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Supplementary Table 1. Strains used in this study 
Strain Description Source (Reference) 

E. coli NEB Turbo Host for general cloning New England Biolabs 
E. coli NEB NiCo21 Host for high-level protein production New England Biolabs 

E. coli BL21 Star (DE3) Host for high-level protein production Invitrogen 

Kitasatospora sp. 
CB02891 

Putative terpentecin producer, used for 
isolation of genomic DNA for tpn2 and tpn3 

amplification 
Gift from Shen Lab1 

 

Supplementary Table 2. Plasmids used in this study 
Plasmid Description Source (Reference) 

pRSF-Duet General plasmid for cloning Novagen 
pCDF-Duet General plasmid for cloning Novagen 
pET-Duet General plasmid for cloning Novagen 

pUC19 General plasmid for cloning Novagen 
pET28a Plasmid for heterologous expression in E. coli Novagen 

pBS3080 
Plasmid created from pRSF-duet by cloning 

the TEV/LIC sites; used for cloning and protein 
expression 

(2) 

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. 

(3) 

pJR2001 pRSF/TEV/LIC harboring tpn2 This study 
pJR2002 pRSF/TEV/LIC harboring tpn2 (H180F) This study 
pJR2003 pRSF/TEV/LIC harboring tpn2 (H180V) This study 
pJR2004 pRSF/TEV/LIC harboring tpn2 (D296A) This study 
pJR2005 pRSF/TEV/LIC harboring tpn2 (Y329F) This study 
pJR2006 pRSF/TEV/LIC harboring tpn2 (H342A) This study 
pJR2007 pRSF/TEV/LIC harboring tpn2 (H342F) This study 
pJR2008 pRSF/TEV/LIC harboring tpn2 (H342A-D296A) This study 
pJR2009 pRSF/TEV/LIC harboring tpn2 (H342F-D296A) This study 
pJR2010 pRSF/TEV/LIC harboring tpn2 (K383A) This study 
pJR2011 pRSF/TEV/LIC harboring tpn2 (G485D) This study 
pJR2012 pRSF/TEV/LIC harboring tpn2 (Y489A) This study 

pJR2013 pET-Duet harboring tpn2, tpn3, and tpn6 for 
heterologous expression in E. coli This study 

pJR2014 pCDF duet harboring tpn2 for heterologous 
expression in E. coli This study 
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pJR2015 pCDF duet harboring tpn2 (G485D) for 
heterologous expression in E. coli 

This study 

pJR2016 
pCDF duet harboring tpn2 and tpn3 with an 

additional RBS for heterologous expression in E. 
coli 

This study 

pJR2017 
pCDF duet harboring tpn2 and tpn3 linked with a 

glycine-serine linker for heterologous expression in 
E. coli 

This study 

pJR2018 pCDF duet harboring tpn2 (G485D) and tpn3 for 
heterologous expression in E. coli This study 

pJR2019 pCDF duet harboring tpn2 (G485E) for 
heterologous expression in E. coli This study 

pJR2020 pCDF duet harboring tpn2 (G485E) and tpn3 for 
heterologous expression in E. coli 

This study 

 

Supplementary Table 3. Primers used in this study 
Name Sequence Purpose 

pRSFtpn2_F 
aaaacctctatttccagtcgatgagtgacgccgatcggatag

c tpn2 or mutant amplification for 
protein expression in E. coli 

pRSFtpn2_R ctcgatcgcgtcgggcatcagtacctgctcacgacgg 
H180F_F agacggcatggttcacactcgaggc 

Tpn2 mutagenesis for H180F 
H180F_R gcctcgagtgtgaaccatgccgtct 
H180V_F agacggcatgggtcacactcgaggc 

Tpn2 mutagenesis for H180V 
H180V_R gcctcgagtgtgacccatgccgtct 
D296A_F ccgcccgacggggccgacacggcctac 

Tpn2 mutagenesis for D296A 
D296A_R gtaggccgtgtcggccccgtcgggcgg 
Y329F_F cacttcgtttcgtttccgggggagcag 

Tpn2 mutagenesis for Y329F 
Y329F_R ctgctcccccggaaacgaaacgaagtg 
H342A_F ccgtgaacgcggccgccctcgagtac 

Tpn2 mutagenesis for H342A 
H342A_R gtactcgagggcggccgcgttcacgg 
H342F_F ccgtgaacgcgttcgccctcgagtac 

Tpn2 mutagenesis for H342F 
H342F_R gtactcgagggcgaacgcgttcacgg 
K383A_F ggctgctggtacgacgcatggaatgtctcgccg 

Tpn2 mutagenesis for K383A 
K383A_R cggcgagacattccatgcgtcgtaccagcagcc 
G485D_F ccgctgtggatggacaaggacctgtac 

Tpn2 mutagenesis for G485D 
G485D_R gtacaggtccttgtccatccacagcgg 
G485E_F ccgctgtggatggaaaaggacctgtac 

