:
S
gJl.S

el

e I3
24
m

4%

M’b The Netherlands

)
3|
B 3
.
=

.

4

&

o
-

Analysis of the angucycline biosynthetic gene cluster in
Streptomyces sp. QL37 and implications for lugdunomycin

production
Heul, H.U. van der

Citation

Heul, H. U. van der. (2022, December 21). Analysis of the angucycline
biosynthetic gene cluster in Streptomyces sp. QL37 and implications for
lugdunomycin production. Retrieved from
https://hdl.handle.net/1887/3503629

Version: Publisher's Version
Licence agreement concerning inclusion of doctoral
License: thesis in the Institutional Repository of the University
of Leiden

Downloaded from: https://hdl.handle.net/1887/3503629

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/license:5
https://hdl.handle.net/1887/3503629

References



References

REFERENCES

Abrudan, M.1,, Smakman, F,, Grimbergen, A.J., Westhoff, S., Miller, E.L., et al. (2015) Socially
mediated induction and suppression of antibiosis during bacterial coexistence. Proc
Natl Acad Sci U S A 112: 11054-11059.

Ahn, S.K,, Cuthbertson, L., and Nodwell, J.R. (2012) Genome context as a predictive tool
for identifying regulatory targets of the TetR family transcriptional regulators. PLoS
One 7:e50562.

Aigle, B., Pang, X., Decaris, B., and Leblond, P. (2005) Involvement of AlpV, a new member
of the Streptomyces antibiotic regulatory protein family, in regulation of the duplicated
type Il polyketide synthase alp gene cluster in Streptomyces ambofaciens. J Bacteriol
187:2491-2500.

Akanuma, G., Hara, H., Ohnishi, Y., and Horinouchi, S. (2009) Dynamic changes in the
extracellular proteome caused by absence of a pleiotropic regulator AdpA in
Streptomyces griseus. Mol Microbiol 73: 898-912.

Alduina, R, Lo Piccolo, L., D'Alia, D., Ferraro, C., Gunnarsson, N, et al. (2007) Phosphate-
controlled regulator for the biosynthesis of the dalbavancin precursor A40926. J
Bacteriol 189: 8120-8129.

Allenby, N.E., Laing, E., Bucca, G, Kierzek, A.M., and Smith, C.P. (2012) Diverse control
of metabolism and other cellular processes in Streptomyces coelicolor by the PhoP
transcription factor: Genome-wide identification of in vivo targets. Nucleic Acids Res
40:9543-9556.

Amos, G.C.A., Awakawa, T, Tuttle, R.N,, Letzel, A.C., Kim, M.C,, et al. (2017) Comparative
transcriptomics as a guide to natural product discovery and biosynthetic gene cluster
functionality. Proc Natl Acad Sci U S A 114: E11121-E11130.

Anborgh, P.H., and Parmeggiani, A. (1991) New antibiotic that acts specifically on the GTP-
bound form of elongation factor Tu. EMBO J 10: 779-784.

Andersson, D.I., and Hughes, D. (2014) Microbiological effects of sublethal levels of
antibiotics. Nat Rev Microbiol 12: 465-478.

Angell, S., Lewis, C.G., Buttner, M.J., and Bibb, M.J. (1994) Glucose repression in
Streptomyces coelicolor A3(2): A likely regulatory role for glucose kinase. Mol Gen
Genet 244:135-143.

Angell, S., Schwarz, E., and Bibb, M.J. (1992) The glucose kinase gene of Streptomyces
coelicolor A3(2): Its nucleotide sequence, transcriptional analysis and role in glucose
repression. Mol Microbiol 6: 2833-2844.

Antoraz, S., Rico, S., Rodriguez, H., Sevillano, L., Alzate, J.F, et al. (2017) The orphan
response regulator Aor1 is a new relevant piece in the complex puzzle of Streptomyces
coelicolor antibiotic regulatory network. Front Microbiol 8: 2444.

