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Figure S1. Sequence similarity network of TSs (IPR034686) from bacteria at an e-value threshold of 10-
70.1 Functionally characterized TSs are colored (green, C10; orange, C11; magenta, C15; blue, C20) and 
their major products are shown. AlbS is shown as blue with yellow border. Related to Fig. 2. 

 

  



 
 

Figure S2. Sequence alignment. Residues are colored based on conservation (red box with white residue 
shows identity, red residue similarity, and blue frame similarity across groups). The alignment was 
created with ClustalW2 and rendered with ESPript.3 The conserved DDxxD, NSE, and WxxxxxRY motifs 
are labeled with purple, brown, and light blue boxes. Residues targeted for mutation are highlighted by 
black arrows. Accession numbers of proteins are given in the methods section.  

  



 
 

Figure S3. SDS-PAGE of purified AlbS and mutants. AlbS, with its His tag, is 46.5 kDa. Samples shown 
below are elutions from Ni-NTA affinity chromatography. Y214A, W336A, W336H, F94A, H114T, F329A, 
Y214W, and Y214I were insoluble. F94W, H114A, Y214L, and Y214H were sparingly soluble but not 
active. 
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Figure S4. EIMS of β-elemene (3). The fragmentation and retention index (RI = 1398) matched the 
literature (RI = 1390).4 
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Figure S5. EIMS of shyobunol (4). The fragmentation and retention index (RI = 1521) matched the 
literature (RI = 1521).5 
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Figure S6. EIMS of elemol (5). The fragmentation and retention index (RI = 1558) matched the literature 
(RI = 1549).4 
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Figure S7. EIMS of trans-nerolidol (6). The fragmentation and retention index (RI = 1567) matched the 
literature (RI = 1563).4 
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Figure S8. EIMS of epi-a-cadinol (7). The fragmentation and retention index (RI = 1632) matched the 
literature(RI = 1640).4 
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Figure S9. EIMS of albireticulene (1). (top) 1; (middle) 11-2H-1; (bottom) 1,11-2H2-1. 
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Figure S10. 1H NMR spectrum of albireticulene (1) in toluene-d8 (600 MHz). 

  



 
 

Figure S11. 13C NMR spectrum of albireticulene (1) in toluene-d8 (151 MHz). 

 

  



 
 

Figure S12. HSQC spectrum of albireticulene (1) in toluene-d8. Blue cross peaks represent –CH or –CH3; 
orange represent –CH2.  

  



 
 

Figure S13. HMBC spectrum of albireticulene (1) in toluene-d8 (600 MHz). 

  



 
 

Figure S14. COSY spectrum of albireticulene (1) in toluene-d8 (600 MHz). 

  



 
 

Figure S15. TOCSY spectrum of albireticulene (1) in toluene-d8. 

  



 
 

Figure S16. IPAP-HMBC NMR spectra of albireticulene (1) in toluene-d8. 1D traces of 3J(H-2,C-20) (top) and 
3J(H-6,C-19) (bottom) coupling constants supporting the C-2/C-3 and C-6/C-7 alkenes are E configurations. 

  



 
 

Figure S17. IPAP-HMBC NMR spectra of the minor conformer of albireticulene (1) in toluene-d8. 1D trace 
of 3J(H-6,C-19) coupling constant support the C-6/C-7 alkene is E configuration. 

  



 
 

Figure S18. 1H NMR spectrum of albireticulene (1) in benzene-d6 (600 MHz). 

  



 
 

Figure S19. 13C NMR spectrum of albireticulene (1) in benzene-d6 (151 MHz). 

 

  



 
 

Figure S20. HSQC spectrum of albireticulene (1) in benzene-d6. Blue cross peaks represent –CH or –
CH3; orange represent –CH2.  

  



 
 

Figure S21. HMBC spectrum of albireticulene (1) in benzene-d6 (600 MHz). 

  



 
 

Figure S22. COSY spectrum of albireticulene (1) in benzene-d6 (600 MHz). 

  



 
 

Figure S23. HPLC-UV analysis of the conversion of 1 into 8 and 9. Related to Fig. 3D. 

  



 
 

Figure S24. 1H NMR spectrum of gersemiene A (8) in chloroform-d (600 MHz). 

  



 
 

Figure S25. 13C NMR spectrum of gersemiene A (8) in chloroform-d (151 MHz). 

 

  



 
 

Figure S26. HSQC spectrum of gersemiene A (8) in chloroform-d. Blue cross peaks represent –CH or –
CH3; orange represent –CH2.  

  



 
 

Figure S27. HMBC spectrum of gersemiene A (8) in chloroform-d (600 MHz). 

  



 
 

Figure S28. COSY spectrum of gersemiene A (8) in chloroform-d (600 MHz). 

  



 
 

Figure S29. 1D TOCSY spectrum of gersemiene A (8) in chloroform-d (600 MHz) with selective excitation 
of H-14; mixing time = 120 ms. 

  



 
 

Figure S30. 1D NOESY spectrum of gersemiene A (8) in chloroform-d (600 MHz) with selective excitation 
of C-19; mixing time = 300 ms. 

  



 
 

Figure S31. 1D traces of 3J(H-2,C-19) and 3J(H-14,C-10) coupling constants from IPAP-HMBC NMR spectrum of 
gersemiene A (8) in chloroform-d. 

 

  



 
 

Figure S32. 1D traces of 3J(H-2,C-10), 3J(H-12eq,C-10), and 3J(H-8eq,C-10) coupling constants from IPAP-HMBC 
NMR spectrum of gersemiene A (8) in chloroform-d. 

 

  



 
 

Figure S33. 1D traces of 3J(H-14,C-12) and 3J(H-10,C-12) coupling constants from IPAP-HMBC NMR spectrum 
of gersemiene A (8) in chloroform-d. 

 

  



 
 

Figure S34. 1H NMR spectrum of gersemiene B (9) in chloroform-d (600 MHz). 

  



 
 

Figure S35. 13C NMR spectrum of gersemiene B (9) in chloroform-d (151 MHz). 

 

  



 
 

Figure S36. HSQC spectrum of gersemiene B (9) in chloroform-d. Blue cross peaks represent –CH or –
CH3; orange represent –CH2.  

