d
A
&
15,

Universiteit

*dlied) Leiden
'%‘Q,:y‘;\& The Netherlands

5
3
H oo
B
=
=)
@\
-3

o

Exploring the chemical space of post-translationally modified peptides in

Streptomyces with machine learning
Kloosterman, A.M.

Citation

Kloosterman, A. M. (2021, May 12). Exploring the chemical space of post-translationally
modified peptides in Streptomyces with machine learning. Retrieved from
https://hdl.handle.net/1887/3170172

Version: Publisher's Version
Licence agreement concerning inclusion of doctoral thesis in the

Institutional Repository of the University of Leiden
Downloaded from: https://hdl.handle.net/1887/3170172

License:

Note: To cite this publication please use the final published version (if applicable).


https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/3170172

Cover Page

The handle https://hdl.handle.net/1887/3170172 holds various files of this Leiden
University dissertation.

Author: Kloosterman, A.M.

Title: Exploring the chemical space of post-translationally modified peptides in
Streptomyces with machine learning

Issue Date: 2021-05-12


https://openaccess.leidenuniv.nl/handle/1887/1
https://hdl.handle.net/1887/3170172
https://openaccess.leidenuniv.nl/handle/1887/1�

Exploring the chemical space of post-translationally modified peptides in Streptomyces with

10.

11.

12.

13.

14.

15.

16.

17.

machine learning

Reference list

Kossel, A., Archiv fiir Physiologie, in Archiv fiir Physiologie. 1891, Veit & Comp.
Demain, A.L. and A. Fang, The natural functions of secondary metabolites, in
History of Modern Biotechnology. 2000, Springer: Berlin. p. 1-39.

Amos, G.C.A., et al., Comparative transcriptomics as a guide to natural
product discovery and biosynthetic gene cluster functionality. Proc Natl Acad
SciUSA, 2017. 114(52): p. E11121-E11130.

Xu, L., et al., Comparative Genomic Insights into Secondary Metabolism
Biosynthetic Gene Cluster Distributions of Marine Streptomyces. Mar Drugs,
2019.17(9).

Choudoir, M.J., C. Pepe-Ranney, and D.H. Buckley, Diversification of Secondary
Metabolite Biosynthetic Gene Clusters Coincides with Lineage Divergence in
Streptomyces. Antibiotics (Basel), 2018. 7(1).

Fleming, A., On the antibacterial action of cultures of a penicillium, with
special reference to their use in the isolation of B. influenzae. 1929. Bull World
Health Organ, 2001. 79(8): p. 780-90.

Ligon, B.L., Penicillin: its discovery and early development. Semin Pediatr
Infect Dis, 2004. 15(1): p. 52-7.

Woodruff, H.B., Selman A. Waksman, winner of the 1952 Nobel Prize for
physiology or medicine. Appl Environ Microbiol, 2014. 80(1): p. 2-8.

Schatz, A, E. Bugie, and S.A. Waksman, Streptomycin, a substance exhibiting
antibiotic activity against gram-positive and gram-negative bacteria. 1944.
Clin Orthop Relat Res, 2005(437): p. 3-6.

Waksman, S.A. and H.A. Lechevalier, Neomycin, a New Antibiotic Active
against Streptomycin-Resistant Bacteria, including Tuberculosis Organisms.
Science, 1949. 109(2830): p. 305-7.

Durand, G.A,, D. Raoult, and G. Dubourg, Antibiotic discovery: history,
methods and perspectives. Int J Antimicrob Agents, 2019. 53(4): p. 371-382.
Berdy, J., Bioactive microbial metabolites. ) Antibiot (Tokyo), 2005. 58(1): p. 1-
26.

Merillon, J.M. and K.G. Ramawat, Biotechnology for Medicinal Plants:
Research Need, in Biotechnology: Secondary Metabolites: Plants and Microbes
(2nd edition). 2007, CRC Press. p. 3-4.

Davies, J. and D. Davies, Origins and evolution of antibiotic resistance.
Microbiol Mol Biol Rev, 2010. 74(3): p. 417-33.

Davies, J., What are antibiotics? Archaic functions for modern activities. Mol
Microbiol, 1990. 4(8): p. 1227-32.

Aminov, R.l., The role of antibiotics and antibiotic resistance in nature. Environ
Microbiol, 2009. 11(12): p. 2970-88.

Rice, L.B., Federal funding for the study of antimicrobial resistance in
nosocomial pathogens: no ESKAPE. J Infect Dis, 2008. 197(8): p. 1079-81.

205



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

A.M. Kloosterman

Velayati, A.A., et al., Emergence of new forms of totally drug-resistant
tuberculosis bacilli: super extensively drug-resistant tuberculosis or totally
drug-resistant strains in iran. Chest, 2009. 136(2): p. 420-425.

Sotgiu, G., et al., Epidemiology and clinical management of XDR-TB: a
systematic review by TBNET. Eur Respir J, 2009. 33(4): p. 871-81.

Migliori, G.B., et al., MDR-TB and XDR-TB: drug resistance and treatment
outcomes. Eur Respir J, 2009. 34(3): p. 778-9.

Organization, W.H., Antimicrobial resistance: global report on surveillance.
2014, France.

Payne, D.J., et al., Drugs for bad bugs: confronting the challenges of
antibacterial discovery. Nat Rev Drug Discov, 2007. 6(1): p. 29-40.

Lewis, K., Platforms for antibiotic discovery. Nat Rev Drug Discov, 2013. 12(5):
p.371-87.

Kolter, R. and G.P. van Wezel, Goodbye to brute force in antibiotic discovery?
Nat Microbiol, 2016. 1: p. 15020.

Cooper, M.A. and D. Shlaes, Fix the antibiotics pipeline. Nature, 2011.
472(7341): p. 32.

Medema, M.H. and M.A. Fischbach, Computational approaches to natural
product discovery. Nat Chem Biol, 2015. 11(9): p. 639-48.

Bentley, S.D., et al., Complete genome sequence of the model actinomycete
Streptomyces coelicolor A3(2). Nature, 2002. 417(6885): p. 141-7.

Kautsar, S.A., et al., BiG-SCLIiCE; A Highly Scalable Tool Maps the Diversity of
1.2 Million Biosynthetic Gene Clusters. 2020.

Kautsar, S.A., et al., MIBiG 2.0: a repository for biosynthetic gene clusters of
known function. Nucleic Acids Res, 2020. 48(D1): p. D454-D458.

van der Meij, A., et al., Chemical ecology of antibiotic production by
actinomycetes. FEMS Microbiol Rev, 2017. 41(3): p. 392-416.

van Bergeijk, D.A., et al., Ecology and genomics of Actinobacteria: new
concepts for natural product discovery. Nat Rev Microbiol, 2020. 18(10): p.
546-558.

Barka, E.A., et al., Taxonomy, Physiology, and Natural Products of
Actinobacteria. Microbiol Mol Biol Rev, 2016. 80(1): p. 1-43.

Rutledge, P.J. and G.L. Challis, Discovery of microbial natural products by
activation of silent biosynthetic gene clusters. Nat Rev Microbiol, 2015. 13(8):
p. 509-23.

Mao, D., et al., Recent advances in activating silent biosynthetic gene clusters
in bacteria. Curr Opin Microbiol, 2018. 45: p. 156-163.

Luo, Y., B. Enghiad, and H. Zhao, New tools for reconstruction and
heterologous expression of natural product biosynthetic gene clusters. Nat
Prod Rep, 2016. 33(2): p. 174-82.