Arias, A.A., Lambert, S., Martinet, L., Adam, D., Tenconi, E,, et al. (2015) Growth of
desferrioxamine-deficient Streptomyces mutants through xenosiderophore piracy of
airborne fungal contaminations. FEMS Microbiol Ecol 91: fiv080-fiv080.

Arnison, P.G., Bibb, M.J., Bierbaum, G., Bowers, A.A., Bugni, T.S,, et al. (2013) Ribosomally
synthesized and post-translationally modified peptide natural products: Overview and
recommendations for a universal nomenclature. Nat Prod Rep 30: 108-160.

Aroonsri, A, Kitani, S., Choi, S.U,, and Nihira, T. (2008) Isolation and characterization of
bamA genes, homologues of the gamma-butyrolactone autoregulator-receptor gene
in Amycolatopsis mediterranei, a rifamycin producer. Biotechnol Lett 30: 2019-2024.

277



References

Aroonsri, A, Kitani, S., Hashimoto, J., Kosone, I, Izumikawa, M., et al. (2012) Pleiotropic
control of secondary metabolism and morphological development by KsbC, a
butyrolactone autoregulator receptor homologue in Kitasatospora setae. Appl Environ
Microbiol 78: 8015-8024.

Arthur, M., Reynolds, P.E., Depardieu, F, Evers, S., Dutka-Malen, S,, et al. (1996) Mechanisms
of glycopeptide resistance in enterococci. J Infect 32: 11-16.

Asnicar, F., Thomas, A.M., Beghini, F., Mengoni, C., Manara, S., et al. (2020) Precise
phylogenetic analysis of microbial isolates and genomes from metagenomes using
PhyloPhlAn 3.0. Nat Commun 11: 2500.

Autret, S., Nair, R., and Errington, J. (2007) Genetic analysis of the chromosome segregation
protein SpoQJ of Bacillus subtilis: Evidence for separate domains involved in DNA
binding and interactions with Soj protein. Mol Microbiol 41: 743-755.

Bai, C., Zhang, Y., Zhao, X., Hu, Y., Xiang, S,, et al. (2015) Exploiting a precise design of
universal synthetic modular regulatory elements to unlock the microbial natural
products in Streptomyces. Proc Natl Acad Sci U S A 112: 12181-12186.

Baltz, R.H. (2008) Renaissance in antibacterial discovery from actinomycetes. Curr Opin
Pharmacol 8: 557-563.

Baltz, R.H. (2018) Correction to: Synthetic biology, genome mining, and combinatorial
biosynthesis of nrpsderived antibiotics: A perspective. J Ind Microbiol Biotechnol 45:
651-655.

Barka, E.A., Vatsa, P, Sanchez, L., Gaveau-Vaillant, N, Jacquard, C,, et al. (2016) Taxonomy,
physiology, and natural products of Actinobacteria. Microbiol Mol Biol Rev 80: 1-43.
Barna, J.C., and Williams, D.H. (1984) The structure and mode of action of glycopeptide

antibiotics of the vancomycin group. Annu Rev Microbiol 38: 339-357.

Bartholomae, M., Buivydas, A., Viel, J.H., Montalban-Lopez, M., and Kuipers, O.P. (2017)
Major gene-regulatory mechanisms operating in ribosomally synthesized and post-
translationally modified peptide (RiPP) biosynthesis. Mol Microbiol 106: 186-206.

Battista, N., Bari, M., and Bisogno, T. (2019) N-acyl amino acids: Metabolism, molecular
targets, and role in biological processes. Biomolecules 9: 822.

Bayles, K.W. (2014) Bacterial programmed cell death: Making sense of a paradox. Nat Rev
Microbiol 12: 63-69.

Beam, M.P, Bosserman, M.A., Noinaj, N., Wehenkel, M., and Rohr, J. (2009) Crystal structure
of baeyer-villiger monooxygenase MtmOQOIlV, the key enzyme of the mithramycin
biosynthetic pathway. Biochemistry 48: 4476-4487.

