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Table S1. Strains, plasmids and cosmids used in this study. 

Strain or plasmid Relevant phenotype and/or 
characteristics 

Source 

S. exfoliatus strains   

UC5319 Wild-type, pentalenolactone 
producer 

Upjohn Co (Pfizer) (1) 

ZD20 penD in-frame deletion mutant This work 

S. arenae strains   

TÜ469 Wild-type, pentalenolactone 
producer 

DSM 40734, DMSZ 
Braunschweig, DE (2) 

ZD17 pntD mutant, Apra+ This work 

ZD18 pntD in-frame deletion mutant This work 

S. avermitilis strain   

SUKA16::pKU462-ermEp-ptl_cluster-
∆ptlE 

In-frame ptlE mutant (3) 

SUKA16::pKU462-ermEp-ptl_cluster-
∆ptlED 

In-frame ptlED mutant (3) 

SUKA16::pKU462-ermEp-ptl_cluster-
∆ptlED ermEp-penE 

Complementation with penE This work 

SUKA16::pKU462-ermEp-ptl_cluster-
∆ptlED ermEp-pntE 

Complementation with pntE This work 

SUKA16::pKU462-ermEp-ptl_cluster-
∆ptlED ermEp-penEpenD 

Complementation with penE 
and penD 

This work 

E. coli strains   

DH10B recA Gibco BRL 

BL21(DE3) dcm, ompT, hsdS (rB
−mB

−), gal Invitrogen 

ET12567/pUZ8002 dam, dcm, hsdS, cat, tet; 
pUZ8002: tra, neo, RP4 

(4, 5) 

BW25117/pIJ790 K12 derivative: ∆araBAD, 
∆rhaBAD; pIJ790: λ-RED 
(gam, bet, exo), cat, araC, 
rep101ts 

(6, 7) 



 

S3 

 

Plasmids Relevant phenotype and/or 
characteristics 

Source 

pET-26b Kan+, orif1, lacI, oripBR322, T7 
promoter 

Novagen 

pET-28a Kan+, orif1, lacI, oripBR322, T7 
promoter 

Novagen 

pBluescriptII SK(+) bla, orif1, lacZ, Plac, oripUC (8, 9) 

pHZ1357 pIJ101 derivative, bla, tsr, cos, 
oriT, sti 

(10) 

pSET152 aac(3)IV, lacZ, reppUC, oriT, 
attϕC31 

(11) 

pJTU1278 pIJ101 derivative, bla, tsr, 
oriT, sti 

(12) 

pIJ773 aac(3)IV, reppUC, oriT (6) 

pDQ7 ca. 6.2 kb BamHI DNA 
fragment harboring partial 
pntM, pntH, pntG, pntF, pntE 
and partial pntD from cosmid 
21F7 inserted into BamHI site 
of pSET152 

This work 

pDQ9 ca. 2.2 kb BamHI DNA 
fragment harboring partial orf -
1 from cosmid 21F7 inserted 
into BamHI site of pSET152 

This work 

pDQ19 ca. 2.2 kb BamHI DNA 
fragment harboring partial orf -
1 from cosmid 1E2 inserted 
into BamHI site of pSET152, 
same as pDQ9 

This work 

pDQ20 ca. 3.1 kb BamHI DNA 
fragment harboring partial orf -
1, pntR, gapR, and partial pntM 
from cosmid 1E2 inserted into 
BamHI site of pSET152 

This work 
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Plasmids Relevant phenotype and/or 
characteristics 

Source 

pDQ22 ca. 6.2 kb BamHI DNA 
fragment harboring partial 
pntM, pntH, pntG, pntF, pntE 
and partial pntD from cosmid 
1E2 inserted into BamHI site of 
pSET152, same as pDQ7 

This work 

pDQ23 ca. 6.4 kb BamHI DNA 
fragment harboring partial 
pntD, pntB, pntA, pntI, orf 1 
and partial orf 2 (orf 2, not 
shown) from cosmid 1E2 
inserted into BamHI site of 
pSET152 

This work 

pDQ31 ca. 6.8 kb KpnI DNA fragment 
harboring partial pntI, orf 1, orf 
2, orf 3, orf 4, and partial orf 5 
(orf 2 – orf 5, not shown) from 
cosmid 7D7 inserted into KpnI 
site of pBluescriptII SK(+) 

This work 

pDQ34 ca. 6.8 kb KpnI DNA fragment 
harboring partial pntI, orf 1, orf 
2, orf 3, orf 4, and partial orf 5 
(orf 2 – orf 5, not shown) from 
cosmid 7D7 inserted into KpnI 
site of pBluescriptII SK(+) 

This work 

pDQ44 pJTU1278 digested with XbaI 
and SpeI, and self-ligated 

This work 

pDQ45 ca. 6412 bp KpnI DNA 
fragment harboring pntD from 
pDQ34 inserted into the KpnI 
site of pDQ44 

This work 

pDQ46 822 bp DNA fragment of pntD 
from 40 nt to 861 nt of pDQ45 
replaced by ca. 1369 bp oriT 
and aac(3)IV using PCR 
targeting system 

