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Fig. S1. Sipanmycin biosynthesis gene cluster. Biosynthetic pathways important for the understanding of this work are included. For more detailed information regarding the 
assembly of the macrolactam, please refer to Malmierca et al., 2018 [1]. 

Macrolactam ring synthesis

Regulation and secretion

Starter unit biosynthesis

UDP-D-xylosamine biosynthesis and transfer

TDP-D-sipanose biosynthesis and transfer

R1     S3  S2  S1             P5                           IB3   IB2            P4                             P3            R2   T1 B                        P2                                                     P1                   O1 L7    L1   L2  L3  L4 L5    S7     S10   S9  S5 O2    S11 

IB1   S15                                                                    T2                                              L6                          S4      S6      S8         S14    S13

1. Starter unit biosynthesis pathway

2. UDP-D-xylosamine biosynthesis pathway

3. TPD-D-sipanose biosynthesis pathway

4. Glycosylation of  macrolactam

α-glutamic acid β-glutamic acid 3-aminobutyrate

UDP-D-N-acetylglucosamine UDP-D-xylosamine

D-glucose-1-phosphate                                                                                                           TDP-D-sipanose



 

Fig. S2. Plasmids used in combinatorial biosynthesis experiments. pLNRT is completely represented. pLNBIV and pFL844 only differ from pLNRT in the region between 
asteriscs [2]. Backbone: tsr, thiostrepton resistance gene; bla, β-lactamase gene; aac(3)IV, apramycin resistance cassette; PermE*, promoter of the erythromycin resistance 
gene; oripIJ101, origin of replication of plasmid pIJ101; oripUC18, origin of replication of plasmid pUC18; int

ФC31, ФC31 integrase; oriTRK2, origin of transfer of plasmid RK2. 
Sugar biosynthetic genes: oleV (2,3-dehydratase), oleW (3-ketoreductase), oleY (3-O-methyltransferase), oleL (3,5-epimerase), oleS (synthase) and oleE (4,6-dehydratase) 
from the oleandomycin producer Streptomyces antibioticus; urdR (4-ketoreductase) and urdQ (3,4-dehydratase from the urdamycin A producer Streptomyces fradiae; eryBIV 
(4-ketoreductase) from the erythromycin producer Saccharopolyspora erythraea.   
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Structure elucidation of sipanmycin A1 (1). 

The molecular formula of 1 was established as C43H64N2O9 based on the observed ion 

[M+H]+ at m/z 753.4692 (calcd. for C43H65N2O9
+

 = 753.4685, ∆m = 0.9 ppm). Such 

formula confirmed its structural relationship with sipanmycin A (SIP-A) [3]. As 

expected, the UV (DAD) spectrum of 1 is identical to that of sipanmycins A and B, 

showing a maximum at 320 nm and a shoulder at 360 nm, due to the presence of the 

polyene moieties in the macrolactam aglycon [3]. Comparison of the in-source fragment 

ion at m/z = 131.0702 with the corresponding one from SIP-A (m/z =172.1332) 

suggested that 1 and SIP-A just differ in the terminal monosaccharide moiety. 

Substitution of the native terminal sipanose residue in SIP-A by digitoxose (the 

monosaccharide encoded by the introduced plasmid pLNBIVT) perfectly accounts for 

the molecular formula of 1. Comparison of the NMR data of 1 and SIP-A revealed that 

the signals of the aglycon and its directly attached xylosamine residue are essentially 

identical for both compounds. As expected, the characteristic NMR signals of the D-

sipanose residue of SIP-A do not appear in the spectra of 1. Instead, a new set of signals 

is found which was revealed to correspond to the new terminal desoxysugar. The 

connectivity (based on COSY, TOCSY and HMBC correlations) and the relative 

configuration (based on coupling constants and NOE analysis) of this monosaccharide 

residue was established as the expected digitoxose, with an α anomeric configuration 

(axial glycosidic linkage). Bearing in mind that the glycosyl transferase pair 

SipS9/SipS14 acts as an inverting GT (see explanation in the main text of the article), 

according to Klyne’s rule [4] the terminal digitoxose residue has an α-L absolute 

configuration. The absolute configuration of the D-xylose residue and the chiral centers 

at positions C-10, C-11 and C-23 in the macrolactam aglycon must be identical to that 

of SIP-A for obvious biosynthetic reasons [1]. Not surprisingly, for the macrolactam 



and the xylosamine residue, the same key NOESY correlations and essentially identical 

chemical shifts are observed in the spectra of both SIP-A and 1. Additionally, the only 

observed NOE correlation between both monosaccharides (H1’’ and H4’) agrees with 

the L absolute configuration for the digitoxose residue according to the minimized 

molecular model of the disaccharyl moiety. 

Compound 1 thus corresponds to α-L-digitoxyl-(1→4’)-3’-O-demethylsilvalactam and 

was trivially designated as sipanmycin A1 (SIP-A1). 

  



 

 

Fig. S3. HRMS spectrum of SIP-A1 (1) and identification of the key in-source fragment ions.  

 

 

 

Fig. S4. UV-vis (DAD) spectrum of SIP-A1 (1). 
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Fig. S5. 1H NMR spectrum (CD3OD, 500 MHz) of SIP-A1 (1). 
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Fig. S6. Diffusion-filtered 1H NMR spectrum of SIP-A1 (1). 
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Fig. S7. COSY spectrum of SIP-A1 (1). 



 

 

 

 

 

 

Fig. S8. TOCSY spectrum of SIP-A1 (1). Key correlations corresponding to the α-L-digitoxose spin 
system are highlighted. The corresponding proton signals at the diagonal are indicated by an arrow. 
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Fig. S9. NOESY spectrum of SIP-A1 (1). Key correlations rendering the relative and absolute 
configuration of the α-L-digitoxose residue are highlighted (first proton in each pair corresponds to F2 
dimension and the second proton to the indirect F1 dimension). 
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Fig. S10. Edited HSQC spectrum of SIP-A1 (1). Key correlations corresponding to the α-L-digitoxose 
moiety are highlighted.  
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Fig. S11. HMBC spectrum of SIP-A1 (1). Key correlations connecting the α-L-digitoxose and β-D-
xylosamine moieties are highlighted. 
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Fig. S12. Gross structure of SIP-A1 (1) determined by 2D NMR and comparisons with the NMR data of 
SIP-A. COSY correlations (further corroborated by the spin systems observed in the TOCSY spectrum) 
are indicated as bold bonds. Key HMBC correlations connecting independent spin systems are indicated 
by arrows. 