Tpn2 mutagenesis for G485E 
G485E_R gtacaggtccttttccatccacagcgg 
Y489A_F caaggacctggccacgcctttccgga 

Tpn2 mutagenesis for Y489A 
Y489A_R tccggaaaggcgtggccaggtccttg 
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NcoI_ala_Tpn2_F aataaggagatataccatggcgagtgacgccgatcggatag
c 

tpn2 WT amplification for in 
vivo expression 

Tpn3_Hind_R cattatgcggccgcaagctttcagcggtagcggtctgtct 
tpn3 amplification for in vivo 

expression 
Tpn2-3_F gcaggcgcgccatgagtgacgccgatcggatagc 

tpn2 or mutant amplification for 
in vivo expression Tpn2_HindIII_R tagcaagctttcagtacctgctcacgacgg 

Tpn1-3_R cccaagctttcagcggtagcggtctgtct 

Tpn2_RBSOP_R tatacgcccccctatgccttaaataca 
tcagtacctgctcacgacgg 

tpn2 or mutant amplification for 
in vivo expression and addition 
of RBS sequence between tpn2 

and tpn3 RBSOP_Tpn3_F tgtatttaaggcataggggggcgtata 
atgcccgacgcgatcgagtt 

Tpn2_GSlink_R 
agaaccgccagaaccagaaccgtacctgctcacgacggcg

c 
tpn2 or mutant amplification for 
in vivo expression and addition 
of linker sequence between tpn2 

and tpn3 GSlink_Tpn3_F ggttctggttctggcggttctatgcccgacgcgatcgagtt 

Tpn6_F gcacatatgtacaccgataccgccgaaac tpn6 amplification for in vivo 
expression Tpn6_R ggttaattaatcagtggttcctgagagcgac 

GSlink_tpn3_teda_F ccgcttccggaggtgctggttctggttctggcggttct tpn3 amplification for in vivo 
expression Tpn3_teda_R gactctagaggatccccgggtcagcggtagcggtctgtct 
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Supplementary Table 4. 1H NMR (600 MHz) and 13C NMR (151 MHz) spectroscopic data for TPP (2) 
and terpentetriene (3).a 

No. 
2b  3c 

δH  δC δH 

1, CH2 
1.62 (dd, J = 12.7, 6.4); 

1.33 (m)  17.8 1.43 (m); 1.67 (m) 

2, CH2 1.89 (m); 1.95 (m)  26.8 2.00 (m); 2.15 (m) 
3, CH 5.21 (br s)  120.2 5.17 (ddd, J = 4.5, 2.7, 1.3) 
4, qC   144.5  
5, qC   38.3  

6, CH2 1.35 (m)  30.2 1.46 (m); 1.50 (m) 

7, CH2 1.22 (m), 1.89 (m)  25.6 1.32 (dq, J = 13.9, 3.3);  
1.96 (m) 

8, CH 1.47 (m)  35.2 1.69 (m) 
9, qC   37.7  

10, CH 1.35 (m)  45.1 1.45 (m) 

11, CH2 1.08 (m), 1.47 (m)  38.3 1.20 (td, J = 12.8, 4.6);  
1.64 (m) 

12, CH2 1.95 (m)  24.6 2.22 (m); 2.18 (m) 
13, qC   147.8  
14, CH 5.41 (m)  139.2 6.40 (dd, J = 17.6, 10.9) 

15, CH2 4.38 (t, J = 6.4)  113.0 
5.07 (dq, J = 10.8, 1.0);  
5.27 (dd, J = 17.6, 1.2) 

16, CH3 1.65 (d, J = 1.5)  115.2 5.02 (s) 
17, CH3 0.85 (d, J = 6.7)  14.9 0.98 (s) 
18, CH3 0.98 (s)  20.6 1.08 (s) 
19, CH3 1.53 (s)  18.0 1.61 (m) 
20, CH3 0.86 (s)  20.4 0.99 (br s) 

a d in ppm, J in Hz 
b NMR taken in D2O 
c NMR taken in CDCl3 
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Supplementary Table 5. 1H NMR (600 MHz) and 13C NMR (151 MHz) spectroscopic data for syn-
sclarene (5).a 

No. 
5b 

δC δH 
1, CH2 36.7 1.08 (m); 1.58 (m) 
2, CH2 19.2 1.46 (m); 1.65 (m) 
3, CH 42.7 1.18 (td, J = 13.2, 3.6); 1.42 (m) 
4, qC 33.2   
5, qC 45.8 1.32 (m) 

6, CH2 23.7 1.33 (m); 1.64 (m) 
7, CH2 31.62 2.13 (m); 2.22 (m) 
8, CH 149.3   
9, qC 58.4 1.61 (m) 