  



 
 

Figure S37. HMBC spectrum of gersemiene B (9) in chloroform-d (600 MHz). 

  



 
 

Figure S38. COSY spectrum of gersemiene B (9) in chloroform-d (600 MHz). 

  



 
 

Figure S39. 1D TOCSY spectrum of gersemiene B (9) in chloroform-d (600 MHz) with selective excitation 
of H-1 (top; mixing time = 120 ms), H-14 (middle; mixing time = 120 ms), and H-2 (bottom; mixing time = 
140 ms). 

 

  



 
 

Figure S40. 1D NOESY spectrum of gersemiene B (9) in chloroform-d (600 MHz) with selective excitation 
of C-19; mixing time = 300 ms. 

  



 
 

Figure S41. EIMS of gersemiene A (8).  
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Figure S42. EIMS of gersemiene B (9).  
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Figure S43. 1H NMR spectrum of 10 in chloroform-d (600 MHz). 

  



 
 

Figure S44. 13C NMR spectrum of 10 in chloroform-d (151 MHz). 

 

  



 
 

Figure S45. HSQC spectrum of 10 in chloroform-d. Blue cross peaks represent –CH or –CH3; orange 
represent –CH2.  

 

  



 
 

Figure S46. HMBC spectrum of 10 in chloroform-d (600 MHz). 

 

  



 
 

Figure S47. COSY spectrum of 10 in chloroform-d (600 MHz). 

 

  



 
 

Figure S48. 1D selective gradient TOCSY spectrum of 10 in chloroform-d (600 MHz) with selective 
excitation of H-6. 

 

  



 
 

Figure S49. 1D NOESY spectrum of 10 in chloroform-d (600 MHz) with selective excitation of H-6; mixing 
time = 300 ms. 

  



 
 

Figure S50. 1D NOESY spectrum of 10 in chloroform-d (600 MHz) with selective excitation of Me-19; 
mixing time = 300 ms. 

  



 
 

Figure S51. 1H NMR spectrum of the (S)-MTPA ester of 10 (11) in chloroform-d (600 MHz).  

  



 
 

Figure S52. 13C NMR spectrum of the (S)-MTPA ester of 10 (11) in chloroform-d (151 MHz). 

 

  



 
 

Figure S53. HSQC spectrum the (S)-MTPA ester of 10 (11) in chloroform-d. Blue cross peaks represent 
–CH or –CH3; orange represent –CH2.  

 

  



 
 

Figure S54. HMBC spectrum of the (S)-MTPA ester of 10 (11) in chloroform-d (600 MHz). 

 

  



 
 

Figure S55. COSY spectrum of the (S)-MTPA ester of 10 (11) in chloroform-d (600 MHz). 

 

  



 
 

Figure S56. 1H NMR spectrum of the (R)-MTPA ester of 10 (12) in chloroform-d (600 MHz). 

  



 
 

Figure S57. 13C NMR spectrum of the (R)-MTPA ester of 10 (12) in chloroform-d (151 MHz). 

 

  



 
 

Figure S58. HSQC spectrum of the (R)-MTPA ester of 10 (12) in chloroform-d. Blue cross peaks 
represent –CH or –CH3; orange represent –CH2.  

 

  



 
 

Figure S59. HMBC spectrum of the (R)-MTPA ester of 10 (12) in chloroform-d (600 MHz). 

 

  



 
 

Figure S60. COSY spectrum of the (R)-MTPA ester of 10 (12) in chloroform-d (600 MHz). 

 

  



 
 

Figure S61. HPLC-UV analysis of the AlbS mutant reactions with GGPP. Absorbance was detected at 
210 nm. Related to Fig. 3. 

  



 
 

Figure S62. 1H NMR spectrum of prenylgermacrene A (14) in benzene-d6 (600 MHz). 

  



 
 

Figure S63 13C NMR spectrum of prenylgermacrene A (14) in benzene-d6 (151 MHz). 

 

  



 
 

Figure S64. HSQC spectrum of prenylgermacrene A (14) in benzene-d6. Blue cross peaks represent –CH 
or –CH3; orange represent –CH2.  

 

  



 
 

Figure S65. HMBC spectrum of prenylgermacrene A (14) in benzene-d6 (600 MHz). 

 

  



 
 

Figure S66. COSY spectrum of prenylgermacrene A (14) in benzene-d6 (600 MHz). 

 

  



 
 

Figure S67. 1D NOESY spectrum of prenylgermacrene A (14) in benzene-d6 with selective excitation of 
H-12; mixing time = 300 ms. 

  



 
 

Figure S68. EIMS of prenylgermacrene A (14).  
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Figure S69. Possible conformations of prenylgermacrene A (14). The conformers are denoted as UU, 
UD, DU, and DD in reference to the U (up) and D (down) orientations of the C-19 and C-20 methyl groups 
on the 10-membered ring. Based on the olefinic signals of H-2 and H-6 (Figs. S62, 64, and 65, Table S9) 
and previous calculations for 10-membered sesquiterpenes,6–9 we predict that 14 is present in its UU 
(major) and UD (minor) conformers. 
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Figure S70. Known diterpenes related to prenylgermacrene A (14).   
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Figure S71. 1H NMR spectra 1,1-2H2-IPP and 1R-2H-GGPP in D2O (600 MHz) to assess purity.  

  



 
 

Figure S72. Comparison of the 1H NMR spectra of 1 (bottom), 11-2H-1 (middle), and 1,11-2H2-1 (top) in 
benzene-d6 (600 MHz). Incubation of AlbS with unlabeled GGPP, 1R-2H-GGPP, and 1,1-2H2-GGPP gave 
1, 11-2H-1, and 1,11-2H2-1, respectively. Related to Fig. 5A. 

  



 
 

Figure S73. Proposed mechanisms forming 3–7 from incubation of AlbS with FPP. The 10-membered 
monocyclic products undergo thermal Cope rearrangement during GC-MS analysis. 
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Figure S74. EIMS of benditerpetriene (2). (top) 2; (middle) 1-2H-2; (bottom) 1,11-2H2-2. 
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Figure S75. Comparison of the 1H NMR spectra of 2 (bottom), 1-2H-2 (middle), and 1,11-2H2-2 (top) in 
benzene-d6 (600 MHz). The spectra of 2 and 1,11-2H2-2 were previously reported.10 Related to Fig. 5A. 