 

 

   

 

Fig. S13. Key intra-ring NOESY correlations (solid arrows) which, together with the observed coupling 
constants, allow stablishing the relative configuration of each monosaccharide. There is only one 
observable inter-ring NOESY correlation (dashed arrow) connecting both monosaccharides in agreement 
with the L- absolute configuration of the digitoxose residue as reflected by the minimized molecular 
model and the corresponding interproton distance. 

 

 

 
Fig. S14. Structure of SIP-A1 (1). 
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Table S1. 1H and 13C NMR data for SIP-A1 (1) in CD3OD at 24 °C. 
 

Position δδδδC, type δδδδH (J in Hz)  Position δδδδC, type δδδδH (J in Hz) 

1 174.2, C -  1' 101.0, CH 4.77, br d (ca. 5.7) 

2 136.7, C -  2' 56.6, CH 3.06, br t (ca. 5.7) 

3 138.6, CH 6.26, m  3' 70.6, CH 3.65, m 

4 134.8, C -  4' 75.0, CH 3.67, m 

5 136.6, CH 5.80, m 
 

5' 62.9, CH2 
4.12, dd (12.2, 3.6)  

3.32, m 

6 129.2, CH 6.49, dd (15.4, 11.4)  1" 95.8, CH 4.93, br d (3.8) 

7 136.2, CH 5.91, br t (11.2)  
 

2" 36.5, CH2 
2.00, m 

1.95, dt (14.9, 3.9) 

8 130.1, CH 6.27, m  3" 67.7, CH 3.97, ddd (3.1, 3.1, 3.1) 

9 141.2, CH 5.56, br d (15.8)  4" 73.5, CH 3.21, dd (9.5, 3.1) 

10 76.3, C -  5" 65.2, CH 4.09, dq (9.4, 6.2) 

11 83.5, CH 4.41, m  6" 17.9, CH3 1.25, d (6.3) 

12 129.9, CH 5.49, m     

13 130.3, CH 6.14, m     

14 125.9, CH 6.13, m     

15 138.1, CH 6.24, m     

16 135.8, C -     

17 132.8, CH 6.14, m     

18 124.5, CH 6.34, m     

19 138.6, CH 6.27, m     

20 137.5, C -     

21 131.3, CH 5.51, m     

22 37.4, CH2 
2.50, m 
2.26, m 

    

23 47.2, CH 4.08, m     

24 16.2, CH3 2.00, br s     

25 22.9, CH3 1.49, br s     

26 12.8, CH3 1.72, br s     

27 12.8, CH3 1.76, br s     

28 20.6, CH3 1.28, d (6.9)     

29 37.2, CH2 
2.56, m 
2.31, m 

    

30 29.5, CH 1.64, m     

31 22.5, CH3 0.88, d (6.4)     

32 22.5, CH3 0.88, d (6.4)     

1-NH - 7.40 br s*     

 

13C chemical shifts obtained from HSQC and HMBC spectra. 

* The amide proton exchanges very slowly and can be observed in the spectra. 

  



Structure elucidation of sipanmycin B1 (2). 

The molecular formula of 2 was established as C44H66N2O9 based on the observed ion 

[M+H]+ at m/z 767.4832 (calcd. for C44H67N2O9+ = 767.4841, ∆m = 1.2 ppm). As 

found for the molecular formula difference between sipanmycins A and B, compound 2 

also contains one carbon atom and two hydrogen atoms more than SIP-A1 (1), 

suggesting it should correspond to the expected congener of SIP-A1 having a 2-methyl-

1-butyl group rather than an isobutyl group as aliphatic substituent at C-2. As expected, 

its UV (DAD) spectrum is also identical to that of SIP-A1. The key in-source fragment 

ion at m/z = 131.0701, found also in SIP-A1, supports that 2 contains the same terminal 

digitoxose monosaccharide residue. Comparison of the NMR data of 2 with those of 

SIP-A1 and sipanmycin B (SIP-B) reveals that 2 and SIP-A1 share the same 

disaccharide moiety while the macrolactam aglycon of 2 and SIP-B are, as expected, 

identical. For obvious biosynthetic reasons, the absolute configuration the carbohydrate 

units in 2 is the same as found in SIP-A1, while the chiral centers of the aglycon share 

the same absolute configuration reported for SIP-B [1, 3]. 

Compound 2 was trivially designated as sipanmycin B1 (SIP-B1). 

  



 

 

 

Fig. S15. HRMS spectrum of SIP-B1 (2) and identification of the key in-source fragment ions.  

 

 

 

 

 

 

Fig. S16. UV-vis (DAD) spectrum of SIP-B1 (2). 
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Fig. S17. 1H NMR spectrum (DMSO-d6, 500 MHz) of SIP-B1 (2). 
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Fig. S18. COSY spectrum of SIP-B1 (2). 
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Fig. S19. TOCSY spectrum of SIP-B1 (2). 
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Fig. S20. Edited HSQC spectrum of SIP-B1 (2). 



 

 

 
Fig. S21. Structure of SIP-B1 (2). 

  



Table S2. 1H and 13C NMR data for SIP-B1 (2) in DMSO-d6 at 24 °C. 
 

Position δδδδC, type δδδδH (J in Hz)  Position δδδδC, type δδδδH (J in Hz) 

1 n.d., C -  1' n. d., CH n. d., m 

2 n.d., C -  2' 56.6, CH 2.76, m 

3 137.8, CH 6.22, m  3' n. d., CH n. d. 

