (PDB_ID c40d5C), as template.
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Figure S8. GC-MS spectra of unlabeled and *3C-labeled compounds 1, 2 and 3.
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Figure S9. SDS-PAGE analysis of purified Tps1D (27.9 kDa).
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Figure S10. LCMS analysis of (i) boiled Tps1H and Tps1D with 1; (ii) Tps1H and Tps1D with
1.
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Figure S11. Phylogenetic analysis of Tps1lA, Tps2A, other UbiA-type TPSs, integral membrane
TPSs and UbiA prenyltransferases.
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Figure S14. HSQC spectrum (CDCls, 500 MHz) of 1 from Tps1A.
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Figure S15. HMBC spectrum (CDCl3, 500 MHz) of 1 from Tps1A.
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Figure S16. COSY spectrum (CDCls, 500 MHz) of 1 from Tps1A.
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Figure S17. NOESY spectrum (CDClIs, 500 MHz) of 1 from Tps1A.
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Figure S18. *H-NMR spectrum (CDCls, 500 MHz) of 1 from Tps2A.
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Figure S19. *3C-NMR, DEPT135 and DEPT90 spectra (CDCls, 125 MHz) of 1 from Tps2A.
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Figure S21. 3C-NMR, DEPT135, and DEPT90 spectra spectrum (acetone-ds, 125 MHz) of 2 from tps1A expressed yeast culture.
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Figure S22. HSQC spectrum (acetone-ds, 500 MHz) of 2 from tps1A expressed yeast culture.
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Figure S23. HMBC spectrum (acetone-ds, 500 MHz) of 2 from tps1A expressed yeast culture.
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Figure S24. COSY spectrum (acetone-ds, 500 MHz) of 2 from tps1A expressed yeast culture.
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Figure S25. NOESY spectrum (acetone-de, 500 MHz) of 2 from tps1A expressed yeast culture.
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Figure S26. *H-NMR spectrum (acetone-ds, 500 MHz) of 3 from tps1A expressed yeast culture.
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Figure S27. 3C-NMR, DEPT135, and DEPT90 spectra (acetone-ds, 125 MHz) of 3 from tps1A expressed yeast culture.
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Figure S28. HSQC spectrum (acetone-ds, 500 MHz) of 3 from tps1A expressed yeast culture.
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Figure S29. HMBC spectrum (acetone-ds, 500 MHz) of 3 from tps1A expressed yeast culture.
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Figure S30. COSY spectrum (acetone-ds, 500 MHz) of 3 from tps1A expressed yeast culture.
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Figure S31. NOESY spectrum (acetone-de, 500 MHz) of 3 from tps1A expressed yeast culture.
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Figure S33. 3C-NMR and DEPT135 spectra (acetone-ds, 125 MHz) of 4 from tps1A expressed yeast culture.
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Figure S34. HSQC spectrum (acetone-ds, 500 MHz) of 4 from tps1A expressed yeast culture.
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Figure S35. HMBC spectrum (acetone-ds, 500 MHz) of 4 from tps1A expressed yeast culture.
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Figure S36. COSY spectrum (acetone-ds, 500 MHz) of 4 from tps1A expressed yeast culture.
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Figure S37. NOESY spectrum (acetone-ds, 500 MHz) of 4 from tps1A expressed yeast culture.
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Figure S38. HSQC spectrum (MeOD, 500 MHz) of 5.

73



RH 20210416_TC15-mz 235_MeOD
HMBC
CD30D
L ppm

— 0% a0 8 £ 20
JE— ® ‘@“ o ° 5 or. 80 50

RE— 4] ® o O o
e . E 40
% E 50
= 60
= 70
= 80
= 90
=100
£ 110
£ 120

0 ©
J— o o Wwo ;130
— Qo b - 140
£ 150
160
_ o =170
E
0]
T T T T T T T T T T T T

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 ppm

Figure S39. HMBC spectrum (MeOD, 500 MHz) of 5.
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Figure S40. COSY spectrum (MeOD, 500 MHz) of 5.
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Figure S45. HMBC spectrum (acetone-ds, 500 MHz) of 6.
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Figure S48. COSY spectrum (acetone-ds, 500 MHZz) of 6.
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Figure S49. NOESY spectrum (acetone-ds, 500 MHz) of 6.
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Figure S50. *H-NMR spectrum (acetone-ds, 500 MHz) of *C-labeled 3.
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Figure S51. 3C-NMR spectrum (acetone-ds, 125 MHz) of *C-labeled 3.
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A (+)-(S,2)-a-bisabolene (1), HRMS (EI) m/z: [M]* Calcd. for C15H24, m/z 204.1878;
Found 204.1877

[ Mass Spectrum |

Data 120210622 Compound 12 MW204-HR-002  Date: 22-un-202111:27
Sample : Compound 12 MW204

Note : 70V

lon Mode - El+

RT:0.38min  Scan# :(58)