Weissman, K.J., The structural biology of biosynthetic megaenzymes. Nat
Chem Biol, 2015. 11(9): p. 660-70.

Oldfield, E. and F.Y. Lin, Terpene biosynthesis: modularity rules. Angew Chem
Int Ed Engl, 2012. 51(5): p. 1124-37.

206



38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Exploring the chemical space of post-translationally modified peptides in Streptomyces with

machine learning

Hertweck, C., et al., Type Il polyketide synthases: gaining a deeper insight into
enzymatic teamwork. Nat Prod Rep, 2007. 24(1): p. 162-90.

Blin, K., et al., antiSMASH 5.0: updates to the secondary metabolite genome
mining pipeline. Nucleic Acids Res, 2019. 47(W1): p. W81-W387.

Skinnider, M.A,, et al., PRISM 3: expanded prediction of natural product
chemical structures from microbial genomes. Nucleic Acids Res, 2017. 45(W1):
p. W49-W54,

Cimermancic, P., et al., Insights into secondary metabolism from a global
analysis of prokaryotic biosynthetic gene clusters. Cell, 2014. 158(2): p. 412-
421.

Arnison, P.G., et al., Ribosomally synthesized and post-translationally modified
peptide natural products: overview and recommendations for a universal
nomenclature. Nat Prod Rep, 2013. 30(1): p. 108-60.

Oman, T.J. and W.A. van der Donk, Follow the leader: the use of leader
peptides to guide natural product biosynthesis. Nat Chem Biol, 2010. 6(1): p.
9-18.

Ortega, M.A. and W.A. van der Donk, New Insights into the Biosynthetic Logic
of Ribosomally Synthesized and Post-translationally Modified Peptide Natural
Products. Cell Chem Biol, 2016. 23(1): p. 31-44.

Tietz, J.I., et al., A new genome-mining tool redefines the lasso peptide
biosynthetic landscape. Nat Chem Biol, 2017. 13(5): p. 470-478.

Kelly, W.L., L. Pan, and C. Li, Thiostrepton biosynthesis: prototype for a new
family of bacteriocins.  Am Chem Soc, 2009. 131(12): p. 4327-34.

Repka, L.M., et al., Mechanistic Understanding of Lanthipeptide Biosynthetic
Enzymes. Chem Rev, 2017. 117(8): p. 5457-5520.

Montalban-Lopez, M., New developments in RiPP discovery, enzymology and
engineering. 2020.

Zdouc, M.M,, et al., A biaryl-linked tripeptide from Planomonospora leads to a
widespread class of minimal RiPP gene clusters. Biorxiv, 2020.

Berridge, N.J., G.G. Newton, and E.P. Abraham, Purification and nature of the
antibiotic nisin. Biochem J, 1952. 52(4): p. 529-35.

Kersten, R.D. and J.K. Weng, Gene-guided discovery and engineering of
branched cyclic peptides in plants. Proc Natl Acad Sci U S A, 2018. 115(46): p.
E10961-E10969.

Santos-Aberturas, J., et al., Uncovering the unexplored diversity of
thioamidated ribosomal peptides in Actinobacteria using the RiPPER genome
mining tool. Nucleic Acids Res, 2019. 47(9): p. 4624-4637.

Salomon, R.A. and R.N. Farias, Microcin 25, a novel antimicrobial peptide
produced by Escherichia coli. ) Bacteriol, 1992. 174(22): p. 7428-35.

Lee, H., Y. Park, and S. Kim, Enzymatic Cross-Linking of Side Chains Generates
a Modified Peptide with Four Hairpin-like Bicyclic Repeats. Biochemistry, 2017.
56(37): p. 4927-4930.

Hudson, G.A,, et al., Bioinformatic Mapping of Radical S-Adenosylmethionine-
Dependent Ribosomally Synthesized and Post-Translationally Modified

207



56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

A.M. Kloosterman

Peptides Identifies New Calpha, Cbeta, and Cgamma-Linked Thioether-
Containing Peptides. ) Am Chem Soc, 2019. 141(20): p. 8228-8238.

Altschul, S.F., et al., Basic local alignment search tool. J Mol Biol, 1990. 215(3):
p. 403-10.

Altschul, S.F., et al., Gapped BLAST and PSI-BLAST: a new generation of protein
database search programs. Nucleic Acids Res, 1997. 25(17): p. 3389-402.
Velasquez, J.E. and W.A. van der Donk, Genome mining for ribosomally
synthesized natural products. Curr Opin Chem Biol, 2011. 15(1): p. 11-21.
McClerren, A.L., et al., Discovery and in vitro biosynthesis of haloduracin, a
two-component lantibiotic. Proc Natl Acad Sci U S A, 2006. 103(46): p. 17243-
8.

Sudek, S., et al., Structure of trichamide, a cyclic peptide from the bloom-
forming cyanobacterium Trichodesmium erythraeum, predicted from the
genome sequence. Appl Environ Microbiol, 2006. 72(6): p. 4382-7.

Knappe, T.A., et al., Isolation and structural characterization of capistruin, a
lasso peptide predicted from the genome sequence of Burkholderia
thailandensis E264. ) Am Chem Soc, 2008. 130(34): p. 11446-54.

van Heel, A.),, et al., BAGEL4: a user-friendly web server to thoroughly mine
RiPPs and bacteriocins. Nucleic Acids Res, 2018. 46(W1): p. W278-W281.

de Jong, A,, et al., BAGEL: a web-based bacteriocin genome mining tool.
Nucleic Acids Res, 2006. 34(Web Server issue): p. W273-9.

Skinnider, M.A., et al., Genomic charting of ribosomally synthesized natural
product chemical space facilitates targeted mining. Proc Natl Acad Sci U S A,
2016. 113(42): p. E6343-E6351.

Eddy, S.R., Accelerated Profile HMM Searches. PLoS Comput Biol, 2011. 7(10):
p. e1002195.

Iftime, D., et al., Streptocollin, a Type IV Lanthipeptide Produced by
Streptomyces collinus Tu 365. Chembiochem, 2015. 16(18): p. 2615-23.
Poorinmohammad, N., R. Bagheban-Shemirani, and J. Hamedi, Genome
mining for ribosomally synthesised and post-translationally modified peptides
(RiPPs) reveals undiscovered bioactive potentials of actinobacteria. Antonie
Van Leeuwenhoek, 2019. 112(10): p. 1477-1499.

Zhang, Q., et al., Expanded natural product diversity revealed by analysis of
lanthipeptide-like gene clusters in actinobacteria. Appl Environ Microbiol,
2015. 81(13): p. 4339-50.

Delcher, A.L., et al., Identifying bacterial genes and endosymbiont DNA with
Glimmer. Bioinformatics, 2007. 23(6): p. 673-9.

Delcher, A.L,, et al., Improved microbial gene identification with GLIMMER.
Nucleic Acids Res, 1999. 27(23): p. 4636-41.

Hyatt, D., et al., Prodigal: prokaryotic gene recognition and translation
initiation site identification. BMC Bioinformatics, 2010. 11: p. 119.

Schwalen, C.J,, et al., Bioinformatic Expansion and Discovery of Thiopeptide
Antibiotics. } Am Chem Soc, 2018. 140(30): p. 9494-9501.

208



73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Exploring the chemical space of post-translationally modified peptides in Streptomyces with

machine learning

Walker, M.C,, et al., Precursor peptide-targeted mining of more than one
hundred thousand genomes expands the lanthipeptide natural product family.
BMC Genomics, 2020. 21(1): p. 387.