4 n. d., C -  4' 73.6, CH 3.50, m 

5 134.9, CH 5.70, m 
 

5' 62.9, CH2 
4.00, m  
3.12, m 

6 128.2, CH 6.46, br t (13.0)  1" 94.4, CH 4.89, m 

7 135.3, CH 5.80, m   2" 36.1, CH2 1.82, m 

8 128.2, CH 6.19, m  3" 66.8, CH 3.75, m 

9 142.0, CH 5.45, m  4" 72.8, CH 3.06, m 

10 n. d., C -  5" 64.6, CH 4.02, m 

11 82.3, CH 4.32, m  6" 18.5, CH3 1.13, d (6.4) 

12 130.2, CH 5.33, m     

13 128.3, CH 6.02, m     

14 125.8, CH 6.15, m     

15 136.1, CH 6.13, m     

16 n. d., C -     

17 131.5, CH 6.12, m     

18 123.5, CH 6.29, m     

19 136.3, CH 6.17, m     

20 n. d., C -     

21 131.3, CH 5.40, m     

22 34.4, CH2 
2.37, m 
2.17, m 

 
   

23 45.5, CH 3.92, m     

24 16.4, CH3 1.94, br s     

25 24.2, CH3 1.39, br s     

26 13.1, CH3 1.71, br s     

27 13.1, CH3 1.71, br s     

28 21.2, CH3 1.17, d (6.6)     

29 34.4, CH2 
2.37, m  
2.17, m  

    

30 34.8, CH 1.35, m     

31 19.3, CH3 0.76, d (6.5)     

32 31.8, CH2 1.22, m     

33 11.7, CH3 0.80, m     

1-NH - 7.26 br s     

 

13C chemical shifts obtained from HSQC spectra. 

 

  



Structure elucidation of sipanmycin A2 (3). 

The molecular formula of 3 was established as C43H64N2O9 based on the observed ion 

[M+H]+ at m/z 753.4692 (calcd. for C43H65N2O9
+ = 753.4685, ∆m = 0.9 ppm). Such 

formula confirmed its structural relationship with sipanmycin A (SIP-A) [3]. Likewise, 

its UV (DAD) spectrum is the expected one for a sipanmycin analogue. The in-source 

fragment ions at m/z = 623.4060 and m/z = 492.3474 indicate that the macrolactam 

aglycon and its directly attached aminosugar are identical for 3 and SIP-A and 

automatically manifest that 3 and SIP-A just differ in the terminal monosaccharide 

moiety which in the case of 3, according to the molecular formula, does not contain any 

nitrogen atom. Substitution of the native terminal sipanose residue in SIP-A by olivose 

(the monosaccharide encoded by the introduced plasmid pLNRT) perfectly accounts for 

the molecular formula of 3. Comparison of the NMR data of 3 and SIP-A show that the 

signals of the aglycon and its directly attached xylosamine are essentially identical for 

both compounds. As expected, the characteristic NMR signals of the D-sipanose residue 

of SIP-A do not appear in the spectra of 1. Instead, a new set of signals is found which 

was revealed to correspond to the new terminal desoxysugar. Analysis of the TOCSY 

spectrum provided the connectivity and the relative configuration (based on the 

magnetization transfer from H-1’’ to H6’’ as described by Martins and co-workers [5]) 

of this monosaccharide residue which corresponds to the expected olivose with a 

β anomeric configuration (equatorial glycosidic linkage). Comparison with the NMR 

data of the β-D-olivose residue of kerriamycin B [6] further confirmed this assignment.  

Once again, according to Klyne’s rule [2] the olivose residue has an β-D absolute 

configuration. Compound 3 thus corresponds to β-D-olivosyl-(1→4’)-3’-O-

demethylsilvalactam and was trivially designated as sipanmycin A2 (SIP-A2). 

 



 

 

Fig. S22. HRMS spectrum of SIP-A2 (3) and identification of the key in-source fragment ions. 

 

 

 

Fig. S23. UV-vis (DAD) spectrum of SIP-A2 (3). 
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Fig. S24. 1H NMR spectrum (CD3OD, 500 MHz, water suppression) of SIP-A2 (3). 
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Fig. S25. Diffusion-filtered 1H NMR spectrum of SIP-A2 (3). 

 



 

 

 

 

 
Fig. S26. TOCSY spectrum of SIP-A2 (3). Key correlations corresponding to the β-D-olivose spin system 
are highlighted. The corresponding anomeric proton (1’’) signal at the diagonal is indicated by an arrow. 

F2 Chemical Shift (ppm) 6 5 4 3 2 1 0

F
1

 C
h

em
ic

a
l S

h
ift

 (
p

pm
)

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

7.5

8.0

6’’
2a’’

2b’’

4’’
5’’
6’’

1’’



 

 

 
Fig. S27. Edited HSQC spectrum of SIP-A2 (3). Key correlations corresponding to the β-D-olivose 
moiety are highlighted. 

F2 Chemical Shift (ppm) 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

F
1

 C
h

em
ic

a
l S

hi
ft 

(p
pm

)

40

48

56

64

72

80

88

96

104

112

120

128

136

144

152

1’’

2’’

4’’

3’’

5’’

6’’



 
Fig. S28. Gross structure of SIP-A2 (3) determined by 2D-NMR and comparisons with the NMR data of 
SIP-A and kerriamycin B. Spin systems observed in the TOCSY spectrum are indicated as bold bonds. 

 

 

 

 

 

 
Fig. S29. Structure of SIP-A2 (3). 

 

 

 

  



Table S3. 1H and 13C NMR data for SIP-A2 (3) in CD3OD at 24 °C.  
 

Position δδδδC, type δδδδH (J in Hz)  Position δδδδC, type δδδδH (J in Hz) 

1 n. d., C -  1' 101.3, CH 4.68, d (ca. 7.8) 

2 n. d., C -  2' 57.6, CH 2.96, m 

3 138.6, CH 6.26, m  3' 72.0, CH 3.59, m 

4 n. d., C -  4' 78.3,CH 3.72, m 

5 136.6, CH 5.80, m 
 

5' 64.5, CH2 
4.08, m  
3.32, m 

6 129.2, CH 6.49, dd (14.5, 11.5)  1" 100.3, CH 4.70,br d (ca. 9.7) 

7 136.2, CH 5.92, m 
 

2" 40.1, CH2 
2.14, m 
1.52, m 

8 130.1, CH 6.27, m  3" 71.4, CH 3.54, m 

9 141.2, CH 5.56, m  4" 78.0, CH 2.93, m 

10 n. d., C -  5" 73.4, CH 3.33, m 

11 83.2, CH 4.43, m  6" 18.0, CH3 1.31, m 

12 130.0, CH 5.47, m     

13 130.3, CH 6.15, m     

14 125.9, CH 6.13, m     

15 138.1, CH 6.24, m     

16 n. d., C -     

17 132.8, CH 6.14, m     

18 124.5, CH 6.34, m     

19 138.6, CH 6.27, m     

20 n. d., C -     

21 131.3, CH 5.51, m     

22 37.4, CH2 
2.50, m 
2.26, m 

    

23 47.2, CH 4.08, m     

24 16.2, CH3 2.00, br s     

25 22.9, CH3 1.49, br s     

26 12.8, CH3 1.72, br s     

27 12.8, CH3 1.76, br s     

28 20.6, CH3 1.28, m     

29 37.2, CH2 
2.56, m 
2.31, m 

    

30 29.5, CH 1.65, m     

31 22.5, CH3 0.88, m     

32 22.5, CH3 0.88, m     

1-NH - 7.40 br s*     

 

13C chemical shifts obtained from HSQC spectrum. 