10, CH 38.0   
11, CH2 25.2 1.53 (m); 1.75 (m) 
12, CH2 30.3 1.95 (m); 2.16 (m) 
13, qC 147.2   
14, CH 139.0 6.38 (dd, J = 17.6, 10.8) 

15, CH2 113.1 5.06 (dq, J = 10.9, 1.2);  
5.22 (dd, J = 17.6, 1.1) 

16, CH3 115.5 5.02 (s) 

17, CH3 109.6 4.59 (dd, J = 2.8, 1.7);  
4.75 (t, J = 2.4) 

18, CH3 22.2 0.88 (s) 
19, CH3 33.5 0.89 (s) 
20, CH3 22.4 0.95 (s) 

a d in ppm, J in Hz 
b NMR taken in CDCl3 
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Supplementary Table 6. Data collection and refinement statistics for Tpn2 (molecular replacement). 
 

 Tpn2 
Data collection  
Space group P31 

Cell dimensions    
    a, b, c (Å) 92.54, 92.54, 127.91 
    a, b, g  (°)  90.00, 90.00, 120.00 
Resolution (Å) 30.00–2.57 (2.67–2.57) 
Rsym or Rmerge 12.0 (60.3) 
I / sI 15.7 (3.8) 
Completeness (%) 99.3 (100.0) 
Redundancy 4.7 (5.6) 
  
Refinement  
Resolution (Å) 30.00–2.57 
No. reflections 38716 
Rwork / Rfree 0.256/0.288 
No. atoms  
    Protein 7443 
    Water 159 
B-factors  

    Protein 57.8 
    Water 50.2 
R.m.s. deviations  
    Bond lengths (Å) 0.0047 
    Bond angles (°) 1.36 
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Supplementary Fig. 1. Bacterial type II TSs. 
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Supplementary Fig. 2. SDS-PAGE analysis of purified proteins. Expected size of Tpn2 is 56 kDa. 
Protein size analyzed using Fisher BioReagents™ EZ-Run™ Prestained Rec Protein Ladder. 
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Supplementary Fig. 3. EI mass spectra of 2′, 3, and 5. (a) EIMS 2′: m/z (%): 95 (100), 107 (69), 120 
(35), 41 (32), 69 (28), 189 (23), 257 (3), 290 (M+, 3). (b) EIMS 3: m/z (%): 107 (100), 95 (80), 120 (75), 
189 (69), 41 (55), 79 (54), 67 (43), 55 (40), 132 (26), 159 (26), 257 (13), 272 (M+, 3). (c) EIMS 
5: m/z (%): 69 (100), 41 (85), 81 (81), 93 (79), 109 (72), 257 (57), 55 (54), 123 (42), 149 (32), 272 (M+, 
7). 
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Supplementary Fig. 4. 1H NMR spectrum of 2 in D2O (600 MHz). TPP (2) was isolated in the presence 
of glycerol; peaks marked with asterisks. 
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Supplementary Fig. 5. 31P NMR spectrum of 2 in D2O (243 MHz). 

  
-190-170-150-130-110-90-70-50-30-101030507090110130150170190

f1 (ppm)

-50

0

50

100

150

200

250

300

350

400

-1
0
.4

8

-1
0
.3

9

-6
.6

5

-6
.5

5

-11-10-9-8-7-6

f1 (ppm)

-50

0

50

100

150

200

O

H

P

O
P

O
-

O

O
-

OO
-



14 
 

Supplementary Fig. 6. Sequence alignment of selected bacterial and plant type II TSs. Residues are 
colored based on conservation (identity: red box with white residue; similarity: red residue; similar across 
group: blue frame). The secondary structure of Tpn2 is shown above the alignment. The DxDD motif is in 
a black frame, residues mutated in this study are in green, and DxxxxE is in blue. The alignment was 
created with Clustal Omega4 and rendered with ESPript.5 The a domain of AtCPS was removed. 

 

                                                  A0A2M9LDX2|Tpn2 
                                                  

 1 A0A2M9LDX2|Tpn2 ..................................................

 2 A0A023VSF1|PtmT2 ..................................................

 3 O50406|Rv3377c  ..................................................

 4 Q45221|BjCPS    ..................................................

 5 A9AWD5|Haur_2145 ..................................................

 6 P33247|SHC      ..................................................

 7 Q38802|AtCPS    MSLQYHVLNSIPSTTFLSSTKTTISSSFLTISGSPLNVARDKSRSGSIHC

                                                  A0A2M9LDX2|Tpn2 
                                         1        

 1 A0A2M9LDX2|Tpn2                                                 A .........................................MSDADRI A

 2 A0A023VSF1|PtmT2                                                 A ...............................MLEVPAQPTPAPREAEA A

 3 O50406|Rv3377c  ..............................................METF

 4 Q45221|BjCPS                                                    L .....................................MNALSEHILSE R

 5 A9AWD5|Haur_2145                                                 L .....................................MSLIVDILIDD R

 6 P33247|SHC                                                      V ..............................MAEQLVEAPAYARTLDRA E

 7 Q38802|AtCPS    SKLRTQEYINSQEVQHDLPLIHEWQQLQGEDAPQISVGSNSNAFKEAVKS

                 ......                           A0A2M9LDX2|Tpn2 
10        20              30        40          50 