Georgiou, M.A., et al., Bioinformatic and Reactivity-Based Discovery of
Linaridins. bioRxiv, 2020: p. 2020.07.09.196543.

El-Gebali, S., et al., The Pfam protein families database in 2019. Nucleic Acids
Res, 2019. 47(D1): p. D427-D432.

Haft, D.H., et al., TIGRFAMs: a protein family resource for the functional
identification of proteins. Nucleic Acids Res, 2001. 29(1): p. 41-3.

Blin, K., et al., antiSMASH 4.0-improvements in chemistry prediction and gene
cluster boundary identification. Nucleic Acids Res, 2017. 45(W1): p. W36-W41.
Zong, C., et al., Albusnodin: an acetylated lasso peptide from Streptomyces
albus. Chem Commun (Camb), 2018. 54(11): p. 1339-1342.

lorio, M., et al., A glycosylated, labionin-containing lanthipeptide with marked
antinociceptive activity. ACS Chem Biol, 2014. 9(2): p. 398-404.

Wiebach, V., et al., The anti-staphylococcal lipolanthines are ribosomally
synthesized lipopeptides. Nat Chem Biol, 2018. 14(7): p. 652-654.

Burkhart, B.J., et al., Chimeric Leader Peptides for the Generation of Non-
Natural Hybrid RiPP Products. ACS Cent Sci, 2017. 3(6): p. 629-638.

Ziemert, N., et al., Ribosomal synthesis of tricyclic depsipeptides in bloom-
forming cyanobacteria. Angew Chem Int Ed Engl, 2008. 47(40): p. 7756-9.
Ziemert, N., et al., Exploiting the natural diversity of microviridin gene clusters
for discovery of novel tricyclic depsipeptides. Appl Environ Microbiol, 2010.
76(11): p. 3568-74.

Roh, H., et al., A Topologically Distinct Modified Peptide with Multiple Bicyclic
Core Motifs Expands the Diversity of Microviridin-Like Peptides.
Chembiochem, 2019. 20(8): p. 1051-1059.

Lee, H., et al., Genome Mining Reveals High Topological Diversity of omega-
Ester-Containing Peptides and Divergent Evolution of ATP-Grasp
Macrocyclases. ) Am Chem Soc, 2020. 142(6): p. 3013-3023.

DiCaprio, A.l., et al., Enzymatic Reconstitution and Biosynthetic Investigation
of the Lasso Peptide Fusilassin. ) Am Chem Soc, 2019. 141(1): p. 290-297.
Agrawal, P., et al., RiPPMiner: a bioinformatics resource for deciphering
chemical structures of RiPPs based on prediction of cleavage and cross-links.
Nucleic Acids Res, 2017. 45(W1): p. W80-W88.

de Los Santos, E.L.C., NeuRiPP: Neural network identification of RiPP precursor
peptides. Sci Rep, 2019. 9(1): p. 13406.

Merwin, N.J., et al., DeepRiPP integrates multiomics data to automate
discovery of novel ribosomally synthesized natural products. Proc Natl Acad Sci
USA, 2020. 117(1): p. 371-380.

Mohimani, H., et al., Dereplication of peptidic natural products through
database search of mass spectra. Nat Chem Biol, 2017. 13(1): p. 30-37.
Gurevich, A., et al., Increased diversity of peptidic natural products revealed by
modification-tolerant database search of mass spectra. Nat Microbiol, 2018.
3(3): p. 319-327.

209



92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

A.M. Kloosterman

Cao, L., et al., MetaMiner: A Scalable Peptidogenomics Approach for Discovery
of Ribosomal Peptide Natural Products with Blind Modifications from
Microbial Communities. Cell Syst, 2019. 9(6): p. 600-608 e4.

Hayakawa, Y., et al., Thioviridamide, a novel apoptosis inducer in transformed
cells from Streptomyces olivoviridis. J Antibiot (Tokyo), 2006. 59(1): p. 1-5.
Tang, J., et al., Discovery and biosynthesis of thioviridamide-like compounds.
Chinese Chemical Letters, 2018. 29(7): p. 1022-1028.

Burkhart, B.J., et al., YcaO-Dependent Posttranslational Amide Activation:
Biosynthesis, Structure, and Function. Chem Rev, 2017. 117(8): p. 5389-5456.
Benjdia, A., C. Balty, and O. Berteau, Radical SAM Enzymes in the Biosynthesis
of Ribosomally Synthesized and Post-translationally Modified Peptides (RiPPs).
Front Chem, 2017. 5: p. 87.

Gomez-Escribano, J.P., et al., Posttranslational beta-methylation and
macrolactamidination in the biosynthesis of the bottromycin complex of
ribosomal peptide antibiotics. Chemical Science, 2012. 3(12): p. 3522-3525.
Freeman, M.F., et al., Metagenome mining reveals polytheonamides as
posttranslationally modified ribosomal peptides. Science, 2012. 338(6105): p.
387-90.

Grove, T.L., et al., Structural Insights into Thioether Bond Formation in the
Biosynthesis of Sactipeptides. } Am Chem Soc, 2017. 139(34): p. 11734-11744.
Holliday, G.L., et al., Atlas of the Radical SAM Superfamily: Divergent Evolution
of Function Using a "Plug and Play" Domain. Methods Enzymol, 2018. 606: p.
1-71.

Fluhe, L., et al., Two [4Fe-4S] clusters containing radical SAM enzyme SkfB
catalyze thioether bond formation during the maturation of the sporulation
killing factor. } Am Chem Soc, 2013. 135(3): p. 959-62.

Haft, D.H., Bioinformatic evidence for a widely distributed, ribosomally
produced electron carrier precursor, its maturation proteins, and its
nicotinoprotein redox partners. BMC Genomics, 2011. 12: p. 21.

Morinaka, B.l., et al., Natural noncanonical protein splicing yields products
with diverse beta-amino acid residues. Science, 2018. 359(6377): p. 779-782.
Bushin, L.B., et al., Charting an Unexplored Streptococcal Biosynthetic
Landscape Reveals a Unique Peptide Cyclization Motif. } Am Chem Soc, 2018.
140(50): p. 17674-17684.

Schramma, K.R., L.B. Bushin, and M.R. Seyedsayamdost, Structure and
biosynthesis of a macrocyclic peptide containing an unprecedented lysine-to-
tryptophan crosslink. Nat Chem, 2015. 7(5): p. 431-437.

Caruso, A,, et al., Radical Approach to Enzymatic beta-Thioether Bond
Formation. ) Am Chem Soc, 2019. 141(2): p. 990-997.

Caruso, A., et al., Macrocyclization via an Arginine-Tyrosine Crosslink Broadens
the Reaction Scope of Radical S-Adenosylmethionine Enzymes. ) Am Chem Soc,
2019. 141(42): p. 16610-16614.

Clark, K.A., L.B. Bushin, and M.R. Seyedsayamdost, Aliphatic Ether Bond
Formation Expands the Scope of Radical SAM Enzymes in Natural Product
Biosynthesis. } Am Chem Soc, 2019. 141(27): p. 10610-10615.

210



Exploring the chemical space of post-translationally modified peptides in Streptomyces with
machine learning

109. Burkhart, B.J., et al., A prevalent peptide-binding domain guides ribosomal
natural product biosynthesis. Nat Chem Biol, 2015. 11(8): p. 564-70.