* The amide proton exchanges very slowly and can be observed in the spectra. 
  



Structure elucidation of sipanmycin A2b (4). 

The UV (DAD) spectrum of 4 shows the typical absorbance of the sipanmycin aglycon 

chromophore, indicating 4 is another analogue of this family of compounds. Its 

molecular formula was established as C44H66N2O9 based on the observed ion [M+H]+ at 

m/z 767.4843 (calcd. for C44H67N2O9
+ = 767.4841, ∆m = 0.3 ppm). This formula differs 

from that of SIP-A2 (3) in one extra carbon atom and two extra hydrogen atoms. Such 

“CH2” difference is expected for a hypothetical “B” congener of SIP-A2 carrying an 

extra carbon in the aliphatic chain substituent at C-2. However, the in-source fragment 

ions at m/z = 623.4060 and m/z = 492.3474 indicate that the macrolactam aglycon and 

its directly attached aminosugar are identical for 4 and SIP-A2 manifesting that the 

“CH2” difference is localized in the terminal monosaccharide moiety. Methylation of a 

hydroxyl or one of the carbons of the olivose moiety of SIP-A2 would account for such 

difference. 

Comparison of the NMR data of 4 and SIP-A2 shows that the signals of the aglycon and 

its directly attached xylosamine are essentially identical for both compounds. The 

signals of the new terminal deoxysugar could be identified after comparison of the 

HSQC spectra of both compounds and analysis of the COSY, TOCSY and HMBC 

spectra of 4. Based on the key correlations found in these spectra the identity of this 

sugar residue was established as olivomycose with a β anomeric configuration 

(equatorial glycosidic linkage). This sugar can be considered as a 3-methylolivose and 

perfectly explains the abovementioned “CH2” difference in the molecular formulae of 

SIP-A2 and 4. The axial orientation of this methyl group (H-7’’) was unambiguously 

established on the basis of its key NOESY correlation with H-5’’. The coupling 

constants observed for the anomeric H-1’’ and H-4’’ were also employed for 

establishing the β-olivomycose relative configuration of the terminal sugar residue. 



Comparison with the NMR data of the β-olivomycose residues of ammocidins A and B 

[7, 8] further confirmed this assignment. As indicated for SIP-A2, according to Klyne’s 

rule [4] the olivomycose residue has a β-D absolute configuration. Compound 4 thus 

corresponds to β-D-olivomycosyl-(1→4’)-3’-O-demethylsilvalactam and was trivially 

designated as sipanmycin A2b (SIP-A2b). 

  



 

 

Fig. S30. HRMS spectrum of SIP-A2b (4) and identification of the key in-source fragment ions. 

 

 

 

Fig. S31. UV-vis (DAD) spectrum of SIP-A2b (4). 
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Fig. S32. 1H NMR spectrum (CD3OD, 500 MHz, water suppression) of SIP-A2b (4). 

 

 

 

 

 

 

 



 

 

 

F2 Chemical Shift (ppm) 6 5 4 3 2 1 0

F
1

 C
h

e
m

ic
a

l S
h

ift
 (

p
p

m
)

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

7.5

8.0

 

 

Fig. S33. COSY spectrum of SIP-A2b (4). 

  



 

 

 

 

 
Fig. S34. TOCSY spectrum of SIP-A2b (4). Key correlations corresponding to the β-D-olivomycose spin 
systems are highlighted. The corresponding proton signals at the diagonal are indicated by an arrow. 
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Fig. S35. NOESY spectrum of SIP-A2b (4). Key correlation for determining the relative configuration of 
the β-D-olivomycose residue is highlighted (first proton in the pair corresponds to F2 dimension and the 
second proton to the indirect F1 dimension). 
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Fig. S36. Edited HSQC spectrum of SIP-A2b (4). Key correlations corresponding to the β-D-olivomycose 
moiety are highlighted. 
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Fig. S37. HMBC spectrum of SIP-A2b (4). Key correlations involving the β-D-olivomycose residue and 

establishing its linkage to the β-D-xylosamine moiety are highlighted. 
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Fig. S38. Gross structure of SIP-A2b (4) determined by 2D-NMR and comparisons with the NMR data of 
SIP-A, SIP-A2 and ammomicins A and B. Spin systems observed in the COSY and TOCSY spectra are 
indicated as bold bonds. Key HMBC correlations involving the terminal olivomycose residue are 
indicated by arrows. 

 

 

 

 

 

 

 

Fig. S39. Key NOESY correlation (solid arrow) between H-5’’ and H-7’’ (methyl) which, together with 
the observed coupling constants, allow stablishing the β-olivomycose relative configuration for the 
terminal monosaccharide.  

 

 

 

 
Fig. S40. Structure of SIP-A2b (4). 



Table S4. 1H and 13C NMR data for SIP-A2b (4) in CD3OD/DMSO-d6 (4:1) at 24 °C.  
 