Beniddir, M.A,, Kang, K.B., Genta-Jouve, G., Huber, F,, Rogers, S, et al. (2021) Advances in
decomposing complex metabolite mixtures using substructure- and network-based
computational metabolomics approaches. Nat Prod Rep 38: 1967-1993.

Bentley, S.D., Chater, K.F,, Cerdeno-Tarraga, A.M., Challis, G.L., Thomson, N.R,, et al. (2002)
Complete genome sequence of the model actinomycete Streptomyces coelicolor A3(2).
Nature 417 141-147.

Berdy, J. (2005) Bioactive microbial metabolites. J Antibiot (Tokyo) 58: 1-26.

Bermudez, O., Padilla, P, Huitron, C., and Flores, M.E. (1998) Influence of carbon and nitrogen
source on synthesis of NADP(+)-isocitrate dehydrogenase, methylmalonyl-coenzyme
A mutase, and methylmalonyl-coenzyme A decarboxylase in Saccharopolyspora
erythraea CA340. FEMS Microbiol Lett 164: 77-82.

Bhatnagar, R.K., Doull, J.L., and Vining, L.C. (1988) Role of the carbon source in regulating
chloramphenicol production by Streptomyces venezuelae: Studies in batch and
continuous cultures. Can J Microbiol 34: 1217-1223.

Bibb, M.J. (2005) Regulation of secondary metabolism in streptomycetes. Curr Opin
Microbiol 8: 208-215.

278



References

Bierman, M., Logan, R., O'Brien, K., Seno, E.T,, Rao, R.N,, et al. (1992) Plasmid cloning vectors
for the conjugal transfer of DNA from Escherichia coli to Streptomyces spp. Gene 116:
43-49,

Bignell, D.R., Seipke, R.F.,, Huguet-Tapia, J.C., Chambers, A.H., Parry, R.J., et al. (2010)
Streptomyces scabies 87-22 contains a coronafacic acid-like biosynthetic cluster that
contributes to plant-microbe interactions. Mol Plant-Microbe Interact 23: 161-175.

Bingol, K., Bruschweiler-Li, L., Li, D., Zhang, B., Xie, M., et al. (2016) Emerging new strategies
for successful metabolite identification in metabolomics. Bioanalysis 8: 557-573.

Blin, K., Shaw, S., Kloosterman, A.M., Charlop-Powers, Z., van Wezel, G.P, et al. (2021)
antiSMASH 6.0: Improving cluster detection and comparison capabilities. Nucleic Acids
Res 49: W29-W35.

Blin, K., Shaw, S., Steinke, K., Villebro, R., Ziemert, N, et al. (2019) antiSMASH 5.0: Updates
to the secondary metabolite genome mining pipeline. Nucleic Acids Res 47: W81-W87.

Bo, ST, Xu, Z.F, Yang, L., Cheng, P, Tan, R.X,, et al. (2018) Structure and biosynthesis
of mayamycin b, a new polyketide with antibacterial activity from Streptomyces sp.
120454. J Antibiot (Tokyo) 71: 601-605.

Book, A.J., Lewin, G.R.,, McDonald, B.R., Takasuka, T.E., Wendt-Pienkowski, E., et al. (2016)
Evolution of high cellulolytic activity in symbiotic Streptomyces through selection of
expanded gene content and coordinated gene expression. PLoS Biol 14: €1002475.

Brian, P, Riggle, P.J., Santos, R.A., and Champness, W.C. (1996) Global negative regulation
of Streptomyces coelicolor antibiotic synthesis mediated by an absA-encoded putative
signal transduction system. J Bacteriol 178: 3221-3231.

Brown, E.D., and Wright, G.D. (2016) Antibacterial drug discovery in the resistance era.
Nature 529: 336-343.