This work 

pDQ47 pDQ46 digested with XbaI and 
self ligated to delete oriT and 
aac(3)IV 

This work 
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Plasmids Relevant phenotype and/or 
characteristics 

Source 

pDQ49 ca. 7 kb BamHI + HindIII 
DNA fragment harboring penD 
from p56 inserted into the 
corresponding site of pDQ44 

This work 

pDQ50 Internal 819 bp of penD from 
40 nt to 858 nt on pDQ49 
replaced by ca. 1369 bp oriT 
and aac(3)IV using PCR 
targeting system 

This work 

pDQ51 pDQ50 digested with XbaI and 
self ligated to delete oriT and 
aac(3)IV 

This work 

p56 ca. 6.9 kb PstI DNA fragment 
harboring partial penG, penF, 
penE, penD, penB, penA and 
partial penI inserted into PstI 
site of pBluescriptII SK(+) 

This work 

pKU464aac(3)IV::ermEp::penE ermEp-penE This work 

pKU464aac(3)IV::ermEp::pntE ermEp-pntE This work 

pKU464aac(3)IV::ermEp::penE-penD ermEp-penED This work 

pKU464aac(3)IV::ermEp::pntE-pntD ermE-pntED This work 

pKU464aac(IV)::ermEp::ptlE/pntE300 ermEp-ptlE/pntE300 This work 

pKU464aac(IV)::ermEp::ptlE/pntE600 ermEp-ptlE/pntE600 This work 

pKU464aac(IV)::ermEp::ptlE/pntE1200 ermEp-ptlE/pntE1200 This work 

pJexpress401-PenE_opt_alt2 oripUC, Kan+, lacI, synthetic 
penE 

DNA2.0, this work 

pJexpress401-PntE_opt_alt2 oripUC, Kan+, lacI, synthetic 
pntE 

DNA2.0, this work 

pJexpress401-PenD_opt_alt2 oripUC, Kan+, lacI, synthetic 
penD 

DNA2.0, this work 

pJexpress401-PntD_opt_alt2 oripUC, Kan+, lacI, synthetic 
pntD 

DNA2.0, this work 

pJ201-PtlD oripUC, Kan+, lacI, synthetic 
ptlD 

DNA2.0, this work 
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Plasmids Relevant phenotype and/or 
characteristics 

Source 

pET-28a-penE Synthetic penE gene from 
pJexpress401:PenE_opt_alt2 
digested with NdeI and XhoI 
and inserted into the 
corresponding site of pET28a 

This work 

pDQ58 Synthetic pntE gene from 
pJexpress401:PntE_opt_alt2 
amplified with primer 
DQ75F/R, digested with NdeI 
and XhoI, and inserted into the 
corresponding site of pET-26b 

This work 

pET-28a-penD Synthetic penD gene from 
pJexpress401-PenD_opt_alt2 
digested with NdeI and XhoI 
and inserted into the 
corresponding site of pET-28a 

This work 

pET-28a-pntD Synthetic pntD gene from 
pJexpress401-PntD_opt_alt2 
digested with NdeI and XhoI 
and inserted into the 
corresponding site of pET-28a 

This work 

pET-28a-ptlD Synthetic ptlD gene from 
pJ201-PtlD digested with NdeI 
and XhoI and inserted into the 
corresponding site of pET-28a 

This work 

1E2 pHZ1357 derivative, cosmid 
harboring pnt gene cluster 

This work 

7D7 pHZ1357 derivative, cosmid 
harboring pnt gene cluster 

This work 

12B2 pHZ1357 derivative, cosmid 
harboring pnt gene cluster 

This work 

21A5 pHZ1357 derivative, cosmid 
harboring pnt gene cluster 

This work 

21F7 pHZ1357 derivative, cosmid 
harboring pnt gene cluster 

This work 

27H6 pHZ1357 derivative, cosmid 
harboring pnt gene cluster 

This work 

G21 pHZ1357 derivative, cosmid 
harboring pen gene cluster 

This work 
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Plasmids Relevant phenotype and/or 
characteristics 