  



 
 

Figure S76. Comparison of the 1H-13C HSQC spectra of 2 (bottom), 1-2H-2 (middle), and 1,11-2H2-2 (top) 
in benzene-d6 (600 MHz). The spectra of 2 and 1,112H2-2 were previously reported.4 Related to Fig. 5A. 

  



 
 

Table S1. Strains used in this study 
Strain Description Source (Reference) 

E. coli NEB Turbo Host for general cloning New England Biolabs 
E. coli BL21 Star (DE3) Host for high-level protein production Invitrogen 
Streptomyces albireticuli 

NRRL B-1670 
Used for isolation of genomic DNA for albS 

amplification NRRL 

 

Table S2. Plasmids used in this study 
Plasmid Description Source (Reference) 
pET28a Plasmid for heterologous expression in E. coli Novagen 

pCDF-Duet General plasmid for cloning Novagen 

pJR1064 

pET28a-MKI4: pET28a harboring kinases Ec-ThiM 
and At-IPK, Ec-idi, and GGPP synthase (bnd3). 

Ribosome binding sites were inserted before each 
gene. 

(11) 

pJR1064b pCDF-MKI4: pCDF-Duet harboring the pJR1064 
genes This study 

pJR1002 pET28a harboring albS (12) 
pJR1071 pET28a harboring albS (D121A) This study 
pJR1072 pET28a harboring albS (D121E) This study 
pJR1073 pET28a harboring albS (E185A) This study 
pJR1074 pET28a harboring albS (E185D) This study 
pJR1075 pET28a harboring albS (Y178A) This study 
pJR1076 pET28a harboring albS (Y214A) This study 
pJR1077 pET28a harboring albS (W336A) This study 
pJR1078 pET28a harboring albS (W336H) This study 
pJR1079 pET28a harboring albS (Y343A) This study 
pJR1080 pET28a harboring albS (F94A) This study 
pJR1081 pET28a harboring albS (F94W) This study 
pJR1082 pET28a harboring albS (H114A) This study 
pJR1083 pET28a harboring albS (H114T) This study 
pJR1084 pET28a harboring albS (F329A) This study 
pJR1085 pET28a harboring albS (F329M) This study 
pJR1086 pET28a harboring albS (Y214W) This study 
pJR1087 pET28a harboring albS (Y214I) This study 
pJR1088 pET28a harboring albS (Y214L) This study 
pJR1089 pET28a harboring albS (Y214H) This study 

 

  



 
 

Table S3. Primers used in this study 
Name Sequence (5´–3´) Purpose 

118_F CAGCAAATGGGTCGCGGATCCATGAAG
GGGATTCCGATGGG albS or mutant amplification for 

protein expression in E. coli 
119_R CTCGAGTGCGGCCGCAAGCTTTCAAGC

GGCGGGTTCCCGGA 

D121A_F GGTCTGGATGGCCGATCGAATGGACCG
TAAAGCTGCCATC AlbS mutagenesis for D121A 

D121A_R TTACGGTCCATTCGATCGGCCATCCAGA
CCGACCAGTGGT 

D121E_F GGTCTGGATGGAAGATCGAATGGACCG
TAAAGCTGCCATC 

AlbS mutagenesis for D121E 
D121E_R TTACGGTCCATTCGATCTTCCATCCAGA

CCGACCAGTGGT 

E185A_F TCATCTCGCAAGGCGGTCAAAGCCCGG
GACGGTATGGATC AlbS mutagenesis for E185A 

E185A_R GTCCCGGGCTTTGACCGCCTTGCGAGA
TGATGCCCCGTAC 

E185D_F TCATCTCGCAAGGACGTCAAAGCCCGG
GACGGTATGGATC 

AlbS mutagenesis for E185D 
E185D_R GTCCCGGGCTTTGACGTCCTTGCGAGA

TGATGCCCCGTAC 

Y178A_F CCATGCGAATGGCCGGGGCATCATCTC
GCAAGGAGGTCAAAGCCC 

AlbS mutagenesis for Y178A 
Y178A_R TGCGAGATGATGCCCCGGCCATTCGCA

TGGTCTGAACGAA 

Y178F_F CCATGCGAATGTTCGGGGCATCATCTCG
CAAGGAGGTCAAAGCCC AlbS mutagenesis for Y178F 

Y178F_R TGCGAGATGATGCCCCGAACATTCGCAT
GGTCTGAACGAA 

Y214A_F ATGCCCGTGGCCCACACGGTGGCCGAC
TGGGTCTCGCGCG 

AlbS mutagenesis for Y214A 
Y214A_R CCAGTCGGCCACCGTGTGGGCCACGGG

CATCGCCGCGGAC 

Y214F_F ATGCCCGTGTTCCACACGGTGGCCGAC
TGGGTCTCGCGCG AlbS mutagenesis for Y214F 

Y214F_R ATGCCCGTGTTCCACACGGTGGCCGAC
TGGGTCTCGCGCG 

W336A_F GGCGGGGTCAACCACGCGAGCAATCAC
ACCTGCCGGTACC 

AlbS mutagenesis for W336A 
W336A_R GGTGTGATTGCTCGCGTGGTTGACCCC

GCCGGCGAACTGG 

W336H_F GGCGGGGTCAACCACCACAGCAATCAC
ACCTGCCGGTACC AlbS mutagenesis for W336H 

W336H_R GGTGTGATTGCTGTGTGGTTGACCCCG
CCGGCGAACTGG 



 
 