110. Zhang, Z., et al., Biosynthetic Timing and Substrate Specificity for the
Thiopeptide Thiomuracin. J Am Chem Soc, 2016. 138(48): p. 15511-15514.

111. Soding, J., A. Biegert, and A.N. Lupas, The HHpred interactive server for protein
homology detection and structure prediction. Nucleic Acids Res, 2005. 33(Web
Server issue): p. W244-8.

112. Jones, D.T., Protein secondary structure prediction based on position-specific
scoring matrices. ) Mol Biol, 1999. 292(2): p. 195-202.

113. Ting, C.P., et al., Use of a scaffold peptide in the biosynthesis of amino acid-
derived natural products. Science, 2019. 365(6450): p. 280-284.

114. Vignolle, G.A., et al., Novel approach in whole genome mining and
transcriptome analysis reveal conserved RiPPs in Trichoderma spp. BMC
Genomics, 2020. 21(1): p. 258.

115. Tagirdzhanov, A.M., A. Shlemov, and A. Gurevich, NPS: scoring and evaluating
the statistical significance of peptidic natural product-spectrum matches.
Bioinformatics, 2019. 35(14): p. i315-i323.

116. Sayers, E.W., et al., Database resources of the National Center for
Biotechnology Information. Nucleic Acids Res, 2020.

117. Hudson, G.A. and D.A. Mitchell, RiPP antibiotics: biosynthesis and engineering
potential. Curr Opin Microbiol, 2018. 45: p. 61-69.

118. Cox, C.L., J.R. Doroghazi, and D.A. Mitchell, The genomic landscape of
ribosomal peptides containing thiazole and oxazole heterocycles. BMC
Genomics, 2015. 16: p. 778.

119. Zhang, Q., et al., Evolution of lanthipeptide synthetases. Proc Natl Acad Sci U S
A, 2012.109(45): p. 18361-6.

120. Davis, K.M., et al., Structures of the peptide-modifying radical SAM enzyme
SuiB elucidate the basis of substrate recognition. Proc Natl Acad Sci U S A,
2017. 114(39): p. 10420-10425.

121. Ortega, M.A,, et al., Structure and mechanism of the tRNA-dependent
lantibiotic dehydratase NisB. Nature, 2015. 517(7535): p. 509-12.

122. Koehnke, J., et al., Structural analysis of leader peptide binding enables leader-
free cyanobactin processing. Nat Chem Biol, 2015. 11(8): p. 558-563.

123. Latham, J.A., et al., PqqD is a novel peptide chaperone that forms a ternary
complex with the radical S-adenosylmethionine protein PqqE in the
pyrroloquinoline quinone biosynthetic pathway. ) Biol Chem, 2015. 290(20): p.
12908-18.

124. Mavaro, A., et al., Substrate recognition and specificity of the NisB protein, the
lantibiotic dehydratase involved in nisin biosynthesis. J Biol Chem, 2011.
286(35): p. 30552-60.

125. Mitchell, D.A., et al., Structural and functional dissection of the heterocyclic
peptide cytotoxin streptolysin S. ) Biol Chem, 2009. 284(19): p. 13004-12.

126. Regni, C.A., et al., How the MccB bacterial ancestor of ubiquitin E1 initiates
biosynthesis of the microcin C7 antibiotic. EMBO J, 2009. 28(13): p. 1953-64.

211



127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

A.M. Kloosterman

Johnson, M., et al., NCBI BLAST: a better web interface. Nucleic Acids Res,
2008. 36(Web Server issue): p. W5-9.

Finn, R.D., et al., Pfam: the protein families database. Nucleic Acids Res, 2014.
42(Database issue): p. D222-30.

Klinman, J.P. and F. Bonnot, Intrigues and intricacies of the biosynthetic
pathways for the enzymatic quinocofactors: PQQ, TTQ, CTQ, TPQ, and LTQ.
Chem Rev, 2014. 114(8): p. 4343-65.

Finn, R.D., et al., The Pfam protein families database: towards a more
sustainable future. Nucleic Acids Res, 2016. 44(D1): p. D279-85.

Evans, R.L., 3rd, et al., Nuclear Magnetic Resonance Structure and Binding
Studies of PqqD, a Chaperone Required in the Biosynthesis of the Bacterial
Dehydrogenase Cofactor Pyrroloquinoline Quinone. Biochemistry, 2017.
56(21): p. 2735-2746.

Zallot, R., N. Oberg, and J.A. Gerlt, The EFI Web Resource for Genomic
Enzymology Tools: Leveraging Protein, Genome, and Metagenome Databases
to Discover Novel Enzymes and Metabolic Pathways. Biochemistry, 2019.
58(41): p. 4169-4182.

Su, G., et al., Biological network exploration with Cytoscape 3. Curr Protoc
Bioinformatics, 2014. 47: p. 8 13 1-24.

Finn, R.D., et al., HMMER web server: 2015 update. Nucleic Acids Res, 2015.
43(W1): p. W30-8.

UniProt, C., UniProt: a hub for protein information. Nucleic Acids Res, 2015.
43(Database issue): p. D204-12.

Mirdita, M., et al., Uniclust databases of clustered and deeply annotated
protein sequences and alignments. Nucleic Acids Res, 2017. 45(D1): p. D170-
D176.

Blin, K., et al., The antiSMASH database, a comprehensive database of
microbial secondary metabolite biosynthetic gene clusters. Nucleic Acids Res,
2017. 45(D1): p. D555-D559.

Steinegger, M. and J. Soding, MMseqs2 enables sensitive protein sequence
searching for the analysis of massive data sets. Nat Biotechnol, 2017. 35(11):
p. 1026-1028.

Remmert, M., et al., HHblits: lightning-fast iterative protein sequence
searching by HMM-HMM alignment. Nat Methods, 2011. 9(2): p. 173-5.
Epstein, S.C., L.K. Charkoudian, and M.H. Medema, A standardized workflow
for submitting data to the Minimum Information about a Biosynthetic Gene
cluster (MIBiG) repository: prospects for research-based educational
experiences. Stand Genomic Sci, 2018. 13: p. 16.

van der Donk, W.A. and S.K. Nair, Structure and mechanism of lanthipeptide
biosynthetic enzymes. Curr Opin Struct Biol, 2014. 29: p. 58-66.

Cheung, W.L,, et al., Lasso Peptide Biosynthetic Protein LarB1 Binds Both
Leader and Core Peptide Regions of the Precursor Protein LarA. ACS Cent Sci,
2016. 2(10): p. 702-709.

212



Exploring the chemical space of post-translationally modified peptides in Streptomyces with
machine learning

143. Dunbar, K.L., et al., Identification of an Auxiliary Leader Peptide-Binding
Protein Required for Azoline Formation in Ribosomal Natural Products. J Am
Chem Soc, 2015. 137(24): p. 7672-7.

144. Haft, D.H., et al., TIGRFAMSs and Genome Properties in 2013. Nucleic Acids
Res, 2013. 41(Database issue): p. D387-95.

145. Khusainov, R., G.N. Moll, and O.P. Kuipers, Identification of distinct nisin
leader peptide regions that determine interactions with the modification
enzymes NisB and NisC. FEBS Open Bio, 2013. 3: p. 237-42.

146. Haft, D.H. and M.K. Basu, Biological systems discovery in silico: radical S-
adenosylmethionine protein families and their target peptides for
posttranslational modification. ) Bacteriol, 2011. 193(11): p. 2745-55.