Source 

K5 pHZ1357 derivative, cosmid 
harboring partial pen gene 
cluster 

This work 

O34 pHZ1357 derivative, cosmid 
harboring partial pen gene 
cluster 

This work 
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Figure S1. SDS PAGE of purified recombinant proteins. A. His6-tag-PenE. B. PntE-His6-tag; C. 
His6-tag-PenD. D. His6-tag-PntD. E. His6-tag-PtlD. 
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Figure S2. GC-MS analysis (Method 1) of incubations of recombinant PenE and PntE with 1-deoxy-11-
oxopentalenic acid (7). A. Control incubation of 6 with boiled PtlF and boiled PenE. B. Control 
incubation of 6 with PtlF and boiled PenE. C. Incubation of 6 with PtlF and PenE. D. Incubation of 6 
with PtlF and PenE with added reference 9. E. Control incubation of 6 with PtlF and boiled PntE. F. 
Incubation of 6 with PtlF and PntE. Mass spectra of the individual components are given in right panel. 
For mass spectra of authentic 8-Me and 9-Me, see Figure S2 of supplemental ref. 3 
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Figure S3. GC-MS analysis (Method 1) of incubations of recombinant PenD and PntD with 
pentalenolactone D (8) and with pentalenolactone E (15). A. Control incubation of 8 with boiled PenD. 
B. Incubation of 8 with PenD. C. Control incubation of 8 with boiled PntD. D. Incubation of 8 with 
PntD. E. Control incubation of 15 with boiled PenD. F. Incubation of 15 with PenD. G. Control 
incubation of 15 with boiled PntD. H. Incubation of 15 with PntD. I. MS of authentic reference 16-Me. 
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Figure S4. GC-MS analysis (Method 1) of incubations of recombinant PtlD with pentalenolactone D (8) 
and PtlD, PenD, and PntD with with neopentalenolactone D (9). A. Control incubation of 8 with boiled 
PtlD. B. Incubation of 8 with PtlD. C. Control incubation of 9 with boiled PtlD. D. Incubation of 9 with 
PtlD. E. Control incubation of 9 with boiled PenD. F. Incubation of 9 with PenD. G. Control incubation 
of 9 with boiled PntD. H. Incubation of 9 with PntD. 
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Figure S5. PCR analysis of wild-type and penD or pntD deletion mutants. A. S. exfoliatus UC5319, 
primer pair DQ81F/R. B. S. exfoliatus ZD20 (ΔpenD), primer pair DQ81F/R. C. S. arenae TÜ469 and 
ZD-17, primer pair DQ80F/R. D. S. arenae TÜ469 and ZD-18 (ΔpntD), primer pair DQ80F/R. 
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Figure S6.  GC-MS analysis (Method 1) of ZD20 and ZD18 deletion mutants. A. Wild-type S. arenae 
TÜ469. B. S. arenae ZD18. C. Wild-type S. exfoliatus UC5319. D. S. exfoliatus ZD20. Under the 
growth conditions used for each strain, small quantities of the methyl esters of pentalenolactone E (15-
Me) and pentalenolactone F (16-Me) can also be detected in the cultures of both wild-type strains on the 
shoulders of the peaks for 8-Me (m/z 276, rel ret time 15-Me, -0.16 min) and 1-Me (m/z 292, rel ret time 
16-Me, -0.04 min), identical by comparison with the spectra of ret time of authentic samples. 
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Figure S7. GC-MS analysis of S. avermitilis SUKA16 ΔptlE ΔptlD double mutant and ΔptlE mutant 
complementation experiments. A. ΔptlE ΔptlD double mutant. B. Complementation of ΔptlE ΔptlD 
mutant with pntE and pntD. C. Complementation of ΔptlE ΔptlD mutant with pntE. D. ΔptlE mutant. E. 
Complementation of ΔptlE mutant with pntE. 

 
Figure S7-2. GC-MS analysis of S. avermitilis SUKA16 ΔptlE ΔptlD double mutant and ΔptlE mutant 
complementation experiments. A. ΔptlE ΔptlD double mutant. B. Complementation of ΔptlEΔptlD 
mutant with penE and penD. C. Complementation of ΔptlE ΔptlD mutant with penE. D. ΔptlE mutant. 
E. Complementation of ΔptlE mutant with penE. 
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Figure S8. Analysis of methylated products of S. avermitilis SUKA16 ΔptlE ΔptlD mutant 
complemented with pntE, showing formation of both pentalenolactone D methyl ester (8-Me) and 2-3% 
neopentalenolactone D (9-Me). Products were identified by comparison with authentic samples. A. GC-
MS analysis (GC-MS Method 2).  B. LC-MS analysis, ODS-HPLC. 
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Figure S9. GC-MS analysis of methylated extract of S. avermitilis SUKA16 ΔptlE ΔptlD carrying 
pKU464aac(3)IV::ermEp::pntE-pntD showing formation of both pentalenolactone F methyl ester (16-
Me) and 9,10-epi-pentalenolactone F methyl ester (18-Me). Cf Panel B, Figure S7. 
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Figure S10. Alignment of amino acid sequences of Baeyer-Villiger monooxygenases, PtlE and PntE. 
Underlined characters indicate characteristic motifs. Shadowed boxes correspond to the junction regions 
for construction of PtlE/PntE hybrid proteins. 
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Figure S11. GC-MS analysis of S. avermitilis SUKA16 ΔptlE ΔptlD double mutant complementation 
experiments. A. Complementation of ΔDptlE ΔptlD double mutant with 
pKU464aac(3)IV::ermEp::ptlE/pntE300. B. Complementation of ΔDptlE ΔptlD mutant with 
pKU464aac(3)IV::ermEp::ptlE/pntE600. C. Complementation of ΔDptlE ΔptlD mutant with 
pKU464aac(3)IV::ermEp::ptlE/pntE1200. 
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