Brickner, R., and Titgemeyer, F. (2002) Carbon catabolite repression in bacteria: Choice of
the carbon source and autoregulatory limitation of sugar utilization. FEMS Microbiol
Lett 209: 141-148.

Bugg, T.D., Wright, G.D., Dutka-Malen, S., Arthur, M., Courvalin, P, et al. (1991) Molecular
basis for vancomycin resistance in Enterococcus faecium BM4147: Biosynthesis of a
depsipeptide peptidoglycan precursor by vancomycin resistance proteins vanh and
vana. Biochemistry 30: 10408-10415.

Bunet, R, Riclea, R., Laureti, L., Hotel, L., Paris, C., et al. (2014) A single Sfp-type
phosphopantetheinyl transferase plays a major role in the biosynthesis of PKS and
NRPS derived metabolites in Streptomyces ambofaciens ATCC 23877. PLoS One 9:
e87607.

Buttner, M.J., Schafer, M., Lawson, D.M., and Maxwell, A. (2018) Structural insights into
simocyclinone as an antibiotic, effector ligand and substrate. FEMS Microbiol Rev 42:
fux055.

Caffrey, P, Aparicio, J.F., Malpartida, F., and Zotchey, S.B. (2008) Biosynthetic engineering
of polyene macrolides towards generation of improved antifungal and antiparasitic
agents. Curr Topics Med Chem 8: 639-6583.

Cao, G, Zhong, C., Zong, G, Fu, J,, Liu, Z,, et al. (2016) Complete genome sequence of
Streptomyces clavuligerus F613-1, an industrial producer of clavulanic acid. Genome
Announc 4:1020-1021.

Cao, M., Zheng, C., Yang, D., Kalkreuter, E., Adhikari, A., et al. (2021) Cryptic sulfur
incorporation in thioangucycline biosynthesis. Angew Chem Int Ed Engl 60: 7140-7147.

Carmody, M., Byrne, B., Murphy, B., Breen, C., Lynch, S, et al. (2004) Analysis and
manipulation of amphotericin biosynthetic genes by means of modified phage KC515
transduction techniques. Gene 343: 107-115.

279



References

Castiglione, F, Cavaletti, L., Losi, D., Lazzarini, A., Carrano, L., et al. (2007) A novel lantibiotic
acting on bacterial cell wall synthesis produced by the uncommon actinomycete
Planomonospora sp. Biochemistry 46: 5884-5895.

Castiglione, F, Lazzarini, A., Carrano, L., Corti, E., Ciciliato, I, et al. (2008) Determining the
structure and mode of action of microbisporicin, a potent lantibiotic active against
multiresistant pathogens. Chem Biol 15: 22-31.

Cen, X.F, Wang, J.Z., Zhao, G.P, Wang, Y., and Wang, J. (2016) Molecular evidence for
the coordination of nitrogen and carbon metabolisms, revealed by a study on the
transcriptional regulation of the agI3EFG operon that encodes a putative carbohydrate
transporter in Streptomyces coelicolor. Biochem Biophys Res Commun 471: 510-514.

Ceniceros, A., Dijkhuizen, L., and Petrusma, M. (2017) Molecular characterization of a
Rhodococcus jostii RHAT gamma-butyrolactone(-like) signalling molecule and its main
biosynthesis gene gblA. Sci Rep 7: 17743.

Chakraburtty, R., and Bibb, M. (1997) The ppGpp synthetase gene (relA) of Streptomyces
coelicolor A3(2) plays a conditional role in antibiotic production and morphological
differentiation. J Bacteriol 179: 5854-5861.

Challis, G.L., and Hopwood, D.A. (2003) Synergy and contingency as driving forces for the
evolution of multiple secondary metabolite production by Streptomyces species. Proc
Natl Acad Sci U S A 100: 14555-14561.

Champness, W., Riggle, P, Adamidis, T., and Vandervere, P. (1992) Identification of
Streptomyces coelicolor genes involved in regulation of antibiotic synthesis. Gene 115:
55-60.

