
License and Terms: This is a supporting information file under the terms of the Creative Commons Attribution License (http://creativecommons.org/
licenses/by/4.0). Please note that the reuse, redistribution and reproduction in particular requires that the authors and source are credited.

The license is subject to the Beilstein Journal of Organic Chemistry terms and conditions: (https://www.beilstein-journals.org/bjoc)

Supporting Information

for

Fabclavine diversity in Xenorhabdus bacteria

Sebastian L. Wenski, Harun Cimen, Natalie Berghaus, Sebastian W. Fuchs, Selcuk Hazir
and Helge B. Bode

Beilstein J. Org. Chem. 2020, 16, 956–965. doi:10.3762/bjoc.16.84

Material and methods, supplementary figures and tables, and
MALDI–HRMS and MALDI–MS2 spectra

http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjoc
https://doi.org/10.3762%2Fbjoc.16.84


 S1 

Material and methods 1 

1. Strain cultivation for MALDI–MS experiments 2 

The strains were cultivated as described previously [1]: Briefly, all Xenorhabdus and 3 

Photorhabdus strains were grown on lysogeny broth (LB) agar plates at 30 °C. The 4 

production cultures were inoculated 1:25 with overnight cultures in fresh LB medium and 5 

incubated shaking at 30 °C for three days. Escherichia coli strains were grown on LB agar 6 

plates and in LB medium at 37 °C with shaking. If appropriate, kanamycin (50 µg/mL) or 7 

ʟ-(+)-arabinose (0.2%) were added. The cultures were harvested as whole cell cultures 8 

and stored at −20 °C. 9 

 10 

2. Isotope labeling and reverse feeding experiments 11 

For the isotope-labeling experiments, overnight cultures were washed three times with 12 

H2O and inoculated 1:100 in ISOGRO®-13C (Sigma-Aldrich). If appropriate, kanamycin 13 

and ʟ-(+)-arabinose (0.2%) were added, and the cultures were incubated shaking at 30 14 

°C for 2 d. For reverse feeding experiments, 2 mM of the substrate was added each day. 15 

 16 

3. Generation of promoter-exchange mutants 17 

The promoter-exchange mutants were generated as described previously [1]: Briefly, 18 

about 600–1200 bp of the starting fclC (homologues) were amplified (the corresponding 19 

oligonucleotides are listed in Table S1), cloned into the pCEP_Kan backbone (pCEP: 20 

cluster expression plasmid) by hot fusion assembly, and transformed into E. coli S17-1 21 

λpir or ST18 as described previously [2-5]. After the conjugation with the corresponding 22 

E. coli ST18/S17 strains, the kanamycin-resistant conjugants were confirmed by colony 23 

PCR or by MALDI–MS for a successful promoter exchange.  24 

 25 

4. MALDI–MS 26 

MALDI–MS experiments were performed as described previously [1]: Briefly, 0.3 µL of a 27 

liquid culture were mixed on a MALDI target with 0.25 µL 1:10 diluted ProteoMass Normal 28 

Mass Calibration Mix (ProteoMass™ MALDI Calibration Kit, Sigma-Aldrich) for internal 29 

calibration and 0.9 µL α-cyano-4-hydroxycinnamic acid (CHCA) matrix (3 mg/mL in 75% 30 

acetonitrile, 0.1% trifluoroacetic acid). After drying, the resulting spot was coated with 5% 31 

formic acid, and after removal of the 5% formic acid solution mixed again with 0.6 µL 32 
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CHCA. Cell MALDI measurements were performed with a MALDI LTQ Orbitrap XL 33 

(Thermo Fisher Scientific, Inc., Waltham, MA) instrument (nitrogen laser at 337 nm in 34 

FTMS scan mode) with 100 shots per measurement with high resolution. Alternatively, 4-35 

chloro-α-cyanocinnamic acid can be used as the matrix, but we observed a decreased 36 

quality of the resulting spectra. The CID mode using the ITMS scan mode was used for 37 