Position δδδδC, type δδδδH (J in Hz)  Position δδδδC, type δδδδH (J in Hz) 

1 n. d., C -  1' 100.8, CH 4.75, d (ca. 7.6) 

2 n. d., C -  2' 57.2, CH 2.98, dd (9.8, 7.8) 

3 138.4, CH 6.32, m  3' 71.3, CH 3.63, m 

4 134.8, C -  4' 78.3, CH 3.76, ddd (9.8, 8.6, 5.4) 

5 136.3, CH 5.84, m 
 

5' 64.5, CH2 
4.09, m  
3.34, m 

6 129.1, CH 6.51, dd (14.1, 11.8)  1" 99.5, CH 4.76, dd (9.8, 1.8) 

7 136.2, CH 5.95, m 
 

2" 46.2, CH2 
1.95, dd (12.7, 1.8) 
1.67, dd (12.8, 9.8) 

8 129.8, CH 6.32, m  3" 71.9, C - 

9 141.5, CH 5.57, m  4" 79.6, CH 3.12, d (9.6) 

10 76.2, C -  5" 72.6, CH 3.45, dq (9.6, 6.0) 

11 82.9, CH 4.47, m  6" 18.8, CH3 1.32, m 

12 130.5, CH 5.49, m  7" 20.5, CH3 1.25, m 

13 130.0, CH 6.17, m     

14 126.1, CH 6.17, m     

15 137.9, CH 6.29, m     

16 136.0, C -     

17 132.7, CH 6.20, m     

18 124.5, CH 6.38, m     

19 138.2, CH 6.31, m     

20 137.8, C -     

21 131.6, CH 5.54, m     

22 37.1, CH2 
2.57, m 
2.36, m 

    

23 46.9, CH 4.10, m     

24 16.4, CH3 2.04, br s     

25 23.7, CH3 1.51, br s     

26 13.0, CH3 1.77, br s     

27 13.0, CH3 1.80, br s     

28 20.4, CH3 1.26, m     

29 37.3, CH2 
2.59, m 
2.35, m 

    

30 29.5, CH 1.67, m     

31 22.7, CH3 0.91, m     

32 22.7, CH3 0.91, m     

1-NH - 7.38 br s*     

 

13C chemical shifts obtained from HSQC and HMBC spectra. 

* The amide proton exchanges very slowly and can be observed in the spectra. 

 

 



Structure elucidation of sipanmycin A3 (5). 

The UV (DAD) spectrum of 5 shows the typical absorbance pattern of the sipanmycin 

aglycon chromophore, indicating 5 is another analogue of this family of compounds. Its 

molecular formula was established as C45H69N3O7 based on the observed ion [M+H]+ at 

m/z 764.5221 (calcd. for C45H70N3O7
+

 = 764.5208, ∆m = 0.9 ppm). Such formula 

contains one carbon atom, one oxygen atom and two hydrogen atoms less than the 

molecular formula of sipanmycin A (SIP-A) [3]. Comparison of the in-source fragment 

ion at m/z = 142.1230 with the corresponding one from SIP-A (m/z =172.1332) 

suggested that 5 and SIP-A just differ (by a formal “CH2O”) in the terminal 

monosaccharide moiety. Comparison of the NMR data of 5 and SIP-A show the 

expected small differences related to the substitution of sipanose by a different 

deoxyaminosugar in 5. The connectivity (based on COSY, TOCSY and HMBC 

correlations) and the relative configuration (based on coupling constants and NOE 

analysis) of this monosaccharide residue was found to correspond to forosamine, with a 

β anomeric configuration (equatorial glycosidic linkage). Comparison with the NMR 

data reported for the forosamine residues in forazoline A [9] and spiramycin [10] further 

supported the monosaccharide identity. Forosamine is structurally related to sipanose 

(the wild type deoxyaminosugar of sipanmycins) and can be considered as a 3-

demethyl,3-deoxysipanose. Once again, according to Klyne’s rule [4] the forosamine 

residue of 5 has a β-D absolute configuration. Another evidence for this absolute 

configuration is found in the homologous compound incednine [11], biosynthesized by 

a homolog gene cluster [12], and which contains a β-D-&-demethylforosamine residue 

as terminal monosaccharide. Not surprisingly, the same key inter-sugar NOESY 

correlations (H-1’’ with both H-4’ and H-5eq’) already reported for SIP-A [3] are 

likewise found in 5. As already indicated for the other analogs, the absolute 



configuration of the D-xylose residue and the chiral centers in the macrolactam aglycon 

of 5 must be identical to that of SIP-A for obvious biosynthetic reasons. Compound 5 

thus corresponds to β-D-forosaminyl-(1→4’)-3’-O-demethylsilvalactam and was 

trivially designated as sipanmycin A3 (SIP-A3).  

  



 

 

Fig. S41. HRMS spectrum of SIP-A3 (5) and identification of the key in-source fragment ions.  

 

 

 

 

 

Fig. S42. UV-vis (DAD) spectrum of SIP-A3 (5). 
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Fig. S43. 1H NMR spectrum (CD3OD, 500 MHz) of SIP-A3 (5). 
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Fig. S44. Diffusion-filtered 1H NMR spectrum of SIP-A3 (5). 
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Fig. S45. COSY spectrum of SIP-A3 (5). 



 

 

 

 

 

Fig. S46. TOCSY spectrum of SIP-A3 (5). Key correlations corresponding to the β-D-forosamine spin 
system are highlighted. The corresponding proton signals at the diagonal are indicated by an arrow. 
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Fig. S47. NOESY spectrum of SIP-A3 (5). Key correlations rendering the relative and absolute 
configuration of the β-D-forosamine residue are highlighted (first proton in each pair corresponds to F2 
dimension and the second proton to the indirect F1 dimension). 
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Fig. S48. Edited HSQC spectrum of SIP-A3 (5). Key correlations corresponding to the β-D-forosamine 
moiety are highlighted. 
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Fig. S49. HMBC spectrum of SIP-A3 (5). Key correlations involving the β-D-forosamine residue and 
establishing its linkage to the β-D-xylosamine moiety are highlighted. 
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Fig. S50. Gross structuf SipA3 (
A. COSY correlations (further corroborated by the spin systems observed in the TOCSY spectrum) are 
indicated as bold bonds. Key HMBC correlations connecting independent spin systems are indicated by 
arrows. 
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Fig. S51. Key intra-ring NOESY correlations (solid arrows) which, together with the observed coupling 
constants, allow stablishing the relative configuration of 
correlations (dashed arrows) connecting both monosaccharid
disaccharide portion of 5 is in agreement with the key NOEs and further confirm the 
configuration of the forosamine residue.
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Table S5. 1H and 13C NMR data for SIP-A3 (5) in CD3OD at °24 C. 
 