Y343A_F CAATCACACCTGCCGGGCCCTCGTCGG
ACAATCCCTGGTG 

AlbS mutagenesis for Y343A 
Y343A_R TGTCCGACGAGGGCCCGGCAGGTGTGA

TTGCTCCAGTGGT 

Y94A_F GTGGGAGGCGCCGTTTCCTGGGTCTAT
CCCGACGCCACCG AlbS mutagenesis for Y94A 

Y94A_R GGGATAGACCCAGGAAACGGCGCCTCC
CACGTCCTCGCGC 

Y94W_F GTGGGAGGCTGGGTTTCCTGGGTCTAT
CCCGACGCCACCG 

AlbS mutagenesis for Y94W 
Y94W_R GGGATAGACCCAGGAAACCCAGCCTCC

CACGTCCTCGCGC 

H114A_F ACCGACTGGGCCCACTGGTCGGTCTGG
ATGGACGATCGAA AlbS mutagenesis for H114A 

H114A_R CATCCAGACCGACCAGTGGGCCCAGTC
GGTCAGGGCCCTG 

H114T_F ACCGACTGGACCCACTGGTCGGTCTGG
ATGGACGATCGAA 

AlbS mutagenesis for H114T 
H114T_R CATCCAGACCGACCAGTGGGTCCAGTC

GGTCAGGGCCCTG 

F329A_F GGGCCCTGCGCCAGGCCGCCGGCGGG
GTCAACCACTGGAG 

AlbS mutagenesis for F329A 
F329A_R TGACCCCGCCGGCGGCCTGGCGCAGG

GCCCCGGCGTAGCG 

F329M_F GGGCCCTGCGCCAGATGGCCGGCGGG
GTCAACCACTGGAG AlbS mutagenesis for F329M 

F329M_R TGACCCCGCCGGCCATCTGGCGCAGGG
CCCCGGCGTAGCG 

Y214W_F ATGCCCGTGTGGCACACGGTGGCCGAC
TGGGTCTCGCGCG 

AlbS mutagenesis for Y214W 
Y214W_R CCAGTCGGCCACCGTGTGCCACACGGG

CATCGCCGCGGAC 

Y214I_F ATGCCCGTGATACACACGGTGGCCGAC
TGGGTCTCGCGCG AlbS mutagenesis for Y214I 

Y214I_R CCAGTCGGCCACCGTGTGTATCACGGG
CATCGCCGCGGAC 

Y214L_F ATGCCCGTGCTACACACGGTGGCCGAC
TGGGTCTCGCGCG 

AlbS mutagenesis for Y214L 
Y214L_R CCAGTCGGCCACCGTGTGGATCACGGG

CATCGCCGCGGAC 

Y214H_F ATGCCCGTGCACCACACGGTGGCCGAC
TGGGTCTCGCGCG AlbS mutagenesis for Y214H 

Y214H_R CCAGTCGGCCACCGTGTGGTGCACGGG
CATCGCCGCGGAC 

 

  



 
 

Table S4. 1H NMR (600 MHz) and 13C NMR (151 MHz) spectroscopic data and key 2D NMR correlations 
for albireticulene (1).a 

 

No. 
1b  1c 

δC δH  δC δH 
1, CH 45.7 1.98 (br, 1H)  47.1 2.07 (br, 1H) 
2, CH 135.7 4.79 (br, 1H)  136.3 4.81 (br, 1H) 
3, qC 127 –  133.0 – 

4, CH2 39.6 2.04 (br, 1H),  
1.88 (br, 1H)  40.6 2.05 (br, 1H),  

1.93 (br, 1H) 

5, CH2 26.2 2.17 (br, 1H), 2.00 (br, 
1H)  26.8 2.20 (br, 1H),  

2.00 (br, 1H) 
6, CH 126.4 4.74 (br, 1H)  127.4 4.79 (br, 1H) 
7, qC 137.7 –  138.3 – 

8, CH2 41.3 2.36 (br, 1H),  
1.98 (br, 1H)  42.3 2.35 (br, 1H),  

1.97 (br, 1H) 

9, CH2 34.6 1.80 (br, 1H),  
0.94 (br, 1H)  35.6 1.80 (br, 1H),  

1.01 (br, 1H) 
10, CH 49.1 1.11 (br, 1H)  50.4 1.11 (br, 1H) 
11, CH 36.8 1.04 (br, 1H)  37.5 1.09 (br, 1H) 

12, CH2 29.5 1.46 (br, 2H)  30.7 1.44 (br, 1H),  
1.08 (br, 1H) 

13, CH2 38.1  2.03 (br, 1H),  
1.59 (br, 1H)  28.5 1.63 (br, 1H),  

1.45 (br, 1H) 
14, CH 45.7 2.25 (br, 1H)  46.4 2.29 (br, 1H) 
15, qC 146.5 –  147.8 – 

16, CH2 112.5 5.04 (br, 1H),  
4.88 (br, 1H)  113.1 4.98 (br, 1H),  

4.86 (br, 1H) 
17, CH3 25.9 1.66 (s, 3H)  26.3 1.68 (s, 3H) 
18, CH3 21.9 1.04 (br, 3H)  22.4 0.98 (d, J = 5.9, 3H) 
19, CH3 16.8 1.39 (s, 3H)  17.3 1.444 (s, 3H) 
20, CH3 16.3 1.42 (s, 3H)  17.0 1.446 (s, 3H) 

a d in ppm, J in Hz 
b NMR taken in toluene-d8 
c NMR taken in benzene-d6 
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Table S5. Computational NMR chemical shifts of 1 compared to the experimentally obtained values [ 
SMD(Benzene)-mPW1PW91/6-311+G(2d,p)//B3LYP/6-31+G(d,p)]. The mean absolute deviations 
(MADs) from the experimentally obtained 13C and 1H chemical shifts are 1.3 and 0.1 ppm, respectively. 

No. 
Absolute Deviation (ppm) 

δC δH 
1, CH 0.1 0.0 (br, 1H) 
2, CH 0.4 0.1 (br, 1H) 
3, qC 2.1 - 

4, CH2 0.5 0.1 (br, 1H) 
0.1 (br, 1H) 

5, CH2 0.4 0.0 (br, 1H) 
0.1 (br, 1H) 

6, CH 0.6 0.0 (br, 1H) 
7, qC 3.0 - 

8, CH2 0.1 0.0 (br, 1H) 
0.0 (br, 1H) 

9, CH2 0.1 0.1 (br, 1H) 
0.0 (br, 1H) 

10, CH 1.4 0.0 (br, 1H) 
11, CH 1.7 0.1 (br, 1H) 

12, CH2 2.4 0.0 (br, 1H) 
0.2 (br, 1H) 

13, CH2 0.5 0.0 (br, 1H) 
0.1 (br, 1H) 