 1 A0A2M9LDX2|Tpn2  L            PS       YET   LRI   A        I YLL L KDRAADPVTKFS  P......   GQF   SER DVG..TPQ D   A

 2 A0A023VSF1|PtmT2  LA         V PSV      YDTA LV L   L        L YLA L  ATVADPWGL A   ......    R  S APW DG..HRER G   K

 3 O50406|Rv3377c    L         I  TA      YDTA VAKL   L       AL WL  RT LAKAALGNG SS  ......    W    G.Q DDELSDL  N  CE

 4 Q45221|BjCPS     LL         V PSV      YDTA ALR    V       A  WLI R  SEMS.DGGS G   ......    Q   FHGN TG..RQD YA   A

 5 A9AWD5|Haur_2145  LI         M PSV      YDT  ALRL           AV WLI A  RDLGQNGGL S   ......   SQ    YPTPSEEHVWP  N   S

 6 P33247|SHC       LL           P L       E V L HI   V       I  YLL Y  SCQKDEGYWWG L SNVTMEA Y L C  LDR DRDRMEK RR   H

 7 Q38802|AtCPS                I  SA      YDTA VA I           AV WIA VKTILRNLTDGE TI  ......    W  L DAGDKTPAFPS  K   E

   TT     TT                                      A0A2M9LDX2|Tpn2 
       60                70        80        90   

 1 A0A2M9LDX2|Tpn2  Q  DG W                                                  G                 L  VA L             D   T RP  L  SVG........FELVPT GA  G SSRPEYADRAGVT AVA

 2 A0A023VSF1|PtmT2  Q  DG W                                                  G                 V  LL               D   E NQ  S  APDGYG....LVPTLSA EA  TELARTDSGAPHLSP DLA

 3 O50406|Rv3377c   Q  DG W                                                  G                 L  MI L             E   R LP  S  AEFPFCY...EDRLLST AA  S TSNKHRRRRAAQV KGL

 4 Q45221|BjCPS     Q  DG W                                                  G                 A   A L             D   Q QA  G  SAD........FPLFRH PTW A LALQRADPLPGAA AVQ

 5 A9AWD5|Haur_2145  Q  DG W                                                  G                 V  LA I             D   Q QS  G  NPS........MPLSRA PT  A LALRRHCQRRSTF GLL

 6 P33247|SHC       Q  DG W                                                                    A   I M                 E RE  T ALYPGGPPDLDTTIEAYV LKY G SRDEEPMQKALRFIQSQ

 7 Q38802|AtCPS     Q  DG W                                                  G                    I  L                 N LS  S  DAY.........LFSYHDRL NT ACVVALRSWNLFPHQCN

                                                  A0A2M9LDX2|Tpn2 
    100       110       120       130       140   

 1 A0A2M9LDX2|Tpn2                              P                     A       A     L      V  EIIV SLI  L  V           R CEKLWEL LGEGG PRLPDT AS        DL GE LQRHRPAAGGK

 2 A0A023VSF1|PtmT2                              P                     A       L     A      IG E VA SLL  I              A CADGLGA RDGLL GPVPDT  V F      AD NTRLAALTEQAPGK

 3 O50406|Rv3377c                               P                     A       A     L      VG ELIA TLM  A  L           L LKNLTSG FEGPQ DIKDAT  F        AE AR GLAICHEES..

 4 Q45221|BjCPS                                 P                     A             A      IG ELIL Q    A  L           T TRFLQRQPDPYAH VPEDAP  A      FCGE AS LGG........

 5 A9AWD5|Haur_2145                              P                     A       L            VG ELLL  ML  A              E KRFLRRQ EYWEKPLPDNLP  M     Y  EE YREEHQDDIDDV..

 6 P33247|SHC                                   P                                   L          MV   IM     M           GGIESSRVFTRMWLA VGEYPWEKVP  P E  FLGKR PLNIYEFGSWA

 7 Q38802|AtCPS                                 P                             I            IG EVA  SLL  A  I           KGITFFREN GKLEDENDEHMP  F   F    EI RG NIDVPYDSP..