Position δδδδC, type δδδδH (J in Hz)  Position δδδδC, type δδδδH (J in Hz) 

1 174.2, C -  1' 101.0, CH 4.73, d (7.8) 

2 136.7, C -  2' 57.4, CH 2.98, dd (9.3, 7.8) 

3 138.6, CH 6.26, m  3' 71.7, CH 3.64, m 

4 134.8, C -  4' 77.7, CH 3.76, ddd (9.4, 8.3, 5.3) 

5 136.6, CH 5.80, m 
 

5' 64.2, CH2 
4.08, dd (12.4, 5.0 ) 
3.33, dd (12.4, 9.6) 

6 129.2, CH 6.49, dd (15.4, 11.5)  1" 101.0, CH 4.71, dd (9.4, 2.2) 

7 136.2, CH 5.91, br t (11.2) 
 

2" 30.7, CH2 
2.04, m 
1.65, m 

8 130.1, CH 6.27, m 
 

3" 20.1, CH2 
2.15, m 

1.85, br dd (12.6, 4.0) 

9 141.2, CH 5.56, br d (15.8)  4" 66.4, CH 3.09, br td (9.7, 2.5) 

10 76.5, C -  5" 71.7, CH 3.90, dq (9.4, 6.2) 

11 83.3, CH 4.42, m  6" 18.3, CH3 1.40, d (6.2) 

12 129.9, CH 5.47, m  7" 40.4, CH3 2.82, br s 

13 130.3, CH 6.14, m  8’’ 40.4, CH3 2.82, br s 

14 125.9, CH 6.13, m     

15 138.1, CH 6.24, m     

16 135.8, C -     

17 132.8, CH 6.14, m     

18 124.5, CH 6.34, m     

19 138.6, CH 6.27, m     

20 137.5, C -     

21 131.3, C 5.51, m     

22 37.4, CH2 
2.50, m 
2.26, m 

    

23 47.2, CH 4.07, m     

24 16.2, CH3 2.00, br s     

25 22.9, CH3 1.49, br s     

26 12.8, CH3 1.72, br s     

27 12.8, CH3 1.76, br s     

28 20.6, CH3 1.28, d (6.9)     

29 37.2, CH2 
2.56, m 
2.31, m 

    

30 29.5, CH 1.65, m     

31 22.5, CH3 0.88, d (6.4)     

32 22.5, CH3 0.88, d (6.4)     

1-NH - 7.40 br s*     

 

13C chemical shifts obtained from HSQC and HMBC spectra. 

* The amide proton exchanges very slowly and is clearly observed in the spectra. 

  



Structure elucidation of sipanmycin B3 (6). 

As expected, the UV (DAD) spectrum of 6 shows the typical absorbance pattern found 

for the sipanmycin family. Its molecular formula was established as C46H71N3O7 based 

on the observed ion [M+H]+ at m/z 778.5363  (calcd. for C46H72N3O7
+

 = 778.5365, ∆m = 

0.3 ppm). As the molecular formula difference found between sipanmycins A and B, 

compound 6 also contains one carbon atom and two hydrogen atoms more than SIP-A3 

(5), suggesting it should correspond to the expected congener of SIP-A3 having a 2-

methyl-1-butyl group rather than an isobutyl group as aliphatic substituent at C-2. The 

key in-source fragment ion at m/z = 142.1223, found also in SIP-A3, supports that 6 

contains the same terminal forosamine monosaccharide residue. Comparison of the 

NMR data of 6 with those of SIP-A3 and sipanmycin B (SIP-B) reveals that 6 and SIP-

A3 share the same disaccharide moiety while the macrolactam aglycon of 6 and SIP-B 

are, as expected, identical. The correlations observed in the set of 2D NMR spectra 

(COSY, NOESY, HSQC and HMBC) confirmed this structural determination. For 

obvious biosynthetic reasons, the absolute configuration of all chiral centers in 6 is the 

same as previously described for SIP-A3. 

Compound 6 was trivially designated as sipanmycin B3 (SIP-B3). 
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Fig. S53. HRMS spectrum of SIP-B3 (6) and identification of the key in-source fragment ions. 

 

 

 

Fig. S54. UV-vis (DAD) spectrum of SIP-B3 (6) 
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Fig. S55. 1H NMR spectrum (CD3OD, 500 MHz) of SIP-B3 (6). 
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Fig. S56. COSY spectrum of SIP-B3 (6). 
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Fig. S57. NOESY spectrum of SIP-B3 (6). 
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Fig. S58. Edited HSQC spectrum of SIP-B3 (6). 
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Fig. S59. HMBC spectrum of SIP-A3 (5). 



 
Fig. S60. Gross structure of SIP-B3 (6) determined by 2D-NMR and comparisons with SIP-A3 and SIP-
B. Only the COSY correlations of the side chain at C-2 are shown as bold bonds. Key HMBC correlations 
of this side chain are indicated by arrows. The COSY and key HMBC correlations of the rest of the 
structure are identical to those of SIP-A3 (5) and are not shown. 

 

 

 

 

 

 

 

Fig. S61. Structure of SIP-B3 (6).  

 

 

 

  



 

Table S6. 1H and 13C NMR data for SIP-B3 (6) in CD3OD at 24 °C. 
 

Position δδδδC, type δδδδH (J in Hz)  Position δδδδC, type δδδδH (J in Hz) 

1 174.2, C -  1' 101.0, CH 4.72, d (7.5) 

2 136.7, C -  2' 57.4, CH 2.98, dd (9.3, 7.8) 

3 138.6, CH 6.26, m  3' 71.7, CH 3.64, m 

4 134.8, CH -  4' 77.7, CH 3.76, ddd (9.4, 8.3, 5.3) 

5 136.6, CH 5.80, m 
 

5' 64.2, CH2 
4.08, dd (12.4, 5.0) 

3.32, m 

6 129.2, CH 6.49, dd (15.4, 11.5)  1" 101.0, CH 4.71, dd (9.4, 2.2) 

7 136.2, CH 5.91, br t (11.2) 
 

2" 30.7, CH2 
2.04, m 
1.65, m 

8 130.1, CH 6.27, m 
 

3" 20.1, CH2 
2.15, m 

1.85, br dd (12.6, 4.0) 

9 141.2, CH 5.56, m  4" 66.4, CH 3.09, br td (9.7, 2.5) 

10 76.5, C -  5" 71.7, CH 3.89, dq (9.4, 6.2) 

11 83.3, CH 4.42, m  6" 18.3, CH3 1.40, d (6.2) 

12 129.9, CH 5.47, m  7" 40.4, CH3 2.79, br s 

13 130.3, CH 6.14, m  8’’ 40.4, CH3 2.79, br s 

14 125.9, CH 6.13, m     

15 138.1, CH 6.24, m     

16 135.8, C -     

17 132.8, CH 6.14, m     

18 124.5, CH 6.34, m     

19 138.6, CH 6.27, m     

20 137.5, C -     

21 131.3, CH 5.51, m     

22 37.4, CH2 
2.50, m 
2.26, m 

    

23 47.2, CH 4.07, m     

24 16.2, CH3 2.00, br s     

25 22.9, CH3 1.49, br s     

26 12.8, CH3 1.72, br s     

27 12.8, CH3 1.76, br s     

28 20.6, CH3 1.28, d (6.9)     

29 34.3, CH2 
2.48, m  
2.41, m  

    

30 34.8, CH 1.41, m     

31 17.9, CH3 0.84, d (6.4)     

32 29.0, CH2 1.12, m     

33 10.4, CH3 0.86, m     

1-NH - 7.39, br s*     

 

13C chemical shifts obtained from HSQC and HMBC spectra. 