MALDI–MS2 experiments, with the same sample preparation having the following 38 

parameters: Normalized collision energy: 28–32, Act. Q: 0.250, Act. Time (ms): 30.0. The 39 

data were analyzed using Qual Browser version 2.0.7 (Thermo Fisher Scientific). As the 40 

signal intensities of the stacked spectra were normalized and the intensity is displayed by 41 

the relative abundance in a range from 0 to 100%, the y axis is not shown. Since not all 42 

detected signals could be detected with a sufficient signal intensity to confirm them by 43 

MS2 experiments, we decided to show them in the supplementary figures of the 44 

corresponding strain, but without a compound number. 45 

 46 

5. Bioactivity analysis 47 

5.1 Generating cell-free supernatant 48 

The promoter-exchange mutant strains were cultivated on LB agar, supplemented with a 49 

50 µg/mL final concentration of kanamycin, and incubated at 30 °C for 48 h. A single 50 

colony was transferred into 10 mL LB medium, supplemented with a 50 µg/mL final 51 

concentration of kanamycin to obtain a culture overnight at 200 rpm and 30 °C. The optical 52 

densities of the overnight cultures (20 mL LB) were measured at 600 nm. The final OD of 53 

the cultures was adjusted to 0.1 after inoculation. For each strain, two flasks were 54 

prepared, and the cultures were incubated at 30 °C for 1 h. One of the flasks was induced 55 

with 0.2% ʟ-arabinose, and the other flask was not treated with arabinose (non-induced). 56 

All induced and non-induced cultures were incubated for 24 h at 200 rpm and 30 °C. Wild 57 

type strains were grown on LB agar at 30 °C for 48 h. A single colony was transferred in 58 

10 mL LB medium and incubated overnight at 30 °C in a rotary shaker at 200 rpm to 59 

generate precultures. The LB medium was inoculated 1:100 with the preculture and 60 

cultivated at 200 rpm and 30 °C for 72 h. The bacterial broth was harvested by 61 

centrifugation at 10,000 rpm for 10 min, and the supernatant was filtered through a 0.22 62 

μm millipore filter (Thermo scientific). 63 

 64 
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5.2 Agar well-diffusion bioassay 65 

The antibacterial activity of the wild type, induced, and noninduced promoter-exchange 66 

mutant supernatants was determined by the agar well-diffusion method [6]. Escherichia 67 

coli (ATCC 25922), Enterococcus faecalis (ATCC 29212), Staphyllococcus aureus (ATCC 68 

29213), and Klebsiella pneumoniae (ATCC 700603) were used in the experiments. For 69 

the preparation of overnight cultures of the test organisms, 20 mL LB medium was 70 

inoculated with a loopful of the bacterium and incubated at 37 °C in a rotary shaker at 200 71 

rpm. Briefly, 200 µL of the pathogen bacteria from an overnight culture was spread on a 72 

Mueller–Hinton agar (blood agar was used for E. faecalis) with a glass rod. Subsequently, 73 

three wells were made in each of these plates using a 5 mm diameter sterile transfer tube. 74 

Each well was filled with 60 µL of induced, non-induced mutant, or wild type of the bacterial 75 

supernatants. Kanamycin was used as a positive control at different concentrations (25, 76 

50, 100, 200, 400, and 800 µL/mg). Petri dishes (10 mm) were incubated at 37 °C for 48 77 

h. After the incubation period, the diameter of the inhibition zones (mm) was assessed by 78 

measuring the diameter in two perpendicular directions and taking the average [7]. Ten 79 

petri dishes were used for each replicate, and the experiments were conducted three 80 

times on different dates. 81 

 82 

 83 
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Supplementary material: 

Table S1: Overview of oligonucleotides used in this work for the amplification of the homologous regions of the promoter-

exchange mutants. 

strain locus tag(s) of 
analyzed gene(s) 

oligonucleotide sequence 5‘–3‘ 

X. szentirmaii 
pCEP_fcl 

Xsze_03745 SW159_XszC_fw TTTGGGCTAACAGGAGGCTAGCATATGTCTGAGACATATTTTTTACATGATAGAAAAATTCGTGG 
SW160_XszC_rv TCTGCAGAGCTCGAGCATGCACATGCAATATTCCCGCACGGGTATATGC 