            TT                                    A0A2M9LDX2|Tpn2 
      150       160       170       180       190 

 1 A0A2M9LDX2|Tpn2                       L        A                  AG..HEQEFPSPPGAKPELWRR SDRIARGQ IPETAWHTLEAFHPLPEQ

 2 A0A023VSF1|PtmT2             A                              V      LGAWSGTTLTSP PDLDGALLAGVREMTEQAPLPEKLWHTLEA TRDGTR

 3 O50406|Rv3377c              L                  I           L      ...........I GELVGVREQKLRKLGGSK NKHITAAFSVE AGQDGV

 4 Q45221|BjCPS                          L        L           L      ......VAFPRHPALLPLRQAC VKLGAVAM PSGHP.....L HSWEAW

 5 A9AWD5|Haur_2145             I         A        I           V      .....PIKLRLN PLAPYRELI LGEHKRSL QQKKPRAGTAP YSWEAW

 6 P33247|SHC                  I         L        L           A      R....ATVVALS VMSRQPVFP PERARVPE YETDVPPRRRG KGGGGW

 7 Q38802|AtCPS                V         L        I           L      ............ LKDIYAKKE KLTRIPKE MHKIPTTLLHS EGMRDL

        TT           ......                       A0A2M9LDX2|Tpn2 
      200         210             220             

 1 A0A2M9LDX2|Tpn2                   P                                      A      V  S         TA WV  V               FAATVTP ADG..A TC  SS......  A  SA GTDAG.....ASTRA

 2 A0A023VSF1|PtmT2                   P                                      A    G V  S         TA WL  A               GARPHEG PPHN S GC  AA......  A  GA PDP......AAPGVA

 3 O50406|Rv3377c                    P                                      L    G V  S         SA FA  V               GMLDVDN QETN S KY  SA......  Y  LH KPGDK......RALA

 4 Q45221|BjCPS                      P                                           G I  S         TA W   A               GTSPTTACPDDD S GI  AA......  A RAQ VTRGSTP.QVGRADA

 5 A9AWD5|Haur_2145                   P                                      L    G I  S         TA WL  A               ASHADPE IDGS G GH  AA......  A  FA NHNPNLRNEIAGAEN

 6 P33247|SHC                        P                                      A      L             L WL                  IFDALDR LHGYQK SVH FRRAAEIRA D  LERQAGDGSWGGIQPPWF

 7 Q38802|AtCPS                      P                                      L    G    S         TA                     DWEKLLK QSQD SFLF  SS......  FAFMQTRDS........NCLE

                                                  A0A2M9LDX2|Tpn2 
230           240                           250    

 1 A0A2M9LDX2|Tpn2 Y                                                  L  A           IP                        M  FE  W  DE QSRYGG....A  MGSS.................... PY  VL 

 2 A0A023VSF1|PtmT2 Y                                                  L  V           VP                        I  FE  W  RD QARFGG....P  SITP.................... VY  QA 

 3 O50406|Rv3377c  Y                                                  I  I           AP  Y                     A  FE  W  SS IQAGDG....G  AF Q.................... EI  IV 

 4 Q45221|BjCPS    Y                                                  L  A            P  W                     I  FE  W  QM SRATRSGIEGVF NV P.................... NV  PC 

 5 A9AWD5|Haur_2145 Y                                                  L  A           MP  W                     I  FE  F  RQ SLATSESAPCI  TA P.................... PR  QS 

 6 P33247|SHC      Y                                                  A  A               W                        WD     LI LKILDMTQHPAFIKG EGLELYGVELDYGGWMFQASISPV  TGL

 7 Q38802|AtCPS    Y                                                  L  A           VP  F                     V  FE  W  RN VKRFNG....G  NV P.................... DL  HI 

α1 

α2 η1 α3 

α4 

α5 α6 

α7 η2 α8 

α9 

α10 
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Supplementary Fig. 6 cont. Sequence alignment of selected bacterial and plant type II TSs. 

  

   .....                                  TT      A0A2M9LDX2|Tpn2 
        260       270       280                   

 1 A0A2M9LDX2|Tpn2  L       V             I                    G     V N.....L LKYFPDVPIPREI EEIAAGFS..........ES IGG..

 2 A0A023VSF1|PtmT2  L  L   GL             L                    G     V NS AAS  R.....YEAPAAL DSLEAGLT..........DE IAA..

 3 O50406|Rv3377c   L  L    I              L                   G     S WN SRTD DLSDPEIVRTYLPY DHVEQHW..........VR RGVGW

 4 Q45221|BjCPS     L  L   GL             VA                   G     S YT HLA  FAHPALAEAVRVI  QLDARLG..........VH LGP..

 5 A9AWD5|Haur_2145  L  L   GI             IA                   G     S YA VTG  LDFPSIQDVLKPQ  DLHQALK..........PR IGF..

 6 P33247|SHC       V  L   GL             LL                   G     A LA RAA  PADHDRLVKAGEW  DRQITVPGDWAVKRPNLKP GFAFQ

 7 Q38802|AtCPS     V  L   GI              V                         I DR QRL  SRYFEEEIKECLDY HRYWTDN..........GICWAR..

  TT                                              A0A2M9LDX2|Tpn2 
 290       300       310                          

 1 A0A2M9LDX2|Tpn2        D D T                                                D A A  A    G                           .GPGLPP G    Y NL GDKL AP.........................