14, CH 1.7 0.2 (br, 1H) 
15, qC 3.0 - 

16, CH2 2.1 0.3 (br, 1H) 
0.1 (br, 1H) 

17, CH3 0.2 0.1 (s, 3H) 
18, CH3 2.3 0.0 (d, 3H) 
19, CH3 1.2 0.0 (s, 3H) 
20, CH3 1.5 0.0 (s, 3H) 

MAD 1.3 0.1 
  



 
 

Table S6. 1H NMR (600 MHz) and 13C NMR (151 MHz) spectroscopic data and key 2D NMR correlations 
for 8 and 9.a 

 

No. 
8b 

No. 
9b 

δC δH δC δH 
1, CH 40.7 1.52 (m, 1H) 1, CH 42.6 1.57 (m, 1H) 
2, CH 52.2 1.88 (d, J = 11.6, 1H) 2, CH 46.3 2.12 (d, J = 11.6, 1H) 
3, qC 149.2 – 3, qC 138.1 – 

4, CH2 39.1 2.22 (eq, d, J = 12.0 1H), 
1.87 (ax, m, 1H) 4, CH 124.9 5.44 (m, 1H) 

5, CH2 25.1 1.63 (m, 2H)  5, CH2 22.7 2.00 (m, 2H)  

6, CH2 42.6 1.35 (eq, m, 1H),  
1.23 (ax, m, 1H)  6, CH2 39.1 1.37 (ax, m, 1H),  

1.22 (eq, m, 1H)  
7, qC 36.8 – 7, qC 35.3 – 

8, CH2 41.2 1.45 (eq, m, 1H),  
1.17 (ax, m, 1H)  8, CH2 41.1 1.50 (eq, m, 1H),  

1.197 (ax, m, 1H)  

9, CH2 25.5 1.74 (eq, m, 1H),  
1.03 (ax, m, 1H) 9, CH2 25.5 1.75 (eq, m, 1H),  

1.05 (ax, m, 1H) 
10, CH 42.8 1.28 (m, 1H) 10, CH 43.2 1.37 (m, 1H) 
11, CH 38.3 1.18 (m, 1H) 11, CH 38.8 1.19 (m, 1H) 

12, CH2 31.4 1.47 (eq, m, 1H),  
1.38 (ax, m, 1H) 12, CH2 31.2 1.47 (eq, m, 1H),  

1.33 (ax, m, 1H) 

13, CH2 30.6 1.70 (eq, m, 1H),  
1.60 (ax, m, 1H) 13, CH2 30.8 1.80 (eq, m, 1H),  

1.60 (ax, m, 1H) 
14, CH 39.5 2.92 (s, 1H) 14, CH 42.5 2.82 (m, 1H) 
15, qC 148.3 – 15, qC 147.4 – 
16, CH2 112.9 4.83 (s, 1H), 4.80 (s, 1H) 16, CH2 113.6 4.93 (m, 1H), 4.90 (m, 1H) 
17, CH3 26.7 1.74 (s, 3H) 17, CH3 26.6 1.76 (s, 3H) 
18, CH3 20.2 0.92 (dd, J = 6.4, 3H) 18, CH3 20.5 0.91 (dd, J = 6.4, 3H) 
19, CH3 17.8 0.74 (s, 3H) 19, CH3 19.4 0.74 (s, 3H) 
20, CH2 106.6 4.88 (s, 1H), 4.42 (s, 1H) 20, CH3 23.4 1.85 (s, 3H) 

a d in ppm, J in Hz 
b NMR taken in CDCl3  
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Table S7. 1H NMR (600 MHz) and 13C NMR (151 MHz) spectroscopic data and key 2D NMR correlations 
for 10.a 

 

No. 
10b 

δC δH 
1, CH 40.2 1.57 (m, 1H) 
2, CH 49.1 1.81 (d, J = 11.6, 1H) 
3, qC 146.9 – 
4, CH2 35.9 2.20 (eq, m, 1H), 1.95 (ax, m, 1H) 
5, CH2 32.9 1.87 (ax, m, 1H), 1.52 (eq, m, 1H) 
6, CH 79.7 3.36 (dd, J = 11.5, 4.9, 1H) 
7, qC 40.7 – 
8, CH2 36.9 1.91 (eq, m, 1H), 1.07 (ax, m, 1H) 
9, CH2 25.1 1.81 (eq, m, 1H), 0.97 (ax, m, 1H) 
10, CH 42.4 1.25 (m, 1H) 
11, CH 38.2 1.17 (m, 1H) 
12, CH2 31.2 1.47 (eq, m, 1H), 1.36 (ax, m, 1H) 
13, CH2 30.5 1.68 (eq, m, 1H), 1.60 (ax, m, 1H) 
14, CH 39.6 2.90 (s, 1H) 
15, qC 148 – 
16, CH2 113.1 4.82 (s, 1H), 4.77 (s, 1H) 
17, CH3 12.1 1.7 (s, 3H) 
18, CH3 20.2 0.92 (d, J = 6.4, 3H) 
19, CH3 26.6 0.71 (s, 3H) 
20, CH2 108.1 4.93 (s, 1H), 4.49 (s, 1H) 

a d in ppm, J in Hz 
b NMR taken in CDCl3 
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Table S8. 1H NMR (600 MHz) spectroscopic data for 11 and 12.a 

No. 
11b 12b ΔδSR 
δH δH ppm Hz 

1 1.572 1.563 +0.009 +5.4 
2 1.956 1.953 +0.002 +1.2 
17 0.76 0.76 0 0 
8 1.696 1.566 +0.13 +78 
 1.153 1.073 +0.08 +48 
9 1.772 1.731 +0.041 +24.6 
 0.917 0.882 +0.035 +21 

10 1.253 1.241 +0.012 +7.2 
11 1.156 1.146 +0.01 +6 
12 1.477 1.473 +0.004 +2.4 
 1.358 1.355 +0.003 +1.8 

13 1.710  1.706  +0.004 +2.4 
 1.596 1.595 +0.001 +0.6 

14 2.875 2.874 +0.001 +0.6 
18 0.911 0.898 +0.013 +7.8 
19 1.715 1.715 0 0 
20 4.840 4.840 0 0 
 4.763 4.762 +0.001 +0.6 
6 4.83 4.871 -0.041 -24.6 
4 2.233 2.268 -0.035 -21 
 2.030 2.054 -0.024 -14.4 
5 2.012 2.055 -0.043 -25.8 
 1.576 1.708 -0.132 -79.2 