X. budapestensis 
pCEP_fcl 

Xbud_02634 SW271_Xbud_fw TTTGGGCTAACAGGAGGCTAGCATATGTCCAAGACGTATTTTTTGCATG 
SW272_Xbud_rv TCTGCAGAGCTCGAGCATGCACATCTTCATTCCACTCAAGATACATTCCG 

X. indica 
pCEP_fcl 

Xind_02757 SW132_Xind_fw 
SW133_Xind_rv 

TTTGGGCTAACAGGAGGCTAGCATATGTCCAAGACGTATTTTTTGCATG 
TCTGCAGAGCTCGAGCATGCACATCGCTTTTACCTGCCCTTCC 

X. hominickii 
pCEP_fcl 

Xhom_02793 SW130_Xhom_fw 
SW131_XHom_rv 

TTTGGGCTAACAGGAGGCTAGCATATGTCTGAGTCATATCTTTTACATGATGG 
TCTGCAGAGCTCGAGCATGCACATCTTCAACTAATTGAATATCGCTCGG 

X. stockiae 
pCEP_fcl 

Xsto_00102 SW273_uni_fw 
SW276_Xsto_rv 

TTTGGGCTAACAGGAGGCTAGCATATGTCCAGGACATATTTTTTGCATG 
TCTGCAGAGCTCGAGCATGCACATGCCAAGATCAAAATAACTGGCG 

X. KJ12.1 
pCEP_fcl 

Xekj_00388 SW153_KJ12.1_fw 
SW154_KJ12.1_rv 

TTTGGGCTAACAGGAGGCTAGCATATGTCCAGGACATATTTTTTGCATG 
TCTGCAGAGCTCGAGCATGCACATCCATCACTGGAAGCTTCAACG 

X. KK7.4 
pCEP_fcl 

ctg22_41 SW155_KK7.4_fw 
SW156_KK7.4_rv 

TTTGGGCTAACAGGAGGCTAGCATTTGCATGACAGAAAAATTAATGGAG 
TCTGCAGAGCTCGAGCATGCACATGTGCAAAAATACTCTTTGCACGG 

P. temperata 
pCEP_fcl 

MEG1DRAFT_01183 SW267_Ptemp_fw 
SW268_Ptemp_rv 

TTTGGGCTAACAGGAGGCTAGCATATGTCTGAGACATATTTAATGCGTGG 
TCTGCAGAGCTCGAGCATGCACATAAGTTGCTTTTCGACAGTGCC 
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Table S2: Strains used in this work. 

strain #  description origin 

X. szentirmaii  DSM 16338  Wild type [8] 

X. budapestensis  DSM 16342  Wild type [8] 

X. cabanillasii JM26  Wild type [9] 

X. indica DSM 17382  Wild type [10] 

X. hominickii DSM 17903  Wild type [9] 

X. stockiae DSM 17904  Wild type [9] 

X. KJ12.1 KJ12.1  Wild type [11] 

X. KK7.4 KK7.4  Wild type [12] 

X. innexi DSM 16336  Wild type [8] 

P. temperata meg1  Wild type [13] 

X. szentirmaii 
pCEP_fcl 

DSM 16338  Promoter exchange in front of Xsze_03745 This work 

X. budapestensis 
pCEP_fcl 

DSM 16342  Promoter exchange in front of Xbud_02634 This work 

X. cabanillasii 
pCEP_fcl 

JM26  Promoter exchange in front of Xcab_02060 [14] 