147. Zhang, Z. and W.A. van der Donk, Nonribosomal Peptide Extension by a
Peptide Amino-Acyl tRNA Ligase. } Am Chem Soc, 2019. 141(50): p. 19625-

19633.
148. Hannigan, G.D., et al., A deep learning genome-mining strategy for
biosynthetic gene cluster prediction. Nucleic Acids Res, 2019. 47(18): p. e110.
149. Sardar, D., et al., Recognition sequences and substrate evolution in

cyanobactin biosynthesis. ACS Synth Biol, 2015. 4(2): p. 167-76.

150. Schwalen, C.J,, et al., In Vitro Biosynthetic Studies of Bottromycin Expand the
Enzymatic Capabilities of the YcaO Superfamily. ) Am Chem Soc, 2017.
139(50): p. 18154-18157.

151. Ghodge, S.V., et al., Post-translational Claisen Condensation and
Decarboxylation en Route to the Bicyclic Core of Pantocin A. ) Am Chem Soc,
2016. 138(17): p. 5487-90.

152. Katoh, K. and D.M. Standley, MAFFT multiple sequence alignment software
version 7: improvements in performance and usability. Mol Biol Evol, 2013.
30(4): p. 772-80.

153. Edgar, R.C., MUSCLE: multiple sequence alignment with high accuracy and
high throughput. Nucleic Acids Res, 2004. 32(5): p. 1792-7.

154. Price, M.N., P.S. Dehal, and A.P. Arkin, FastTree: computing large minimum
evolution trees with profiles instead of a distance matrix. Mol Biol Evol, 2009.
26(7): p. 1641-50.

155. Miyanaga, A., et al., Discovery and assembly-line biosynthesis of the
lymphostin pyrroloquinoline alkaloid family of mTOR inhibitors in Salinispora
bacteria. ) Am Chem Soc, 2011. 133(34): p. 13311-3.

156. Haft, D.H., M.K. Basu, and D.A. Mitchell, Expansion of ribosomally produced
natural products: a nitrile hydratase- and Nif11-related precursor family. BMC
Biol, 2010. 8: p. 70.

157. Davies, J., Origins and evolution of antibiotic resistance. Microbiologia, 1996.
12(1): p. 9-16.
158. Berdy, J., Thoughts and facts about antibiotics: Where we are now and where

we are heading. ) Antibiot (Tokyo), 2012. 65(8): p. 441.

159. van der Aart, L.T., et al., Polyphasic classification of the gifted natural product
producer Streptomyces roseifaciens sp. nov. Int J Syst Evol Microbiol, 2019.
69(4): p. 899-908.

213



160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

A.M. Kloosterman

Cruz-Morales, P., et al., Phylogenomic Analysis of Natural Products
Biosynthetic Gene Clusters Allows Discovery of Arseno-Organic Metabolites in
Model Streptomycetes. Genome Biol Evol, 2016. 8(6): p. 1906-16.
Selem-Mojica, N., et al., EvoMining reveals the origin and fate of natural
product biosynthetic enzymes. Microb Genom, 2019. 5(12).

Noike, M., et al., A peptide ligase and the ribosome cooperate to synthesize
the peptide pheganomycin. Nat Chem Biol, 2015. 11(1): p. 71-6.

Ogasawara, Y., et al., Exploring Peptide Ligase Orthologs in Actinobacteria-
Discovery of Pseudopeptide Natural Products, Ketomemicins. ACS Chem Biol,
2016. 11(6): p. 1686-92.

Singh, M. and D. Sareen, Novel LanT associated lantibiotic clusters identified
by genome database mining. PLoS One, 2014. 9(3): p. e91352.

Mitchell, A., et al., The InterPro protein families database: the classification
resource after 15 years. Nucleic Acids Res, 2015. 43(Database issue): p. D213-
21.

Medema, M.H., et al., A systematic computational analysis of biosynthetic
gene cluster evolution: lessons for engineering biosynthesis. PLoS Comput Biol,
2014.10(12): p. e1004016.

Wolf, Y.I. and E.V. Koonin, A tight link between orthologs and bidirectional
best hits in bacterial and archaeal genomes. Genome Biol Evol, 2012. 4(12): p.
1286-94.

Buchfink, B., C. Xie, and D.H. Huson, Fast and sensitive protein alignment
using DIAMOND. Nat Methods, 2015. 12(1): p. 59-60.

Dalquen, D.A. and C. Dessimoz, Bidirectional best hits miss many orthologs in
duplication-rich clades such as plants and animals. Genome Biol Evol, 2013.
5(10): p. 1800-6.

Enright, A.J., S. Van Dongen, and C.A. Ouzounis, An efficient algorithm for
large-scale detection of protein families. Nucleic Acids Res, 2002. 30(7): p.
1575-84.

Van Dongen, S., Graph clustering by Flow Simulation. 2000, University of
Utrecht.

Kriventseva, E.V., et al., OrthoDB v10: sampling the diversity of animal, plant,
fungal, protist, bacterial and viral genomes for evolutionary and functional
annotations of orthologs. Nucleic Acids Res, 2019. 47(D1): p. D807-D811.
Simao, F.A., et al., BUSCO: assessing genome assembly and annotation
completeness with single-copy orthologs. Bioinformatics, 2015. 31(19): p.
3210-2.

Waterhouse, R.M., et al., BUSCO Applications from Quality Assessments to
Gene Prediction and Phylogenomics. Mol Biol Evol, 2018. 35(3): p. 543-548.
Atkinson, H.J., et al., Using sequence similarity networks for visualization of
relationships across diverse protein superfamilies. PLoS One, 2009. 4(2): p.
e4345.

Kersten, R.D., et al., A mass spectrometry-guided genome mining approach for
natural product peptidogenomics. Nat Chem Biol, 2011. 7(11): p. 794-802.

214



Exploring the chemical space of post-translationally modified peptides in Streptomyces with
machine learning

177. Onaka, H., et al., Cloning and characterization of the goadsporin biosynthetic
gene cluster from Streptomyces sp. TP-A0584. Microbiology, 2005. 151(Pt 12):
p.3923-3933.

178. Crone, W.J.K., F.J. Leeper, and A.W. Truman, Identification and
characterisation of the gene cluster for the anti-MRSA antibiotic bottromycin:
expanding the biosynthetic diversity of ribosomal peptides. Chemical Science,
2012. 3(12): p. 3516-3521.

179. Hou, Y., et al., Structure and biosynthesis of the antibiotic bottromycin D. Org
Lett, 2012. 14(19): p. 5050-3.

180. Horie, A, et al., Discovery of proteinaceous N-modification in lysine
biosynthesis of Thermus thermophilus. Nat Chem Biol, 2009. 5(9): p. 673-9.

181. Fawaz, M.V., M.E. Topper, and S.M. Firestine, The ATP-grasp enzymes. Bioorg
Chem, 2011. 39(5-6): p. 185-91.

182. van der Palen, C.J., et al., MauE and MauD proteins are essential in
methylamine metabolism of Paracoccus denitrificans. Antonie Van
Leeuwenhoek, 1997. 72(3): p. 219-28.

183. Jacobi, A., R. Rossmann, and A. Bock, The hyp operon gene products are
required for the maturation of catalytically active hydrogenase isoenzymes in
Escherichia coli. Arch Microbiol, 1992. 158(6): p. 444-51.

184. Sayers, E.\W., et al., Database resources of the National Center for
Biotechnology Information. Nucleic Acids Res, 2019. 47(D1): p. D23-D28.