 2 A0A023VSF1|PtmT2        D D T                                                D AAV  AL   G                           .APGLPS S      LF  AQH RT.........................

 3 O50406|Rv3377c         D D T                                                   VA  VL   G                           TGNSTLE C T S  YD  SKF RS.........................

 4 Q45221|BjCPS           D D T                                                D AVA  VL   G                           .ALHFAA A      LC  HLA RD.........................

 5 A9AWD5|Haur_2145        D D T                                                D AAA  VL   G                           .SDDFMP G      VA  IAA YP.........................

 6 P33247|SHC             D D T                                                D AVV  AL                               FDNVYYP V      VW  NTLRLPDERRRRDAMTKGFRWIVGMQSSNGG

 7 Q38802|AtCPS           D D T                                                D AMA  LL   G                           ..CSHVQ I      FR  RQH YQ.........................

                              ..........          A0A2M9LDX2|Tpn2 
         320       330                 340        

 1 A0A2M9LDX2|Tpn2                  F                                      EIL  F        Y  E TPS T           NAHAL  L ...THP   MK WAEDH VS PG Q   E ..........V     EY N

 2 A0A023VSF1|PtmT2                  F                                      D L  F        F  E TPS S           NAHIL AL ...HRP S MH RRDGY SC GV R   T ..........T     E  G

 3 O50406|Rv3377c                   F                                     I AV  F        Y  E  PS S           NVHVL AL ...PD G  LQ EDADW RT FH VG  I ..........T     G  K

 4 Q45221|BjCPS                     F                                     VDAL  F        F  E N S S           NIHAL AL ...PA    RH EIGEL VT PG R A V ..........T     H  .

 5 A9AWD5|Haur_2145                  F                                     L IL  F        Y  E QPS S           TARAV AL ...VD A  NQ EREPY VA HG L   I ..........L     H  .

 6 P33247|SHC                       F                                     VD             F     P              TAHVL    WGAYD  NTSDLPNHIP CD GEVTD PSED.........V     ECFG

 7 Q38802|AtCPS                     F                                     ADV   F        F    N   T                 IL ...VS   FKN EKEGE FC VGQS QAV GMFNLYRASQLAFPREE  K

                             TT                   A0A2M9LDX2|Tpn2 
350         360       370                          

 1 A0A2M9LDX2|Tpn2                       WV       G                  HLRLRRG..IAEYGAVEDACAE  ISQQTED C.................

 2 A0A023VSF1|PtmT2                 I  I  WL     P G                  HHVTVRPDDAGRYGAE RM SD  LDNQL D S.................

 3 O50406|Rv3377c                  V  V  FI     P                    QAG......YDKCHPR RK LE  RSSKE GRF.................

 4 Q45221|BjCPS                    A  A  YV     P G                  ..........RLLGKP AG SA  EANRN H L.................

 5 A9AWD5|Haur_2145                 I              G                  ..........DLAGVD SRWWKIFIDAQKLD S.................

 6 P33247|SHC                      I  A  YL     P G                  SFG......YDDAWKV RR VE  KREQK D S.................

 7 Q38802|AtCPS                       I  WI     P                    NAKEFSYNYLLEKREREEL DK  IMKDL GEIGFALEIPWYASLPRVET

                                                  A0A2M9LDX2|Tpn2 
      380        390       400       410       420

 1 A0A2M9LDX2|Tpn2              W     Y                                          K   S    T   V AL             L RA  WL........WYD.  NV PY S AAC E  LDARKQDEPQLDS R  RE  

 2 A0A023VSF1|PtmT2              W     Y                                          K   S    T   A AL             V RAA WA........WMD.  HA PY A ACC L  AEFG..GPSARAA D   A  

 3 O50406|Rv3377c               W     Y                                          K   S    T  LI AA                AI WI........CWRD  HR AY T AH  C  SNYD......DALCSD  G  

 4 Q45221|BjCPS                 W     Y                                          K   S    T  AV AL               RAL  L........WDNE  HV WL P AH  A  AQG.....KPQWRDE   AA 

 5 A9AWD5|Haur_2145              W     Y                                          K   S    T  VL AL             M  AV  L........WSGD  NT WL T CH  I  KNS.....PYKTA KE  AA 

 6 P33247|SHC                   W     Y                                          R   N    T  VV AL             I KAL WV.........WFG  GV YL G GA  S  KAVG..IDTREPY Q   D  

 7 Q38802|AtCPS                 W     Y                                                      V                 A H L W RFYIDQYGGENDV IGKTL RMPY NNNGYLELAKQDYNNCQ Q Q E D

     TT                                           A0A2M9LDX2|Tpn2 
           430         440       450              

 1 A0A2M9LDX2|Tpn2              WG                                   L  Q       G         S  ETAYAV AL                  RH TDS.... G  MAEP.. PE      M  DLFAS............