X. indica 
pCEP_fcl 

DSM 17382  Promoter exchange in front of Xind_02757 This work 

X. hominickii 
pCEP_fcl 

DSM 17903  Promoter exchange in front of Xhom_02793 This work 

X. stockiae 
pCEP_fcl 

DSM 17904  Promoter exchange in front of Xsto_00102 This work 

X. KJ12.1 
pCEP_fcl 

KJ12.1  Promoter exchange in front of Xekj_00388 This work 

X. KK7.4 
pCEP_fcl 

KK7.4  Promoter exchange in front of ctg22_41 This work 

P. temperata 
pCEP_fcl 

meg1  
Promoter exchange in front of 
MEG1DRAFT_01183 

This work 

E. coli  S17 λ1-pir  used for conjugation [3] 

E. coli  ST18  used for conjugation [4] 

E. coli  ATCC25922  Bioactivity analysis ATCC 

Enterococcus 
faecalis  

ATCC29212  Bioactivity analysis ATCC 

Staphyllococcus 
aureus  

ATCC29213  Bioactivity analysis ATCC 

Klebsiella 
pneumoniae  

ATCC700603  Bioactivity analysis ATCC 
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Table S3: Comparison of protein identities [%] from FclA to FclN in X. budapestensis DSM 

16342 with X. cabanillasii JM26 (A) and X. indica DSM 17382 (B). Protein alignments 

were performed by ClustalW alignment with the CostMatrix BLOSUM in Geneious 6.1.8. 

 

 

 

 

Table S4: Diameters of inhibition zones of different kanamycin concentrations against 

Escherichia coli (ATCC 25922), Enterococcus faecalis (ATCC 29212), Staphyllococcus 

aureus (ATCC 29213) and Klebsiella pneumoniae (ATCC 700603). 

 

 

 

 

 

 

 

 

Table S5: Overview of the NCBI accession numbers of the strains used in this study. 

strain accession number 
Xenorhabdus szentirmaii DSM 16338 NIBV00000000 
Xenorhabdus budapestensis DSM 16342 NIBS00000000 
Xenorhabdus cabanillasii JM26 NJGH00000000 
Xenorhabdus indica DSM 17382 NKHP00000000 
Xenorhabdus hominickii DSM 17903 NJAI00000000 
Xenorhabdus stockiae DSM17904 NJAJ00000000 
Xenorhabdus KJ12.1 NJCW00000000 
Xenorhabdus KK7.4 NJAH00000000 
Xenorhabdus bovienii SS-2004 FN667741 
Xenorhabdus innexi DSM 16336 NIBU00000000 
Photorhabdus temperata subsp. temperata Meg1 NZ_JGVH00000000 

 

 

 

 kanamycin concentration [µg/ml] 

 25  50  100  200  400  800  

E. coli 13.5 16.9 20.1 23.0 25.3 28.2 

S. aureus 0.0 0.0 13.3 18.5 21.6 24.7 

E. faecalis 0.0 0.0 11.9 16.5 19.3 24.1 

K. pneumoniae 0.0 0.0 0.0 0.0 11.7 15.3 
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Table S6: Stachelhaus-codes and corresponding amino acid prediction of the promiscous 

A-domains A2 and A6 in the analyzed strains [15,16]. 

 

 A-domain A2 A-domain A6 
strain Stachelhaus prediction Stachelhaus prediction 

X. 
budapestensis 

DTWTLASVGK phe DAWFIGGTFK val 

X. indica DTWTLASVGK phe DAWFIGGTFK val 

X. cabanillasii DTWTLASVGK phe DAWFIGGTFK val 

X. hominickii DTWTIASVGK phe DALFIGGTFK val 

X. szentirmaii DVWTMSAVGK ser DALFIGGTFK val 

KJ12.1 DTWTIASVGK phe DAWFIGGTFK val 

X. stockiae DTWTIASVGK phe DAWFIGGTFK val 

KK7.4 DTWTIASVGK phe DAWFVGGTFK val 

X. innexi DTWTMASVGK phe DAWFVGGTFK val 
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Figure S1: (A) Comparison of the fcl BGCs in X. stockiae DSM 17904 (a), KK7.4 (b), 