16 4.960 4.980 -0.02 -12 
 4.526 4.538 -0.012 -7.2 

a d in ppm, J in Hz 
b NMR taken in CDCl3 
  



 
 

Table S9. 1H NMR (600 MHz) and 13C NMR (151 MHz) spectroscopic data and key 2D NMR correlations 
for 14.a 

 

No. 
14 (conformer a)b 

No. 
14 (conformer b)b 

δC δH δC δH 
1, CH2 34.9 2.21 (br, 1H), 2.16 (br, 1H) 1, CH2 34.9 2.17 (br, 1H), 2.03 (br 1H) 
2, CH 132.2 4.66 (m, 1H) 2, CH 126.1 5.13 (m, 1H) 
3, qC 129.0 – 3, qC 129.0 – 
4, CH2 40.0 2.10 (br, 1H), 1.90 (br, 1H) 4, CH2 37.6 2.10 (br, 1H), 2.07 (br, 1H) 
5, CH2 27.1 2.20 (br, 1H), 2.03 (br, 1H) 5, CH2 24.7 2.29 (br, 1H), 2.02 (br, 1H) 
6, CH 126.9 4.80 (m, 1H) 6, CH 122.3 5.15 (br, 1H) 
7, qC 137.8 – 7, qC 138.1 – 
8, CH2 42.3 2.36 (br, 1H), 2.12 (br, 1H) 8, CH2 42.3 2.36 (br, 1H), 2.12 (br, 1H) 
9, CH2 33.7 1.61 (br, 2H) 9, CH2 34.0 1.38 (br, 2H) 
10, CH 44.9 2.60 (br, 1H) 10, CH 41.6 2.53 (br, 1H) 
11, qC 143.2 – 11, qC 141.1 – 
12, CH 121.0 5.10 (br, 1H) 12, CH 121.0 5.10 (br, 1H) 
13, CH2 27.2 2.90 (m, 2H) 13, CH2 27.3 2.83 (t, J = 7.3, 1H) 
14, CH 124.6 5.29 (br, 1H) 14, CH 124.3 5.29 (br, 1H) 
15, qC 131.0 – 15, qC 131.0 – 
16, CH3 25.9 1.66 (s, 3H) 16, CH3 25.8 1.66 (s, 3H) 
17, CH3 17.9 1.62 (s, 3H) 17, CH3 17.8 1.61 (s, 3H) 
18, CH3 19.8 1.664 (s, 3H) 18, CH3 19.7 1.686 (s, 3H) 
19, CH3 16.4 1.36 (s, 3H) 19, CH3 16.4 1.34 (s, 3H) 
20, CH3 16.8 1.46 (s, 3H) 20, CH3 15.6 1.50 (s, 3H) 

a d in ppm, J in Hz 
b NMR taken in benzene-d6 
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Supplemental Experimental Procedures 

General materials and methods 

All 1H, 13C, 1D selective TOCSY, and 2D NMR (1H-13C HSQC, 1H-1H COSY, 1H-13C HMBC) experiments 
were run on a Bruker AVANCE III Ultrashield 600. 1H NMR and 13C NMR spectra were recorded on a Bruker 
AVANCE AV400 (400 MHz and 101 MHz) or Bruker AVANCE AV600 (600 MHz and 151MHz). All NMR 
chemical shifts were referenced to residual solvent peaks or to Si(CH3)4 as an internal standard. Spectra 
recorded in D2O were referenced to residual H2O at 4.79 ppm for 1H, spectra recorded in CDCl3 were 
referenced to residual CHCl3 at 7.26 ppm for 1H or 77.00 ppm for 13C, spectra recorded in C6D6 were 
referenced to residual C6D5H at 7.16 ppm for 1H or 128.06 ppm for 13C, and spectra recorded in C6D5CD3 
were referenced at 7.0 ppm for 1H or 137.4 ppm for 13C. All chemicals and reagents for reactions were 
purchased at the highest commercial quality and used directly. Chemical reactions were monitored by thin 
layer chromatography (TLC) and high-performance liquid chromatography (HPLC). TLC was performed 
with 0.25 mm silica gel plates (60 F254) using short-wave UV light to visualize, and I2 or KMnO4 and heat as 
developing agents. HPLC was performed on an Agilent 1260 Infinity LC equipped with an Agilent Zorbax 
SB-C18 column (150 mm × 4.6 mm, 5 µm). Preparative HPLC was carried out on an Agilent 1260 Infinity 
LC equipped with an Agilent Eclipse XDB-C18 column (250 mm × 21.2 mm, 7 µm). GC-MS analysis was 
carried out using Thermo Scientific Trace GC ultra-ISQ spectrometer with a DB-5MS glass capillary column 
(Agilent Technologies, 15 m × 0.25 mm i.d. and 1 µm film). Optical rotations were measured using a JASCO 
P-2000 polarimeter. 

Bacterial strains, plasmids, and chemicals  

Strains, plasmids, and PCR primers used in this study are listed in Tables S1–S3. PCR primers were 
obtained from Sigma-Aldrich. Q5 high-fidelity DNA polymerase and restriction endonucleases were 
purchased from NEB and used by following the protocols provided by the manufacturers. DNA gel 
extraction and plasmid preparation kits were purchased from Omega Bio-Tek. DNA sequencing was 
conducted by Genewiz in standard commercial sources. All strains, plasmids, and PCR primers generated 
in this study are stored as stocks at –80 ºC or –20 ºC. 

Gene cloning 

Primers were designed for T5 exonuclease-dependent assembly (TEDA).13 For site-directed mutagenesis 
of albS, overlap PCR was used with the genome of Streptomyces albireticuli sp. NRRL-B-5493 as a 
template with Q5 DNA polymerase. The PCR products were purified by gel extraction and cloned into the 
pET28a(+) vector, which was linearized with BamHI and HindIII, and transformed into E. coli BL21 Star 
competent cells using TEDA to produce plasmid pJR1002.12 The plasmid was confirmed by DNA 
sequencing. 