* The amide proton exchanges very slowly and is clearly observed in the spectra. 

 

 

  



 

Fig. S62. Generation of 149∆Xyl mutant strain. A: construction of the conjugative plasmid pUH149∆Xyl. aac(3)IV, apramycin resistance marker; bla, β-lactamase resistance 
marker; tsr, thiostrepton resistance marker; oriTRP4, origin of transfer of plasmid RP4. B: Schematic representation of double crossover events in 149∆Xyl mutant strain. Data 
for verification of the mutant strain by PCR are also shown.  
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Fig. S63. Generation of 149∆LAM mutant strain. A: construction of the conjugative plasmid pUH149∆LAM. aac(3)IV, apramycin resistance marker; bla, β-lactamase 
resistance marker; tsr, thiostrepton resistance marker; oriTRP4, origin of transfer of plasmid RP4. B: Schematic representation of double crossover events in 149∆LAM mutant 
strain. Data for verification of the mutant strain by PCR are also shown.  
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Structure elucidation of sipanmycin C (7). 

The UV (DAD) spectrum of 7 shows the characteristic absorbance pattern of 

sipanmycins. Its molecular formula was established as C47H73N3O8 based on the 

observed ion [M+H]+ at m/z 808.5475 (calcd. for C47H74N3O8
+

 = 808.5470, ∆m = 0.6 

ppm). This formula is identical to that of sipanmycin B (SIP-B) [3] and the observed in-

source fragment ions at m/z = 172.1331, m/z = 303.1914 and m/z = 506.3637 also match 

those observed for SIP-B suggesting identical disaccharide moiety and macrolactam 

aglycon.  However, comparison of the NMR data of 7 and SIP-B revealed that although 

the signals of the disaccharide portion are essentially identical for both compounds there 

are few but important differences for the aglycon. Interestingly, comparison with the 

NMR data of SIP-A also reveals essentially identical signals for the sugars and the 

aglycon with the exception that the C-28 methyl of SIP-A is not observed in 7 but 

signals for a new methylene and a new methyl group appear suggesting that the 

aliphatic substituent at C-23 (a methyl group in SIP-A) is different in 7. An ethyl group 

substituent at C-23 rather than a methyl group (as found in native SIP-A and SIP-B) 

perfectly accounts for the molecular formula of 7 and the mentioned differential NMR 

features.  The key correlations observed in the 2D NMR spectra (COSY, TOCSY and 

HMBC) unambiguously established that the substituent at C-2 corresponds to an ethyl 

group. This new ethyl substituent at C-23 is the consequence of replacing the native 

starter unit, (S)-3-aminobutanoic acid (derived from β-glutamic acid) [1], by 3-

aminopentanoic acid in the 149∆LAM mutant (see main text).  Although the culture 

was fed with racemic 3-aminopentanoic acid only the S enantiomer is recognized by 

SipL1 (the first enzyme involved in the processing of the β-amino acid employed for the 

biosynthesis of the polyketide starter unit [1]) as demonstrated for its homolog (in the 



incednine biosynthesis cluster) IdnL1 [13]. Thus, the absolute configuration at C-23 of 

7 must be the same found for SIP-A and SIP-B [3].  

Compound 7 corresponds to 28-methylsipanmycin A and was trivially designated as 

sipanmycin C (SIP-C). 

  



 

 

Fig. S64. HRMS spectrum of SIP-C (7) and identification of the key in-source fragment ions. 

 

 

 

 

 

Fig. S65. UV-vis (DAD) spectrum of SIP-C (7). 
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Fig. S66. 1H NMR spectrum (CD3OD, 500 MHz) of SIP-C (7). 
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Fig. S67. COSY spectrum of SIP-C (7). 
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Fig. S68. TOCSY spectrum of SIP-C (7). Key correlations of the spin system involving the new ethyl 
substituent at C-23 are highlighted. The corresponding proton signal at the diagonal is indicated by an 
arrow. 
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Fig. S69. Edited HSQC spectrum of SIP-C (7).  Key correlations related with the new ethyl substituent at 
C-23 are highlighted. 
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Fig. S70. HMBC spectrum of SIP-C (7). Key correlations related with the new ethyl substituent at C-23 
are highlighted. 
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Fig. S71. Gross structure of SIP-C (7) determined by 2D NMR and comparisons with the NMR data of 
SIP-A. Only the COSY/TOCSY correlations (shown as bold bonds) of the spin system containing the 
new ethyl substituent at C-23 are displayed. The key HMBC correlations arising from the H-33 methyl 
protons are indicated by arrows.  

 

 

 

 

 

 

Fig. S72. Structure of SIP-C (7). 

  



Table S7. 1H and 13C NMR data for SIP-C (7) in CD3OD at 24 °C. 
 