185. Navarro-Munoz, J.C., et al., A computational framework to explore large-scale
biosynthetic diversity. Nat Chem Biol, 2020. 16(1): p. 60-68.

186. van der Heul, H.U., et al., Regulation of antibiotic production in

Actinobacteria: new perspectives from the post-genomic era. Nat Prod Rep,
2018. 35(6): p. 575-604.

187. Bode, H.B., et al., Big effects from small changes: possible ways to explore
nature's chemical diversity. Chembiochem, 2002. 3(7): p. 619-27.

188. Wu, C., et al., Lugdunomycin, an angucycline-derived molecule with
unprecedented chemical architecture. Angew Chem Int Ed Engl, 2019. 58(9): p.
2809-2814.

189. van Bergeijk, D.A., et al., Ecology and genomics of Actinobacteria: new

concepts for natural product discovery. Nat Rev Microbiol, 2020.

190. Zhu, H., et al., Eliciting antibiotics active against the ESKAPE pathogens in a
collection of actinomycetes isolated from mountain soils. Microbiology, 2014.
160: p. 1714-1725.

191. Folcher, M., et al., A transcriptional regulator of a pristinamycin resistance
gene in Streptomyces coelicolor. ) Biol Chem, 2001. 276(2): p. 1479-85.
192. Mast, Y., et al., Characterization of the 'pristinamycin supercluster' of

Streptomyces pristinaespiralis. Microb Biotechnol, 2011. 4(2): p. 192-206.
193. Garneau, S., N.I. Martin, and J.C. Vederas, Two-peptide bacteriocins produced
by lactic acid bacteria. Biochimie, 2002. 84(5-6): p. 577-92.
194. Sit, C.S., S. Yoganathan, and J.C. Vederas, Biosynthesis of aminovinyl-cysteine-
containing peptides and its application in the production of potential drug
candidates. Acc Chem Res, 2011. 44(4): p. 261-8.

215



195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

A.M. Kloosterman

Clausen, M., et al., PAD1 encodes phenylacrylic acid decarboxylase which
confers resistance to cinnamic acid in Saccharomyces cerevisiae. Gene, 1994.
142(1): p. 107-12.

Medema, M.H., et al., Minimum Information about a Biosynthetic Gene
cluster. Nat Chem Biol, 2015. 11(9): p. 625-31.

Ilzawa, M., et al., Identification of essential biosynthetic genes and a true
biosynthetic product for thioviridamide. ) Gen Appl Microbiol, 2018. 64(1): p.
50-53.

Vara, J., et al., Cloning of genes governing the deoxysugar portion of the
erythromycin biosynthesis pathway in Saccharopolyspora erythraea
(Streptomyces erythreus). ) Bacteriol, 1989. 171(11): p. 5872-81.

Bierman, M., et al., Plasmid cloning vectors for the conjugal transfer of DNA
from Escherichia coli to Streptomyces spp. Gene, 1992. 116(1): p. 43-9.
Fedoryshyn, M., et al., Functional expression of the Cre recombinase in
actinomycetes. Appl Microbiol Biotechnol, 2008. 78(6): p. 1065-70.

Larson, J.L. and C.L. Hershberger, The minimal replicon of a streptomycete
plasmid produces an ultrahigh level of plasmid DNA. Plasmid, 1986. 15(3): p.
199-209.

Yang, X. and W.A. van der Donk, Post-translational Introduction of D-Alanine
into Ribosomally Synthesized Peptides by the Dehydroalanine Reductase NpnJ.
J Am Chem Soc, 2015. 137(39): p. 12426-9.

Zhao, X. and W.A. van der Donk, Structural Characterization and Bioactivity
Analysis of the Two-Component Lantibiotic Flv System from a Ruminant
Bacterium. Cell Chem Biol, 2016. 23(2): p. 246-256.

Ortiz-Lopez, F.J., et al., Cacaoidin, First Member of the New Lanthidin RiPP
Family. Angew Chem Int Ed Engl, 2020. 59(31): p. 12654-12658.

Ross, A.C., et al., Synthesis of the lantibiotic lactocin S using peptide
cyclizations on solid phase. } Am Chem Soc, 2010. 132(2): p. 462-3.
Frattaruolo, L., et al., A Genomics-Based Approach Identifies a Thioviridamide-
Like Compound with Selective Anticancer Activity. ACS Chem Biol, 2017.
12(11): p. 2815-2822.

Kenney, G.E., et al., The biosynthesis of methanobactin. Science, 2018.
359(6382): p. 1411-1416.

Giacomini, A., A. Squartini, and M.P. Nuti, Nucleotide sequence and analysis of
plasmid pMD136 from Pediococcus pentosaceus FBB61 (ATCC43200) involved
in pediocin A production. Plasmid, 2000. 43(2): p. 111-22.

Cotter, P.D., et al., Posttranslational conversion of L-serines to D-alanines is
vital for optimal production and activity of the lantibiotic lacticin 3147. Proc
Natl Acad Sci U S A, 2005. 102(51): p. 18584-9.

Kieser, T., et al., Practical Streptomyces genetics. 2000: John Innes
Foundation.

Swiatek, M.A,, et al., Functional analysis of the N-acetylglucosamine metabolic
genes of Streptomyces coelicolor and role in the control of development and
antibiotic production. ) Bacteriol, 2012. 194(5): p. 1136-1144.

216



Exploring the chemical space of post-translationally modified peptides in Streptomyces with
machine learning

212. Zacchetti, B., et al., Aggregation of germlings is a major contributing factor
towards mycelial heterogeneity of Streptomyces. Sci Rep, 2016. 6: p. 27045.

213. Zacchetti, B., P. Smits, and D. Claessen, Dynamics of Pellet Fragmentation and
Aggregation in Liquid-Grown Cultures of Streptomyces lividans. Front
Microbiol, 2018. 9: p. 943.

214. Pluskal, T., et al., MZmine 2: modular framework for processing, visualizing,
and analyzing mass spectrometry-based molecular profile data. BMC
Bioinformatics, 2010. 11: p. 395.

215. Myers, O.D., et al., One Step Forward for Reducing False Positive and False
Negative Compound Identifications from Mass Spectrometry Metabolomics
Data: New Algorithms for Constructing Extracted lon Chromatograms and
Detecting Chromatographic Peaks. Anal Chem, 2017. 89(17): p. 8696-8703.

216. Chong, J., D.S. Wishart, and J. Xia, Using MetaboAnalyst 4.0 for
Comprehensive and Integrative Metabolomics Data Analysis. Curr Protoc
Bioinformatics, 2019. 68(1): p. e86.

217. Wessel, D. and U.l. Flugge, A method for the quantitative recovery of protein
in dilute solution in the presence of detergents and lipids. Anal Biochem, 1984.
138(1): p. 141-3.

218. van Rooden, E.J., et al., Mapping in vivo target interaction profiles of covalent
inhibitors using chemical proteomics with label-free quantification. Nat
Protoc, 2018. 13(4): p. 752-767.

219. Rappsilber, J., Y. Ishihama, and M. Mann, Stop and go extraction tips for
matrix-assisted laser desorption/ionization, nanoelectrospray, and LC/MS
sample pretreatment in proteomics. Anal Chem, 2003. 75(3): p. 663-70.

220. Distler, U., et al., Drift time-specific collision energies enable deep-coverage
data-independent acquisition proteomics. Nat Methods, 2014. 11(2): p. 167-
70.