 2 A0A023VSF1|PtmT2              WG                                   L  Q  D    G         T  ETAYMV LL                  AT RA .... S  RWQG.. TE      Q  MRTR.............

 3 O50406|Rv3377c               WG                                   L  Q  D    G         T  ETAY I AL                  NT RP .... S  FFDGQA AE    C Q  AHWQR............

 4 Q45221|BjCPS                 WG                                   L  Q  D    G         T  ETAYAL AL                  QA RD .... G  AGRGS. FE      F  HVMDGSE..........

 5 A9AWD5|Haur_2145              WG                                      Q  D    G         T  ETAYAV AL                 QVH HP .... G  IINRS. TV      L  QNLR..E..........

 6 P33247|SHC                   WG                                      Q  D    G              A                       EQH NP .... G  EDCRSYEDPAY GKGASTPSQTAWALMA.......

 7 Q38802|AtCPS                 WG                                   I     E                   L AA I                   FQKWY ENRLSE  VRRSELLECYY A  T FESERSHERMVWAKSSVL

                                                  A0A2M9LDX2|Tpn2 
                                                  

 1 A0A2M9LDX2|Tpn2 ..................................................

 2 A0A023VSF1|PtmT2 ..................................................

 3 O50406|Rv3377c  ..................................................

 4 Q45221|BjCPS    ..................................................

 5 A9AWD5|Haur_2145 ..................................................

 6 P33247|SHC      ..................................................

 7 Q38802|AtCPS    VKAISSSFGESSDSRRSFSDQFHEYIANARRSDHHFNDRNMRLDRPGSVQ

                                                  A0A2M9LDX2|Tpn2 
         460       470       480       490        

 1 A0A2M9LDX2|Tpn2      G             A              W  K LY    I  V ....R GKGAEECAAAISR KEFFKDESRENPPL MG D  TPFR VE T

 2 A0A023VSF1|PtmT2      P      A R    L  H           W  K IY    V  A .TPGS GTVARS A GCDA LA DDPASYPG..L HD D  APVT IR A

 3 O50406|Rv3377c       G      I R    L  H           W  K LY    V  A ...HS TSLSAQ S AGGW SQ CEP...PYAPL IA T  CSAT VK A

 4 Q45221|BjCPS                V R    M  R           W  K LY    V  V .EATGRRRIAQV A ALEW LA HAAHGLPQTPL IG E  CPTR VR A

 5 A9AWD5|Haur_2145             L R    L  H           W  K IY    I  A .AGLLDDDDIHM Q GYNW CI YRPFRMKEYQC LN E  CPQR DR Y

 6 P33247|SHC           G      A R    L              Y          L    .LIAG RAESEA R GVQY VETQRPDGGWDEPY TGTGFPGDFY GYTM

 7 Q38802|AtCPS         G                H           W               ASRLA VLIGTLNQMSFDLFMS GRDVNNLLYLS GDWMEKWKLYGDEGE

α11 α12 

α13 

α14 η3 α15 

α16 

α17 α18 

α19 

α20 β1 β2 
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Supplementary Fig. 6 cont. Sequence alignment of selected bacterial and plant type II TSs. 

 

  

                                                  A0A2M9LDX2|Tpn2 
500                                                

 1 A0A2M9LDX2|Tpn2  M    VV                                          V CGRA  SRY.......................................

 2 A0A023VSF1|PtmT2  L  L L                                           R AA A GGAASAASGGA................................

 3 O50406|Rv3377c   L  L LV                                          I SA R  DESNQ.....................................

 4 Q45221|BjCPS     L  L LA                                          E AG W  LRWGRRVLAEGAGAAP..........................

 5 A9AWD5|Haur_2145  L  A LA                                          E S. M  VTLGELKL..................................

 6 P33247|SHC             L                                          YRHVFPT ALGRYKQAIERR..............................

 7 Q38802|AtCPS        V MI                                          GELM K  ILMKNNDLTNFFTHTHFVRLAEIINRICLPRQYLKARRNDEK

                                                  A0A2M9LDX2|Tpn2 
                                                  

 1 A0A2M9LDX2|Tpn2 ..................................................

 2 A0A023VSF1|PtmT2 ..................................................

 3 O50406|Rv3377c  ..................................................

 4 Q45221|BjCPS    ..................................................

 5 A9AWD5|Haur_2145 ..................................................

 6 P33247|SHC      ..................................................

 7 Q38802|AtCPS    EKTIKSMEKEMGKMVELALSESDTFRDVSITFLDVAKAFYYFALCGDHLQ

                                                  A0A2M9LDX2|Tpn2 
                                                  

 1 A0A2M9LDX2|Tpn2 ...........                                       

 2 A0A023VSF1|PtmT2 ...........                                       

 3 O50406|Rv3377c  ...........                                       

 4 Q45221|BjCPS    ...........                                       

 5 A9AWD5|Haur_2145 ...........                                       

 6 P33247|SHC      ...........                                       

 7 Q38802|AtCPS    THISKVLFQKV                                       

α21 

 