KJ12.1 (c) and the homologous gene cluster in X. innexi DSM 16336 (d). Shown are 

protein identities in comparison with X. stockiae [%]. Protein alignments were performed 

by ClustalW alignments with the CostMatrix BLOSUM in Geneious 6.1.8. The two aberrant 

genes of the X. innxei BGC are shown in purple (encoding a TonB homologue) and in 

brown (encoding an Acyl-CoA-thioesterase) [17]. (B) Zeamine biosynthesis gene cluster 

and corresponding compounds from Serratia plymuthica RVH1 [18,19]. 
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Figure S2: MALDI–HRMS spectra of X. szentirmaii wild type (WT) and pCEP_fcl 

promoter-exchange mutant (induced and noninduced) with compounds 15 and 16 

showing sum formulas, calculated and detected masses and corresponding ∆ppm. 
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Figure S3: MALDI–HRMS spectra of X. szentirmaii wild type (WT) and pCEP_fcl 

promoter-exchange mutant (induced and noninduced) with compounds 17–22 showing 

sum formulas, calculated and detected masses and corresponding ∆ppm. Compounds 

17–22 were described previously [20]. 

 

 



 S11 

 

 

Figure S4: MALDI–HRMS spectra of X. szentirmaii wild type (WT) and pCEP_fcl 

promoter-exchange mutant (induced and noninduced) with polyamine and shortened 

fabclavines showing sum formulas, calculated and detected masses and corresponding 

∆ppm.  

 



 S12 

 

Figure S5: MALDI–MS2 spectra of compound 1111.78 (15) of X. szentirmaii pCEP_fcl 

(induced) showing expected fragment ions and proposed structure. 
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Figure S6: MALDI–MS2 spectra of compound 1113.76 (16) of X. szentirmaii pCEP_fcl 

(induced) showing expected fragment ions and proposed structure. 
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Figure S7: MALDI–HRMS spectra of X. budapestensis wild type (WT) and pCEP_fcl 

promoter-exchange mutant (induced and noninduced) with compounds 5–8 showing sum 

formulas, calculated and detected masses and corresponding ∆ppm. 
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Figure S8: MALDI–HRMS spectra of X. budapestensis wild type (WT) and pCEP_fcl 

promoter-exchange mutant (induced and noninduced) with compounds 1–4 showing sum 

formulas, calculated and detected masses and corresponding ∆ppm. Compounds 1–4 

were described previously [20]. 
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Figure S9: MALDI–MS2 spectra of compound 1175.78 (8) of X. budapestensis pCEP_fcl 

(induced) showing expected fragment ions and proposed structure. 
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Figure S10: MALDI–MS2 spectra of compound 1219.81 (6) of X. budapestensis pCEP_fcl 

(induced) showing expected fragment ions and proposed structure. 
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Figure S11: MALDI–HRMS spectra of X. indica wild type (WT) and pCEP_fcl promoter-

exchange mutant (induced and noninduced) with compounds 5–8 showing sum formulas, 

calculated and detected masses and corresponding ∆ppm. Due to unspecific signals in all 

three spectra with high intensities the compounds 5–7 are not visible, but could be 

confirmed by HRMS. 
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Figure S12: MALDI–HRMS spectra of X. indica wild type (WT) and pCEP_fcl promoter-

exchange mutant (induced and noninduced) with compounds 1–4 showing sum formulas, 

calculated and detected masses and corresponding ∆ppm. 
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Figure S13: MALDI–HRMS spectra of X. indica wild type (WT) and pCEP_fcl promoter-

exchange mutant (induced and noninduced) with compounds 9–12 showing sum 

formulas, calculated and detected masses and corresponding ∆ppm. 
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Figure S14: MALDI–MS2 spectra of compound 1430.05 (12) of X. indica pCEP_fcl 

(induced) showing expected fragment ions and proposed structure. 
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Figure S15: MALDI–HRMS spectra of X. cabanillasii wild type (WT) and pCEP_fcl 

promoter-exchange mutant (induced and noninduced) with compound 8 showing sum 

formula, calculated and detected masses and corresponding ∆ppm. 