Elements: € 1000/0, H 1000/0

Mass Tolerance - 50mmu

Unsaturation {US) : -0.5 - 1000.0

(%]
119668 2041877
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60
40 155.1785
169.1848
20
o miz
150 160 170 180 190 200 210 220 230 240 250
Observed m/iz Int% Err{ppm / mmu] U.5. Composition
1 204.1877 100.00 0.5 / -0.1 4.0 C15 H24
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931
260000
140000
204.2
1191
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e | Il | |
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Figure S46. (A) HRMS and (B) EI-MS spectra of 1.
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A (9)-(S5,2)-10,11-epoxy-bisabolene (2), HRMS (EI) m/z: [M]* Calcd. for C15H2:0, m/z
220.1827; Found 220.1827

[ Molecular Formula |

Data: 20210622 Compound 16 MW220-HR-001  Date : 22-Jun-2021 11:44
Instrument : JMS-700

Sample : Compound 16 MW220

Note : 70V

lon Mode - El+

RT:1.23min  Molecular Formula : C15 H24 0
Elements: G 10000, H 1000/0,01/1
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Unsaturation (U, : 0.5 - 1000.0
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Figure S47. (A) HRMS and (B) EI-MS spectra of 2.
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A (-)-(S,2)-10,11-dihydroxy-bisabolene (3), HRMS (ESI nanospray) m/z: [M+Na]*

Calcd. for C1sH2602Na, m/z 261.1830; Found 261.1837

Monoisotopic Mass, Even Electron lons
4 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used

C:0-500 H:0-1000 O:2-2 Na: 11
20210622_Compound 15_MW238 34 (0.310) Cm (34)
TOF MS ES+

261.1837 55
2
262.1707 257 1785
217.0762
182 1540
1931384 503 1741 e 263.1835 277"326179:8&1333 e 341,201 2481521
187 0776 ) 21 1814 200047 21580 ) ’ 11330 3040575 3182300 sn g7
| 11 |||I I AT I||I||| A |ﬁ|| I||| L LALLLL ll!i\ JULLL L |J|| I-lh. miz
B B L s L e L b
180 180 200 210 220 230 240 250 260 270 280 290 300 310 320 30 0 350
Minimum -1.5
Maxi mum 5.0 20,0 1000.0
Mass Calc. Mass  nDa PRI DBE Formula
261.1837  261.1831 0.6 2.3 2.5 Cl5 H26 02 MNa
20200522_SPME_Standard_m/z239-compound 15
Abundance
119.0
30004
105.0
1341
6000
4000
1 145.1
1581
20004
170.0 1871
202.0
0 |||| || | |||I||| | |||II||| |H||II|||IH|||I|||| TN || [ ,
L e o e o o L L I B T e e T T B A
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Figure S48. (A) HRMS and (B) EI-MS spectra of 3.
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A (-)-(5,2)-10-hydroxy-11-methoxy-bisabolene (4), HRMS (ESI nanospray) m/z:
[M+Na]* Calcd. for C16H2802Na, m/z 275.1987; Found 275.1987.

Monoisotopic Mass, Even Electron lons

4 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:0-500 H:0-1000 O:2-2 Na:1-1

20210622_Compound 17_MW252 415 (3.600) Cm (395:432-27:35)

OF MS ES+ 261 1880
foA
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-
208.0001
221.0496 245.1523
238.1402 273109 | 77472 209.1352
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I 231.1343 245 6621 2% Zi Ll \
|1 1]1. " Llj.l.ld_ll] il K_ “l erlill Jl 28 |
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T T T 1 t ' T T
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Minimum -1.5
Maximum 5.0 100.0 1000.0
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Figure S49. (A) HRMS and (B) EI-MS spectra of 4.
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A (-)-(S,2)-14-bisabolenoic acid (5), HRMS (EI) m/z: [M]* Calcd. for C15H2,02, m/z
234.1620; Found 234.1623

[ Mass Spectrum |
Data: 20200617_Compound3_m2235-HA-001  Date: 17-Jun-2020 11:45
Sample : Compound3_mz235

Nete : 70eV.

lon Mode : El+

RI:047min  Scané:3

Elements : C 1000/0, 1 100070, 0 2/2

Mass Tolerance  : 50mmu t
Unssturation (U) :-0.5 - 1000.0
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Figure S50. (A) HRMS and (B) EI-MS spectra of 5.
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A (9)-(S,2)-14-bisabolenoic methyl ester (6) HRMS (El) m/z: [M]" Calcd. for C16H240,

m/z 248.1776; Found 248.1776

[ Mass Spectrum ]

Data : 20210416_Compound 14_mz249-HR-004  Date : 16-Apr-2021 17:37
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Figure S51. (A) HRMS and (B) EI-MS spectra of 6.
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Positive mode: [M+H]* 205.4
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Figure S52. UV and MS spectra and [a]o? of compounds 1, 2 and 3 (a: Tps1 and b: Tps2).
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Positive mode: [M+H]* 253.2
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Figure S53. UV and MS spectra and [a]p? of compounds 4, 5 and 6.
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