Chandra, G., and Chater, K.F. (2008) Evolutionary flux of potentially b/dA-dependent
Streptomyces genes containing the rare leucine codon TTA. Antonie Van Leeuwenhoek
94: 111-126.

Chater, K.F. (1972) A morphological and genetic mapping study of white colony mutants
of Streptomyces coelicolor. J Gen Microbiol 72: 9-28.

Chater, K.F.,, (2011) Differentiation in Streptomyces: The properties and programming of
diverse cell-types. In: Streptomyces: Molecular biology and biotechnology. P. Dyson
(ed). Norfolk, UK: Caister Academic Press, pp. 43-86.

Chater, K.F, Biro, S, Lee, K.J., Palmer, T., and Schrempf, H. (2010) The complex extracellular
biology of Streptomyces. FEMS Microbiol Rev 34: 171-198.

Chater, K.F, and Chandra, G. (2006) The evolution of development in Streptomyces analysed
by genome comparisons. FEMS Microbiol Rev 30: 651-672.

Chater, K.F,, and Losick, R., (1997) Mycelial life style of Streptomyces coelicolor A3(2) and
its relatives. In: Bacteria as multicellular organisms. J.A. Shapiro & M. Dworkin (eds).
New York: Oxford University Press, pp. 149-182.

Chavali, A.K., and Rhee, S.Y. (2017) Bioinformatics tools for the identification of gene
clusters that biosynthesize specialized metabolites. Briefings in bioinformatics: 1022—
1034.

Chavez, A., Forero, A., Sanchez, M., Rodriguez-Sanoja, R., Mendoza-Hernandez, G., et
al. (20117) Interaction of SC02127 with BIdKB and its possible connection to carbon
catabolite regulation of morphological differentiation in Streptomyces coelicolor. Appl
Microbiol Biotechnol 89: 799-806.

Chen, Q., Mulzer, M., Shi, P, Beuning, P.J., Coates, G\W,, et al. (2011) De novo asymmetric
synthesis of fridamycin E. Org Lett 13: 6592-6595.

Chen, Y.H., Wang, C.C., Greenwell, L., Rix, U., Hoffmeister, D., et al. (2005) Functional
analyses of oxygenases in jadomycin biosynthesis and identification of JadH as a
bifunctional oxygenase/dehydrase. J Biol Chem 280: 22508-22514.

280



References

Chevrette, M.G., Aicheler, F., Kohlbacher, O., Currie, C.R., and Medema, M.H. (2017)
SANDPUMA: Ensemble predictions of nonribosomal peptide chemistry reveal
biosynthetic diversity across Actinobacteria. Bioinformatics 33: 3202-3210.

Choi, S.U,, Lee, C.K,, Hwang, Y.I., Kinoshita, H., and Nihira, T. (2004) Cloning and functional
analysis by gene disruption of a gene encoding a gamma-butyrolactone autoregulator
receptor from Kitasatospora setae. J Bacteriol 186: 3423-3430.

Choi, S.U,, Lee, C.K,, Hwang, Y.l Kinosita, H., and Nihira, T. (2003) Gamma-butyrolactone
autoregulators and receptor proteins in non- Streptomyces actinomycetes producing
commercially important secondary metabolites. Arch Microbiol 180: 303-307.

Chong, J., Wishart, D.S., and Xia, J. (2019) Using MetaboAnalyst 4.0 for comprehensive and
integrative metabolomics data analysis. Curr Protoc Bioinformatics 68: €86.

Chouayekh, H., Nothaft, H., Delaunay, S., Linder, M., Payrastre, B, et al. (2007)
Phosphoinositides are involved in control of the glucose-dependent growth resumption
that follows the transition phase in Streptomyces lividans. J Bacteriol 189: 741-749.

Chouayekh, H., and Virolle, M.J. (2002) The polyphosphate kinase plays a negative role in
the control of antibiotic production in Streptomyces lividans. Mol Microbiol 43:919-930.