 

 



 S23 

 

 

Figure S16: MALDI–HRMS spectra of X. cabanillasii wild type (WT) and pCEP_fcl 

promoter-exchange mutant (induced and noninduced) with compounds 1–4 showing sum 

formulas, calculated and detected masses and corresponding ∆ppm. Compounds 1–4 

were described previously [14]. 
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Figure S17: MALDI–HRMS spectra of X. cabanillasii wild type (WT) and pCEP_fcl 

promoter-exchange mutant (induced and noninduced) with compounds 11 and 12 

showing sum formulas, calculated and detected masses and corresponding ∆ppm. 
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Figure S18: MALDI–HRMS spectra of X. hominickii wild type (WT) and pCEP_fcl 

promoter-exchange mutant (induced and noninduced) with compounds 11–14 showing 

sum formulas, calculated and detected masses and corresponding ∆ppm.  
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Figure S19: MALDI–MS2 spectra of compound 1430.05 (12) of X. hominickii pCEP_fcl 

(induced) showing expected fragment ions and proposed structure. 
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Figure S20: MALDI–HRMS spectra of the reverse feeding experiment in 13C medium of 

X. hominickii pCEP_fcl mutant (induced and noninduced) with compounds 12 and 13 (with 

and without feeding of 12C ʟ-valine) showing sum formulas, calculated and detected 

masses and corresponding ∆ppm. 
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Figure S21: MALDI–HRMS spectra of KJ12.1 wild type (WT) and pCEP_fcl promoter-

exchange mutant (induced and noninduced) with compounds 23–26 showing sum 

formulas, calculated and detected masses and corresponding ∆ppm. 
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Figure S22: MALDI–HRMS spectra of KJ12.1 wild type (WT) and pCEP_fcl promoter-

exchange mutant (induced and noninduced) with compounds 27–32 showing sum 

formulas, calculated and detected masses and corresponding ∆ppm. 
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Figure S23: MALDI–MS2 spectra of compound 1304.94 (25) of KJ12.1 pCEP_fcl 

(induced) showing expected fragment ions and proposed structure. 
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Figure S24: MALDI–MS2 spectra of compound 1306.91 (26) of KJ12.1 pCEP_fcl 

(induced) showing expected fragment ions and proposed structure. 
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Figure S25: MALDI–MS2 spectra of compound 1392.99 (31) of KJ12.1 pCEP_fcl 

(induced) showing expected fragment ions and proposed structure. 
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Figure S26: MALDI–HRMS spectra of X. stockiae wild type (WT) and pCEP_fcl promoter-

exchange mutant (induced and noninduced) with compounds 23–26 showing sum 

formulas, calculated and detected masses and corresponding ∆ppm. 
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Figure S27: MALDI–HRMS spectra of X. stockiae wild type (WT) and pCEP_fcl promoter-

exchange mutant (induced and-noninduced) with compounds 27–32 showing sum 

formulas, calculated and detected masses and corresponding ∆ppm. 
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Figure S28: MALDI–HRMS spectra of KK7.4 wild type (WT) and pCEP_fcl promoter-

exchange mutant (induced and noninduced) with compounds 23–26 showing sum 

formulas, calculated and detected masses and corresponding ∆ppm. 
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Figure S29: MALDI–HRMS spectra of KK7.4 wild type (WT) and pCEP_fcl promoter-

exchange mutant (induced and noninduced) with compounds 2 and 27–32 showing sum 

formulas, calculated and detected masses and corresponding ∆ppm. 
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Figure S30: MALDI–HRMS spectra of X. innexi wild type with compounds 4 and 23–26 

showing sum formulas, calculated and detected masses and corresponding ∆ppm. 
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Figure S31: MALDI–HRMS spectra of X. innexi wild type with compounds 27–32 showing 

sum formulas, calculated and detected masses and corresponding ∆ppm. 
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Figure S32: MALDI–MS2 spectra of compound 1392.99 (31) of X. innexi showing 

expected fragment ions and proposed structure. 
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Figure S33: Proposed minor derivatives found in Xenorhabdus strains (a: X. szentirmaii; 

b: KJ12.1, KK7.4). Identification is based on MALDI–HRMS spectra (Figure S2, S3, S22, 

and S29). 
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