221. Elsayed, S.S., et al., Chaxapeptin, a Lasso Peptide from Extremotolerant

Streptomyces leeuwenhoekii Strain C58 from the Hyperarid Atacama Desert. )
Org Chem, 2015. 80(20): p. 10252-60.

222. Katz, L. and R.H. Baltz, Natural product discovery: past, present, and future. )
Ind Microbiol Biotechnol, 2016. 43(2-3): p. 155-76.

223. Silver, L.L., Challenges of antibacterial discovery. Clin Microbiol Rev, 2011.
24(1): p. 71-1009.

224. Doroghazi, J.R., et al., A roadmap for natural product discovery based on
large-scale genomics and metabolomics. Nat Chem Biol, 2014. 10(11): p. 963-
8.

225. Cruz-Morales, P., et al., The genome sequence of Streptomyces lividans 66

reveals a novel tRNA-dependent peptide biosynthetic system within a metal-
related genomic island. Genome Biol Evol, 2013. 5(6): p. 1165-75.

226. Ohnishi, Y., et al., Genome sequence of the streptomycin-producing
microorganism Streptomyces griseus IFO 13350. ) Bacteriol, 2008. 190(11): p.
4050-60.

227. Hutchings, M.I., A.W. Truman, and B. Wilkinson, Antibiotics: past, present and
future. Curr Opin Microbiol, 2019. 51: p. 72-80.

217



228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

A.M. Kloosterman

Blin, K., et al., Recent development of antiSMASH and other computational
approaches to mine secondary metabolite biosynthetic gene clusters. Brief
Bioinform, 2019. 20(4): p. 1103-1113.

Zhu, H., et al., Eliciting antibiotics active against the ESKAPE pathogens in a
collection of actinomycetes isolated from mountain soils. Microbiology
(Reading), 2014. 160(Pt 8): p. 1714-1725.

Medema, M.H., E. Takano, and R. Breitling, Detecting sequence homology at
the gene cluster level with MultiGeneBlast. Mol Biol Evol, 2013. 30(5): p. 1218-
23.

Gu, W., et al., The Biochemistry and Structural Biology of Cyanobactin
Pathways: Enabling Combinatorial Biosynthesis. Methods Enzymol, 2018. 604:
p. 113-163.

Leikoski, N., et al., Genome mining expands the chemical diversity of the
cyanobactin family to include highly modified linear peptides. Chem Biol,
2013. 20(8): p. 1033-43.

Chekan, J.R., et al., Characterization of the macrocyclase involved in the
biosynthesis of RiPP cyclic peptides in plants. Proc Natl Acad Sci U S A, 2017.
114(25): p. 6551-6556.

Craik, D.J. and U. Malik, Cyclotide biosynthesis. Curr Opin Chem Biol, 2013.
17(4): p. 546-54.

Zhang, Y., et al., A distributive peptide cyclase processes multiple microviridin
core peptides within a single polypeptide substrate. Nat Commun, 2018. 9(1):
p. 1780.

Umemura, M., et al., Characterization of the biosynthetic gene cluster for the
ribosomally synthesized cyclic peptide ustiloxin B in Aspergillus flavus. Fungal
Genet Biol, 2014. 68: p. 23-30.

Nagano, N., et al., Class of cyclic ribosomal peptide synthetic genes in
filamentous fungi. Fungal Genet Biol, 2016. 86: p. 58-70.

Ding, W., et al., Biosynthetic investigation of phomopsins reveals a widespread
pathway for ribosomal natural products in Ascomycetes. Proc Natl Acad Sci U
S A, 2016.113(13): p. 3521-6.

Quijano, M.R., et al., Distinct Autocatalytic alpha- N-Methylating Precursors
Expand the Borosin RiPP Family of Peptide Natural Products. ] Am Chem Soc,
2019. 141(24): p. 9637-9644.

Gondry, M., et al., Cyclodipeptide synthases are a family of tRNA-dependent
peptide bond-forming enzymes. Nat Chem Biol, 2009. 5(6): p. 414-20.
Francklyn, C.S. and A. Minajigi, tRNA as an active chemical scaffold for diverse
chemical transformations. FEBS Lett, 2010. 584(2): p. 366-75.

Garg, R.P., et al., Molecular characterization and analysis of the biosynthetic
gene cluster for the azoxy antibiotic valanimycin. Mol Microbiol, 2002. 46(2):
p. 505-17.

Garg, R.P., et al., Identification, characterization, and bioconversion of a new
intermediate in valanimycin biosynthesis. ) Am Chem Soc, 2009. 131(28): p.
9608-9.

218



Exploring the chemical space of post-translationally modified peptides in Streptomyces with
machine learning

244, Olano, C,, et al., Biosynthesis of the angiogenesis inhibitor borrelidin by
Streptomyces parvulus Tu4055: cluster analysis and assignment of functions.
Chem Biol, 2004. 11(1): p. 87-97.

245, Bibb, M.J., Regulation of secondary metabolism in streptomycetes. Curr Opin
Microbiol, 2005. 8(2): p. 208-15.

246. Wou, C., et al., Discovery of C-Glycosylpyranonaphthoquinones in Streptomyces
sp. MBT76 by a Combined NMR-Based Metabolomics and Bioinformatics
Workflow. J Nat Prod, 2017. 80(2): p. 269-277.

247. Santos, C.L., et al., A walk into the LuxR regulators of Actinobacteria:
phylogenomic distribution and functional diversity. PLoS One, 2012. 7(10): p.
e46758.

248. Swiatek, M.A,, et al., Functional analysis of the N-acetylglucosamine metabolic

genes of Streptomyces coelicolor and role in control of development and
antibiotic production. ) Bacteriol, 2012. 194(5): p. 1136-44.

249. Gubbens, J., et al., Natural product proteomining, a quantitative proteomics
platform, allows rapid discovery of biosynthetic gene clusters for different
classes of natural products. Chem Biol, 2014. 21(6): p. 707-18.

250. Du, C. and G.P. van Wezel, Mining for Microbial Gems: Integrating Proteomics
in the Postgenomic Natural Product Discovery Pipeline. Proteomics, 2018.
18(18): p. e1700332.

251. Bartholomae, M., et al., Major gene-regulatory mechanisms operating in
ribosomally synthesized and post-translationally modified peptide (RiPP)
biosynthesis. Mol Microbiol, 2017. 106(2): p. 186-206.

252. Li, M.H., et al., Automated genome mining for natural products. BMC
Bioinformatics, 2009. 10: p. 185.

253. Culp, E.J., et al., Hidden antibiotics in actinomycetes can be identified by
inactivation of gene clusters for common antibiotics. Nat Biotechnol, 2019.
37(10): p. 1149-1154.

254, Wang, M., et al., Sharing and community curation of mass spectrometry data
with Global Natural Products Social Molecular Networking. Nat Biotechnol,
2016. 34(8): p. 828-837.

255. Ernst, M., et al., MolINetEnhancer: Enhanced Molecular Networks by
Integrating Metabolome Mining and Annotation Tools. Metabolites, 2019.
9(7).

256. Letunic, I. and P. Bork, Interactive Tree Of Life (iTOL) v4: recent updates and
new developments. Nucleic Acids Res, 2019. 47(W1): p. W256-W259.

257. Blin, K., et al., The antiSMASH database version 2: a comprehensive resource
on secondary metabolite biosynthetic gene clusters. Nucleic Acids Res, 2019.
47(D1): p. D625-D630.