Claessen, D., Rozen, D.E., Kuipers, O.P, Sogaard-Andersen, L., and van Wezel, G.P. (2014)
Bacterial solutions to multicellularity: A tale of biofilms, filaments and fruiting bodies.
Nat Rev Microbiol 12: 115-124.

Colson, S., Stephan, J., Hertrich, T., Saito, A., van Wezel, G.P, et al. (2007) Conserved
cis-acting elements upstream of genes composing the chitinolytic system of
streptomycetes are DasR-responsive elements. J Mol Microbiol Biotechnol 12: 60-66.

Colson, S., van Wezel, G.P, Craig, M., Noens, E.E., Nothaft, H., et al. (2008) The chitobiose-
binding protein, dasa, acts as a link between chitin utilization and morphogenesis in
Streptomyces coelicolor. Microbiology 154: 373-382.

Craig, M., Lambert, S., Jourdan, S., Tenconi, E., Colson, S,, et al. (2012) Unsuspected control
of siderophore production by N-acetylglucosamine in streptomycetes. Environ Microbiol
Rep 4: 512-521.

Craney, A., Ozimok, C., Pimentel-Elardo, S.M., Capretta, A., and Nodwell, J.R. (2012)
Chemical perturbation of secondary metabolism demonstrates important links to
primary metabolism. Chem Biol 19: 1020-1027.

Cruz-Morales, P, Vijgenboom, E., Iruegas-Bocardo, F,, Girard, G., Yanez-Guerra, L.A,, et
al. (2013) The genome sequence of Streptomyces lividans 66 reveals a novel tRNA-
dependent peptide biosynthetic system within a metal-related genomic island. Genome
Biol Evol 5: 1165-1175.

Culp, E.J.,Yim, G., Waglechner, N., Wang, W., Pawlowski, A.C,, et al. (2019) Hidden antibiotics
in actinomycetes can be identified by inactivation of gene clusters for common
antibiotics. Nat Biotechnol 37: 1149-1154.

Cuthbertson, L., and Nodwell, J.R. (2013) The TetR family of regulators. Microbiol Mol Biol
Rev 77: 440-475.

D'Alia, D., Eggle, D., Nieselt, K., Hu, W.S., Breitling, R, et al. (2011) Deletion of the signalling
molecule synthase scba has pleiotropic effects on secondary metabolite biosynthesis,
morphological differentiation and primary metabolism in Streptomyces coelicolor A3(2).
Microbial Biotechnol 4: 239-251.

Daigle, F, Lerat, S., Bucca, G., Sanssouci, E., Smith, C.P, et al. (2015) A terD domain-
encoding gene (SC02368) is involved in calcium homeostasis and participates in
calcium regulation of a DosR-like regulon in Streptomyces coelicolor. J Bacteriol 197:
913-923.

281



References

Dairi, T., Hamano, Y., Furumai, T., and Oki, T. (1999) Development of a self-cloning system
for Actinomadura verrucosospora and identification of polyketide synthase genes
essential for production of the angucyclic antibiotic pradimicin. Appl Environ Microbiol
65:2703-2709.

Davies, J., Spiegelman, G.B., and Yim, G. (2006) The world of subinhibitory antibiotic
concentrations. Curr Opin Microbiol 9: 445-453.

de Jong, A, van Heel, A.J., Kok, J., and Kuipers, O.P. (2010) BAGEL2: Mining for bacteriocins
in genomic data. Nucleic Acids Res 38: W647-651.

de Jong, A., van Hijum, S.A., Bijlsma, J.J., Kok, J., and Kuipers, O.P. (2006) BAGEL: A web-
based bacteriocin genome mining tool. Nucleic Acids Res 34: W273-279.

Demain, A.L. (2014) Importance of microbial natural products and the need to revitalize
their discovery. J Ind Microbiol Biotechnol 41: 185-201.