For site-directed mutagenesis, PCR was used to introduce mutations into AlbS. In short, Q5 DNA 
polymerase was added to a solution of 10 mM Tris-HCl, pH 8.3, containing 7 mM MgCl2, 0.5 mM MnCl2, 50 
mM KCl, 0.2 mM dATP, 0.2 mM dGTP, 0.2 mM dCTP, 1 mM dTTP, 10 ng pJR1071, and 0.4 µM primers 
(Table S3) for amplification of albS. Five to 40 cycles of PCR were performed individually with an annealing 
temperature at 65 °C. The PCR products were cloned into pET28a(+) and confirmed as described above 
yielding pJR1071–pJR1089.  

Using pJR1064, a pET28a-based GGPP production plasmid, we subcloned the genetic fragment containing 
thiM, ipk, idi, and bnd3 into pCDF-Duet to yield pJR1064b. 

Protein production and purification 

Plasmids harboring each gene were transformed into E. coli BL21 Star. E. coli strains harboring plasmids 
were grown in lysogeny broth (LB) containing 50 mg mL-1 kanamycin for antibiotic selection. Each strain 
was grown in 4 × 1 L of lysogeny broth (LB) at 37 °C with shaking at 200 rpm until an optical density at 600 



 
 

nm (OD600) of 0.6 was reached. After addition of 0.3 mM (final concentration) isopropyl β-D-1-
thiogalactopyranoside (IPTG) for gene expression, the cells were incubated at 16 °C with shaking for 
approximately 18 h. Cells were harvested by centrifugation at 4000 g for 15 min at 4 °C and the pellet was 
resuspended in cold lysis buffer (50 mM Tris-HCl, pH 8.0, containing 150 mM NaCl). Cells were lysed with 
an M-110L Microfluidizer Processor (Quadro Engineering Corp) and the lysates were centrifuged at 40,000 
g for 30 min at 4 °C. Target proteins from the supernatant were loaded onto a nickel-affinity chromatography 
column packed with HisPur™ Ni-NTA Resin (Thermo Scientific). The resin was successively washed with 
lysis buffer containing 20 mM imidazole and eluted with elution buffer (lysis buffer containing 500 mM 
imidazole). The target protein was immediately desalted using a PD-10 column (GE Healthcare 
Biosciences) and concentrated using an Amicon Ultra-15 concentrator (Millipore) in 50 mM Tris-HCl, pH 
8.0, containing 150 mM NaCl. Protein purities were detected by SDS-PAGE analysis, and concentration 
was determined by the Bradford assay.14 Individual aliquots of each protein were flash-frozen in liquid 
nitrogen and stored at –80 °C for use. 

Enzyme activity assay 

For each in vitro enzyme reaction, 40 μM AlbS or AlbS mutants were incubated at 37 °C in the presence of 
10 mM GGPP, and 10 mM MgCl2 in 50 mM Tris-HCl, pH 8.0, at a total volume of 100 µL. The reactions 
were incubated for 1 h at 37 °C, quenched with equal volume of acetonitrile, and saturated with NaCl solid. 
Separation of the two phases by vortexing, the organic phase was analyzed by HPLC and/or GC-MS. For 
HPLC analysis, enzyme products were monitored at 210 nm with a linear gradient as follows: 5% 
acetonitrile/water (0–5 min); 5% to 95% acetonitrile/water (5–35 min @ 5% min-1); 95% acetonitrile/water 
(hold 25 min) at 35 °C with flow rate of 1 mL min-1. For GC-MS analysis, the source, transfer line, and 
injection port were set to 250, 290, and 250 °C, respectively, and the carrier gas flow rate was set at 1 mL 
min-1. Products were measured with an electron ionization of 70 eV and mass scan range was from m/z 
30–500 @ 1500 u s-1 with a temperature gradient as follows: 50°C (0–3 min), ramp to 300 °C @ 4 °C min-

1 (hold 5 min). Kovats retention index (RI) values were calculated for all products in this study using the 
GC-MS conditions above in comparison with C8–C30 saturated alkanes (Sigma). 

 

Enzymatic synthesis and purification of terpenes 

A preparative enzymatic reaction using AlbS was conducted on a 100 mg GGPP scale. After completion of 
the reaction, as determined by HPLC analysis, the reaction mixture was extracted three times with equal 
volumes of hexanes. The combined organic phase was concentrated in vacuo and dissolved in 1.8 mL of 
acetonitrile. After eliminating insoluble components by centrifugation (16,000 g, 10 min), the supernatant 
was loaded and purified by prep-HPLC using a flow rate of 20 mL min-1. Prep-HPLC was conducted with a 
linear gradient as follows: 0–5 min, 5% acetonitrile/water; 5% to 95% acetonitrile/water (5–15 min @ 9% 
min-1); 95% acetonitrile/water (hold 45 min). The products were manually collected by monitoring at 210 nm 
through comparison with retention time in analytical HPLC. A total of 8.9 mg of 1 were obtained at a yield 
of 16.7%. For 14, the same procedure was used to obtain 2.4 mg from a 35 mg GGPP reaction at a yield 
of 12.5%.  

Albireticulene (1): colorless oil, Rf = 0.78 (hexanes); RI = 1804; [a]!"#	= -51.72 (c 1.0, CH2Cl2); 1H and 13C 
NMR data, see Table S5 and Figs. S10–S22; UV/Vis (acetonitrile:water = 9:1): lmax = 210 nm; IR (cm-1): 
2919, 2854, 1444, 1376, 1266, 1247, 883, 851. 

Benditerpetriene (2): RI = 1822. Other spectroscopic data was previously reported.15 

Gersemiene A (8): colorless oil, Rf = 0.8 (hexanes); RI = 1939; [a]!"#	= -11.85 (c = 0.3, CHCl3); 1H and 13C 
NMR data, see Table S6 and Figs. S24–S33; UV/Vis (acetonitrile:water = 9:1): lmax = 210 nm; IR (cm-1): 
2917, 2850, 1450, 1375, 1263, 1204, 888, 839. 