258. Cock, P.J., et al., Biopython: freely available Python tools for computational
molecular biology and bioinformatics. Bioinformatics, 2009. 25(11): p. 1422-3.

259. Xie, H.F., et al., Feature-Based Molecular Networking Analysis of the
Metabolites Produced by In Vitro Solid-State Fermentation Reveals Pathways
for the Bioconversion of Epigallocatechin Gallate. ) Agric Food Chem, 2020.
68(30): p. 7995-8007.

219



260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

A.M. Kloosterman

van der Hooft, J.J., et al., Topic modeling for untargeted substructure
exploration in metabolomics. Proc Natl Acad Sci U S A, 2016. 113(48): p.
13738-13743.

Li, Y. and S. Rebuffat, The manifold roles of microbial ribosomal peptide-based
natural products in physiology and ecology. J Biol Chem, 2020. 295(1): p. 34-
54.

Nett, M., H. Ikeda, and B.S. Moore, Genomic basis for natural product
biosynthetic diversity in the actinomycetes. Nat Prod Rep, 2009. 26(11): p.
1362-84.

van Santen, J.A,, et al., Microbial natural product databases: moving forward
in the multi-omics era. Nat Prod Rep, 2020.

Kautsar, S.A., et al., BiG-FAM: the biosynthetic gene cluster families database.
Nucleic Acids Res, 2020.

Umemura, M., H. Koike, and M. Machida, Motif-independent de novo
detection of secondary metabolite gene clusters-toward identification from
filamentous fungi. Front Microbiol, 2015. 6: p. 371.

Takeda, I, et al., Motif-independent prediction of a secondary metabolism
gene cluster using comparative genomics: application to sequenced genomes
of Aspergillus and ten other filamentous fungal species. DNA Res, 2014. 21(4):
p. 447-57.

Luo, S. and S.H. Dong, Recent Advances in the Discovery and Biosynthetic
Study of Eukaryotic RiPP Natural Products. Molecules, 2019. 24(8).

Bailey, T.L., et al., MEME SUITE: tools for motif discovery and searching.
Nucleic Acids Res, 2009. 37(Web Server issue): p. W202-8.

Hillenmeyer, M.E., et al., Evolution of chemical diversity by coordinated gene
swaps in type Il polyketide gene clusters. Proc Natl Acad Sci U S A, 2015.
112(45): p. 13952-7.

Nakai, T., et al., The Radical S-Adenosyl-L-methionine Enzyme QhpD Catalyzes
Sequential Formation of Intra-protein Sulfur-to-Methylene Carbon Thioether
Bonds. ) Biol Chem, 2015. 290(17): p. 11144-66.

Ma, S. and Q. Zhang, Linaridin natural products. Nat Prod Rep, 2020.

Kudo, K., et al., Comprehensive Derivatization of Thioviridamides by
Heterologous Expression. ACS Chem Biol, 2019. 14(6): p. 1135-1140.
Dischinger, J., S. Basi Chipalu, and G. Bierbaum, Lantibiotics: promising
candidates for future applications in health care. Int ] Med Microbiol, 2014.
304(1): p. 51-62.

van Heel, A.J., M. Montalban-Lopez, and O.P. Kuipers, Evaluating the
feasibility of lantibiotics as an alternative therapy against bacterial infections
in humans. Expert Opin Drug Metab Toxicol, 2011. 7(6): p. 675-80.

van Santen, J.A,, et al., The Natural Products Atlas: An Open Access Knowledge
Base for Microbial Natural Products Discovery. ACS Cent Sci, 2019. 5(11): p.
1824-1833.

Donia, M.S,, et al., A systematic analysis of biosynthetic gene clusters in the
human microbiome reveals a common family of antibiotics. Cell, 2014. 158(6):
p. 1402-1414.

220



Exploring the chemical space of post-translationally modified peptides in Streptomyces with
machine learning

Curriculum vitae

Alexander Kloosterman was born in Leiden on
December 28, 1990. After finishing high school at
the Stedelijk Gymnasium in Leiden in 2009, he started
a Bachelor Life Science and Technology, a shared
programme between Leiden University and the
Technical University of Delft. While in college,
Alexander participated in the Honour’s College
programme in Philosophy in Leiden, and was
awarded the Young Talent Encouragement Award in
his first year. After joining Marcellus Ubbink’s lab for

an internship on protein-protein interactions and

protein NMR, Alexander obtained his Bachelor’'s degree in July 2012.
Afterwards, he continued his studies by starting a research Master Life Science
and Technology in Leiden. During this time, he joined Gilles van Wezel’s lab for
his first research internship, under the supervision of Kasia Celler, focusing on
flotillins in streptomycetes. His second internship took place in Gregory
Schneider’s lab, under supervision of Hadi Arjmandi Tash, where he studied the
biaxial compression of graphene using lipids, before obtaining his Master’s on
February 2016. In December 2015, he started his PhD study at Leiden University,
on the project Syngenopep, in collaboration with the Leiden University Medical
Center (LUMC), the University of Groningen (RUG), supported by BaseClear,
Dupont and EnzyPep, and funded by the Dutch Research Organization (NWO).
Under the joint supervision of Gilles van Wezel and Marnix Medema, he worked
on the discovery of leads for novel antimicrobials, specifically focusing on post-
translationally modified peptides combining bioinformatics and machine
learning with chemical and molecular biological tools. The work on this topic is
presented in this thesis. After his PhD, Alexander has started working as a
postdoctoral researcher in the lab of Bjorn Hogberg at the Karolinska Institute
in Stockholm, Sweden, on the topic of DNA sequencing microscopy.

221




A.M. Kloosterman

List of publications

Alexander M. Kloosterman, Kyle Shelton, Gilles van Wezel, Marnix Medema,
and Douglas Mitchell. RRE-Finder: a genome-mining tool for class-independent
RiPP discovery. mSystems. 2020. 5(5): e00267-20.

Alexander M. Kloosterman. Peter Cimermancic, Somayah S. Elsayed, Chao Du,
Michalis Hadjithomas, Mohamed S. Donia, Michael A. Fischbach, Gilles P. van
Wezel, and Marnix H. Medema. Expansion of RiPP biosynthetic space through
integration of pan-genomics and machine learning uncovers a novel class of
lanthipeptides. PLoS. Biol., 2020. 18(12): e3002016.

Alexander M. Kloosterman, Marnix H. Medema, Gilles P. van Wezel. Omics-
based strategies to discover novel classes of RiPP natural products. Curr. Opin.
Biotechnol., 2021. 6, p: 60-67.

Sanne Westhoff, Alexander M. Kloosterman, Stephan F.A. van Hoesel, Gilles P.
van Wezel, Daniel Rozen. Competition sensing changes antibiotic production in
Streptomyces. mSystems., 2021. 12(1): e02729-20.

Lizah van der Aart, Imen Nouioui, Alexander M. Kloosterman, José-Mariano
Igual, Joost Willemse, Michael Goodfellow, Gilles van Wezel. Polyphasic
classification of the gifted natural product producer Streptomyces
roseifaciens sp. nov. Int. J. Syst. Evol. Microbiol., 2019. 69(4): p. 899-908.

Yoshitaka Hiruma, Ankur Gupta, Alexander M. Kloosterman, Caroline Olijve, Dr.
Mathias A. S. Hass, Prof. Dr. Marcellus Ubbink. Hot-spot residues in the
Cytochrome P450cam-Putidaredoxin binding interface. Chembiochem., 2014.
15(1): p. 80-6.

222