Demain, A.L., and Inamine, E. (1970) Biochemistry and regulation of streptomycin and
mannosidostreptomycinase (alpha-D-mannosidase) formation. Bacteriol Rev 34: 1-19.

den Hengst, C.D., Tran, N.T., Bibb, M.J., Chandra, G., Leskiw, B.K, et al. (2010) Genes
essential for morphological development and antibiotic production in Streptomyces
coelicolor are targets of bldd during vegetative growth. Mol Microbiol 78: 361-379.

Derouaux, A., Halici, S., Nothaft, H., Neutelings, T., Moutzourelis, G, et al. (2004) Deletion
of a cyclic AMP receptor protein homologue diminishes germination and affects
morphological development of Streptomyces coelicolor. J Bacteriol 186: 1893-1897.

Deutscher, J., Francke, C., and Postma, PW. (2006) How phosphotransferase system-
related protein phosphorylation regulates carbohydrate metabolism in bacteria.
Microbiol Mol Biol Rev 70: 939-1031.

Diaz, M., Esteban, A, Fernandez-Abalos, J.M., and Santamaria, R.I. (2005) The high-affinity
phosphate-binding protein PstS is accumulated under high fructose concentrations and
mutation of the corresponding gene affects differentiation in Streptomyces lividans.
Microbiology 151: 2583-2592.

Distler, U., Kuharey, J., Navarro, P, Levin, Y., Schild, H., et al. (2014) Drift time-specific
collision energies enable deep-coverage data-independent acquisition proteomics.
Nature Methods 11: 167-170.

Donadio, S., Sosio, M., Stegmann, E., Weber, T., and Wohlleben, W. (2005) Comparative
analysis and insights into the evolution of gene clusters for glycopeptide antibiotic
biosynthesis. Mol Genet Genomics 274: 40-50.

Doull, J.L., and Vining, L.C. (1990) Physiology of antibiotic production in actinomycetes and
some underlying control mechanisms. Biotechnol Adv 8: 141-158.

Du, C., and van Wezel, G.P. (2018) Mining for microbial gems: Integrating proteomics in the
postgenomic natural product discovery pipeline. Proteomics 18: €1700332.

Dun, J., Zhao, Y., Zheng, G., Zhu, H.,Ruan, L, et al. (2015) PapRé, a putative atypical response
regulator, functions as a pathway-specific activator of pristinamycin Il biosynthesis in
Streptomyces pristinaespiralis. J Bacteriol 197: 441-450.

Eccleston, M., Ali, R.A., Seyler, R, Westpheling, J., and Nodwell, J. (2002) Structural and
genetic analysis of the BIdB protein of Streptomyces coelicolor. J Bacteriol 184: 4270-
4276.

Elliot, M., Damiji, F., Passantino, R., Chater, K., and Leskiw, B. (1998) The bldD gene of
Streptomyces coelicolor A3(2): A regulatory gene involved in morphogenesis and
antibiotic production. J Bacteriol 180: 1549-1555.

Elstner, E.F,, Carnes, D.M., Suhadolnik, R.J., Kreishman, G.P,, Schweizer, M.P, et al. (1973)
Isolation, structural elucidation, biological properties, and biosynthesis of maleimycin,
a new bicyclic maleimide antibiotic isolated from the culture filtrates of Streptomyces
showdoensis. Biochemistry 12: 4992-4997.

282



References

Escalante, L., Lopez, H., Mateos, R.D., Lara, F,, and Sanchez, S. (1982) Transient repression
of erythromycin formation in Streptomyces erythraeus. J Gen Microbiol 128:2011-2015.

Fabret, C., Feher, V.A., and Hoch, J.A. (1999) Two-component signal transduction in Bacillus
subtilis: How one organism sees its world. J Bacteriol 181: 1975-19883.

Fakhruzzaman, M., Inukai, Y., Yanagida, Y., Kino, H., Igarashi, M., et al. (2015) Study on in
vivo effects of bacterial histidine kinase inhibitor, waldiomycin, in Bacillus subtilis and
Staphylococcus aureus. J Gen Appl Microbiol 61: 177-184.