 
 

Gersemiene B (9): colorless oil, Rf = 0.82 (hexanes); RI = 1932; [a]!"#	= -52.72 (c = 1.0, CHCl3); 1H and 13C 
NMR data, see Table S6 and Figs. S34–S40; UV/Vis (acetonitrile:water = 9:1): lmax = 210 nm; IR (cm-1): 
2921, 2844, 1440, 1375, 1192, 888, 867. 

Prenylgermacrene A (14): colorless oil, Rf = 0.7 (hexanes); RI = 1842; [a]!"#	= +0.472 (c = 0.0018, CH2Cl2); 
1H and 13C NMR data, see Table S9 and Figs. S62–S67; UV/Vis (acetonitrile:water = 9:1): lmax = 210 nm; 
IR (cm-1): 2917, 2849, 1448, 1377, 1260, 870, 754. 

Enzymatic synthesis of 2H2-1  

To a 5 mL reaction mixture of 50 mM Tris-HCl, pH 8.0, containing 20 mM MgCl2, 10 mM 1,1-2H2-IPP, 10 
mM FPP, and 20 µM GGPP synthase (CrtE, for generating GGPP in situ) were added and the reaction was 
stirred slowly (<100 rpm min-1) at 37 °C for 10 min. AlbS was added to a final concentration of 20 µM and 
the mixture was stirred for another 2 h. The purification procedure was identical to that described above.  

Enzyme activity assays and product purification from E. coli  

Plasmids pJR1002 and pJR1064b (for producing GGPP from 3-methyl-3-buten-1-ol in cellulo)4 were 
transformed into E. coli BL21 Star. E. coli strains harboring plasmids were grown in lysogeny broth (LB) 
containing 50 mg mL-1 kanamycin and 100 mg mL-1 streptomycin for antibiotic selection. Strains were then 
grown in 12 × 1 L of LB at 37 °C with shaking at 200 rpm until an OD600 of 1.6. IPTG (0.3 mM) and 3-
methyl-3-buten-1-ol (4 mM) were then added and the cells were incubated for 24 h at 28 °C. The cells were 
harvested by centrifugation at 4000 g for 15 min at 4 °C and the pellet was dissolved in acetonitrile; NaCl 
solid was added and the suspension was vortexed to form two phases. The organic phase was analyzed 
by HPLC and products were purified by prep-HPLC as described above.  

Chemical synthesis of IPP, FPP, GGPP, 1,1-2H2-IPP, and 1R-2H-GGPP 

The synthesis of prenyl diphosphates was achieved using previously reported methods.16–23 Products were 
confirmed by NMR spectroscopy, which matched the literature.  

Chemical synthesis of 10 

To a solution of 1 (27 mg, 0.10 mmol) and NaHCO3 (30 mg) in CH2Cl2 (10 mL), mCPBA (75% w/w, 28 
mg) was added at -40 °C and the mixture was stirred for 30 min. A saturated Na2SO3 aqueous solution 
was added to quench the reaction after 1 was deterred to be completely consumed by TLC. The reaction 
mixture was extracted with ethyl acetate and the combined organic extract was concentrated under 
reduced pressure. The concentrated extract was purified by silica gel chromatography with a gradient 
elution of hexane/EtOAc (100:0, 95:5, 80:20) to give the major product 10 as a colorless oil (20.6 mg, 
72%); Rf = 0.48 (hexanes:ethyl acetate = 4:1); [a]!"#	= -32.51 (c = 0.10, CHCl3); 1H and 13C NMR data, 
see Table S7; HRESIMS analysis: calc. m/z 289.2526 [M + H]+; found m/z 289.2523. Mass error: -1.037 
ppm. 

Modified Mosher ester analysis of 10 

Modified Mosher ester analysis24 was used to identify the stereochemical configuration of the secondary 
alcohol in 10. To a solution of 10 (6.0 mg, 0.021 mmol) in dry CH2Cl2 (5 mL), anhydrous pyridine (10.0 µL, 
0.124 mmol) and (R)-(+)-methoxy trifluoromethylphenylacetyl chloride [R-(+)-MTPA-Cl] dissolved in dry 
DCM (1 mL) was successively added. After 24 h, the reaction was quenched with NaHCO3 aqueous 
solution and then extracted with ethyl acetate. The organic layers were combined, dried over anhydrous 
Na2SO4, and concentrated under reduced pressure to give a crude residue, which was purified by silica 
gel chromatography with a gradient elution of hexane/EtOAc (100:0, 95:5) to give the desired product, the 
(S)-MTPA ester of 10 (11) (8.6 mg, 81%). 1H and 13C NMR data, see Figs. S51–S55; HRESIMS analysis: 
calc. m/z 527.2744 [M + H]+; found m/z 527.2741. Mass error: -0.5690 ppm. The (R)-MTPA ester of 10 
(12) was similarly prepared using (S)-(+)-methoxy trifluoromethylphenylacetyl chloride [S-(+)-MTPA-Cl]. 



 
 

1H and 13C NMR data, see Figs. S56–S60. HRESIMS analysis: calc. m/z 527.2744 [M + H]+; found m/z 
527.2749. Mass error: 0.9483 ppm. The absolute configuration of the secondary alcohol was solved by 
comparison of 1H NMR chemical shifts (Table S8).25  

Computational methods 

All geometry optimizations were carried out with Gaussian 09 at the mPW1PW91/6-31+G(d,p)//B3LYP/6-
31+G(d,p) level of theory.26–29 NMR calculations30 were performed with SMD(Benzene)-mPW1PW91/6-
311+G(2d,p)//B3LYP/6-31+G(d,p) level using the GIAO method (Table S5).31–34 The conformational 
searches were performed with CREST, version 2.11.1 using gfn2//gfnff.35,36 The optimized structures are 
available in the ioChem-BD repository.37 See the following DOI for the coordinates: 
https://doi.org/10.19061/iochem-bd-6-166.  

Accession numbers for proteins 

AlbS and its homologues (Fig. S2): AlbS from Streptomyces albireticuli, A0A2A2D8W5; Streptomyces 
katrae, A0A0F4JKQ6; Streptomyces sp. WAC06614, A0A3R9UKK2; Streptomyces sp. WAC07149, 
A0A3R9VIW7; Actinomadura rubrisoli, A0A4V2YVB5; Bnd4 from Streptomyces sp. CL12-4, 
WP_239771469.   
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