Position δδδδC, type δδδδH (J in Hz)  Position δδδδC, type δδδδH (J in Hz) 

1 174.2, C -  1' 100.9, CH 4.73, d (7.8) 

2 n.d., C -  2' 57.4, CH 2.99, m 

3 138.6, CH 6.26, m  3' 71.6, CH 3.63, m 

4 134.8, C -  4' 77.7, CH 3.76, ddd (9.0, 8.5, 5.4) 

5 136.6, CH 5.80, m 
 

5' 64.4, CH2 
4.09, m 
3.32, m 

6 129.2, CH 6.49, dd (14.7, 11.5)  1" 98.5, CH 4.79,br d (9.8) 

7 136.2, CH 5.91, m 
 

2" 47.9, CH2 
2.03, br d (12.4) 

1.80, m 

8 130.1, CH 6.27, m  3" n. d., C - 

9 141.2, CH 5.56, m  4" 76.9, CH 2.98, m 

10 76.5, C -  5" 67.6, CH 4.06, m 

11 83.3, CH 4.42, m  6" 20.7, CH3 1.55, m 

12 129.9, CH 5.47, m  7" 21.8, CH3 1.43, m 

13 130.3, CH 6.14, m  8’’ n. d., CH3 2.65, s 

14 125.8, CH 6.13, m  9’’ n. d., CH3 2.65, s 

15 138.1, CH 6.24, m     

16 135.8, C -     

17 132.8, CH 6.14, m     

18 124.4, CH 6.34, m     

19 138.6, CH 6.27, m     

20 137.5, C -     

21 131.3, C 5.51, m     

22 36.2, CH2 
2.47, m 
2.26, m 

    

23 53.5, CH 3.86, m     

24 16.2, CH3 2.00, br s     

25 22.9, CH3 1.49, br s     

26 12.8, CH3 1.72, br s     

27 12.8, CH3 1.76, br s     

28 28.5, CH2 1.64, m     

29 37.2, CH2 
2.56, m 
2.31, m 

    

30 29.5, CH 1.65, m     

31 22.5, CH3 0.88, m     

32 22.5, CH3 0.88, m     

33 11.3, CH3 0.95, t (7.2)     

1-NH - 7.35 br s*     

 

13C chemical shifts obtained from HSQC and HMBC spectra. 

* The amide proton exchanges very slowly and is clearly observed in the spectra. 

 

 

 



Structure elucidation of sipanmycin D (8). 

The UV (DAD) spectrum of 8 shows the expected sipanmycin absorbance pattern. Its 

molecular formula was established as C48H75N3O8 based on the observed ion [M+H]+ at 

m/z = 822.5630 (calcd. for C48H76N3O8
+

 = 822.5627, ∆m = 0.4 ppm). This molecular 

formula contains one carbon atom and two hydrogen atoms more than that of SIP-C (7), 

suggesting it should correspond to the expected congener of SIP-C having a 2-methyl-1-

butyl group rather than an isobutyl group as aliphatic substituent at C-2. The key in-

source fragment ions at m/z = 172.1332 and m/z = 303.1915, found also in SIP-C, SIP-A 

and SIP-B, supports that 7 contains the same disaccharide moiety as the native 

sipanmycins and SIP-C. The fragment ion at m/z = 520.3794 indicates that the extra 

“CH2”, compared to SIP-C, must be localized in the macrolactam aglycon. Although the 

NMR spectra (1D 1H and HSQC) quality was poor for the sample used, comparison of 

the HSQC spectrum of 8 with those of SIP-C and SIP-B unambiguously confirmed the 

expected structure, identical to SIP-C but having a 2-methyl-1-butyl group substituent at 

C-2 (as found in SIP-B).  

Compound 8 was trivially designated as sipanmycin D (SIP-D).  

  



 

 

 

Fig. S73. HRMS spectrum of SIP-D (8) and identification of the key in-source fragment ions. 

 

 

 

Fig. S74. UV-vis (DAD) spectrum of SIP-D (8) 
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Fig. S75. 1H NMR spectrum (CD3OD, 500 MHz) of SIP-D (8). 
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Fig. S76. Edited HSQC spectrum of SIP-D (7). 



 

 

 

 

 

 

 

 

Fig. S77. Structure of SIP-D (8).  

 

 

 

  



Table S8. 1H and 13C NMR data for SIP-D (8) in CD3OD at 24 °C. 
 

Position δδδδC, type δδδδH   Position δδδδC, type δδδδH  

1 n.d., C -  1' 100.9, CH 4.73 

2 n.d., C -  2' 57.4, CH 2.99 

3 138.6, CH 6.26  3' 71.6, CH 3.63 

4 n.d., C -  4' 77.7, CH 3.76 

5 136.6, CH 5.80 
 

5' 64.4, CH2 
4.09 
3.32 

6 129.2, CH 6.49  1" 98.5, CH 4.79 

7 136.2, CH 5.91 
 

2" 47.9, CH2 
2.03 
1.80 

8 130.1, CH 6.27   3" n. d., C - 

9 141.2, CH 5.56  4" 76.9, CH 2.98 

10 n.d., C -  5" 67.6, CH 4.06 

11 83.3, CH 4.42  6" 20.7, CH3 1.55 

12 129.9, CH 5.47  7" 21.8, CH3 1.43 

13 130.3, CH 6.14  8’’ n. d., CH3 2.65 

14 125.8, CH 6.13  9’’ n. d., CH3 2.65 

15 138.1, CH 6.24     

16 n.d., C -     

17 132.8, CH 6.14     

18 124.4, CH 6.34     

19 138.6, CH 6.27     

20 n.d., C -     

21 n.d., C 5.51     

22 36.2, CH2 
2.47 
2.26 

    

23 53.5, CH 3.86     

24 16.2, CH3 2.00     

25 22.9, CH3 1.49     

26 12.8, CH3 1.72     

27 12.8, CH3 1.76     

28 28.5, CH2 1.64     

29 35.3, CH2 
2.49  
2.42  

    

30 35.8, CH 1.42     

31 19.0, CH3 0.84     

32 30.0, CH2 1.12     

33 11.4, CH3 0.87     

34 11.3, CH3 0.95     

1-NH - 7.34      

 

13C chemical shifts obtained from HSQC spectrum. Multiplicities not included due to the poor spectra quality. 
  



Fig. S78. Alignment of the sequences of the structurally characterized 
homologs IdnS14 and IdnS9. The key residues H13, D356 and E357 (highlighted in the red boxes) from SpnP are only found in Sip
which thus have no native glycosyl transferase activity but are mere GT auxiliary proteins. 

of the sequences of the structurally characterized spinosyn forosamiyltransferase SpnP [14] with the sequences of SipS14, SipS9 and their respective 
homologs IdnS14 and IdnS9. The key residues H13, D356 and E357 (highlighted in the red boxes) from SpnP are only found in SipS14 and IdnS14 but not SpnS9 and IdnS9 

l transferase activity but are mere GT auxiliary proteins.  

 

] with the sequences of SipS14, SipS9 and their respective 
S14 and IdnS14 but not SpnS9 and IdnS9 
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