17 
 

Supplementary Fig. 7. HPLC chromatograms showing in vitro enzyme reactions of Tpn2 and mutants 
after desphosphorylation.  
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Supplementary Fig. 8. Scheme of the in vivo terpenoid upregulation system used in E. coli for 
heterologous production of Tpn2 products.3 
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Supplementary Fig. 9. HPLC analysis showing production of terpentetriene (3) in vivo using the MKI4 
system. The acyclic compounds 6 and 7 are produced via diphosphate elimination of GGPP by Tpn3. 

 

  

min 28 30 32 34 36 

mAU 

0 

400 

800 

1200 

1600 3 7 6 

no TS or GGPPS 
tpn2, tpn3, tpn6 
tpn2, tpn3 (with rbs) 

tpn2-tpn3 fusion 



20 
 

Supplementary Fig. 10. 1H NMR spectrum of terpentetriene (3) in CDCl3 (600 MHz).  
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Supplementary Fig. 11. 13C NMR spectrum of terpentetriene (3) in CDCl3 (151 MHz). 
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Supplementary Fig. 12. GC-MS analysis of in vivo products from Tpn2-Tpn3 and Tpn2G485D-Tpn3 
fusion proteins using the MKI4 system. Extracts of Tpn2-Tpn3 (a) and Tpn2G485D-Tpn3 (b) revealed the 
production of major products 3 and 5, respectively. The acyclic compounds 6 and 7 are produced via 
diphosphate elimination of GGPP by Tpn3. Two additional compounds produced by Tpn2G485D-Tpn3 are 
proposed to be diterpene-related based on their m/z values of 272 and 290 and comparison to the NIST 
database (NIST Mass Spectral Search Program for the NIST/EPA/NIH Mass Spectral Library, Version 
2.3, build May 4, 2017); the titers of these compounds were too low for isolation. 
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Supplementary Fig. 13. 1H NMR spectrum of a-springene (6) in CDCl3 (600 MHz). 
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Supplementary Fig. 14. 1H NMR spectrum of b-springene (7) in CDCl3 (600 MHz). 
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Supplementary Fig. 15. 1H NMR spectrum of syn-sclarene (5) in CDCl3 (600 MHz). 
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Supplementary Fig. 16. 13C NMR spectrum of syn-sclarene (5) in CDCl3 (151 MHz). 
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Supplementary Fig. 17. HSQC spectrum of syn-sclarene (5) in CDCl3. Blue cross peaks represent –CH 
or –CH3; orange represent –CH2.  
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Supplementary Fig. 18. HMBC spectrum of syn-sclarene (5) in CDCl3. 
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Supplementary Fig. 19. COSY spectrum of syn-sclarene (5) in CDCl3. 
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Supplementary Fig. 20. 2D NOESY spectrum of syn-sclarene (5) in CDCl3 with key NOE correlations 
shown. 
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Supplementary Fig. 21. HPLC analysis of in vivo products from Tpn2G485E-Tpn3 fusion protein using 
the MKI4 system.  
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Supplementary Fig. 22. Genome neighborhood network of bacterial type II TSs. 

 

  

Tpn2/Cyc1
actinobacterial
ent-CPPSs

gibberellin-assoc.
ent-CPPSs

Rv3377c

SHC

Haur_2145

n-CPPSs

P450

Squalene synthase

Type I TS

Polyprenyl synthase

No Pfam

UbiA



33 
 

Supplementary References 
1 Pan, G., et al., Discovery of the leinamycin family of natural products by mining actinobacterial 

genomes. Proc. Natl. Acad. Sci. U. S. A. 114, E11131–E11140 (2017). 

2 Lohman, J. R., Bingman, C. A., Phillips, G. N. & Shen, B., Structure of the bifunctional 
acyltransferase/decarboxylase LnmK from the leinamycin biosynthetic pathway revealing novel 
activity for a double-hot-dog fold. Biochemistry 52, 902–911 (2013).  

3 Xu, B., Ning, W., Wei, X. & Rudolf, J. D., Mutation of the eunicellane synthase Bnd4 alters its 
product profile and expands its prenylation ability. Preprint at 10.26434/chemrxiv-2022-3vsmz 
(2022). 

4 Thompson, J. D., Higgins, D. G. & Gibosn, T. J., CLUSTAL W: improving the sensitivity of 
progressive multiple sequence alignment through sequence weighting, position-specific gap 
penalties and weight matrix choice. Nucleic Acids Res. 22, 4673–4680 (1994). 

5 Robert, X. & Gouet, P., Deciphering key features in protein structures with the new ENDscript 
server. Nucleic Acids Res. 42, W320–W324 (2014). 

 