Fan, K., Pan, G, Peng, X., Zheng, J., Gao, W, et al. (2012a) Identification of JadG as the B ring
opening oxygenase catalyzing the oxidative C-C bond cleavage reaction in jadomycin
biosynthesis. Chem Biol 19: 1381-1390.

Fan, K., and Zhang, Q. (2018) The functional differentiation of the post-PKS tailoring
oxygenases contributed to the chemical diversities of atypical angucyclines. Synth
Syst Biotechnol 3: 275-282.

Fan, K., Zhang, X, Liu, H., Han, H., Luo, Y., et al. (2012b) Evaluation of the cytotoxic activity
of new jadomycin derivatives reveals the potential to improve its selectivity against
tumor cells. J Antibiot (Tokyo) 65: 449-452.

Fedoryshyn, M., Welle, E., Bechthold, A., and Luzhetskyy, A. (2008) Functional expression
of the Cre recombinase in actinomycetes. Appl Microbiol Biotechnol 78: 1065-1070.

Feitelson, J.S., Malpartida, F., and Hopwood, D.A. (1985) Genetic and biochemical
characterization of the red gene cluster of Streptomyces coelicolor A3(2). J Gen
Microbiol 131: 2431-2441.

Feng, W.H., Mao, X.M,, Liu, Z.H., and Li, Y.Q. (2011) The ECF sigma factor SigT regulates
actinorhodin production in response to nitrogen stress in Streptomyces coelicolor. Appl!
Microbiol Biotechnol 92: 1009-1021.

Fenical, W., and Jensen, P.R. (2006) Developing a new resource for drug discovery: Marine
actinomycete bacteria. Nat Chem Biol 2: 666-673.

Fernandez-Martinez, L.T., Gomez-Escribano, J.P,, and Bibb, M.J. (2015) A relA-dependent
regulatory cascade for auto-induction of microbisporicin production in Microbispora
corallina. Mol Microbiol 97: 502-514.

Fernandez-Martinez, L.T.,, Santos-Beneit, F., and Martin, J.F. (2012) Is PhoR-PhoP partner
fidelity strict? PhoR is required for the activation of the pho regulon in Streptomyces
coelicolor. Mol Gen Genet 287: 565-573.

Fillenberg, S.B., Friess, M.D., Korner, S., Bockmann, R.A., and Muller, Y.A. (2016) Crystal
structures of the global regulator DasR from Streptomyces coelicolor: Implications for
the allosteric regulation of GntR/HutC repressors. PLoS One 11: e0157691.

Fillenberg, S.B., Grau, F.C., Seidel, G., and Muller, Y.A. (2015) Structural insight into operator
dre-sites recognition and effector binding in the GntR/HutC transcription regulator
NagR. Nucleic Acids Res 43: 1283-1296.

Finney, L.A., and O'Halloran, TV. (2003) Transition metal speciation in the cell: Insights from
the chemistry of metal ion receptors. Science 300: 931-936.

Flardh, K., and Buttner, M.J. (2009) Streptomyces morphogenetics: Dissecting differentiation
in a filamentous bacterium. Nat Rev Microbiol 7: 36-49.

Flett, F., Mersinias, V., and Smith, C.P. (1997) High efficiency intergeneric conjugal transfer
of plasmid DNA from Escherichia coli to methyl DNA-restricting streptomycetes. FEMS
Microbiol Lett 155: 223-229.

Flinspach, K., Kapitzke, C., Tocchetti, A., Sosio, M., and Apel, A K. (2014) Heterologous
expression of the thiopeptide antibiotic GE2270 from Planobispora rosea ATCC 53733
in Streptomyces coelicolor requires deletion of ribosomal genes from the expression
construct. PLoS One 9: €90499.

283



References

Flores, F.J., Barreiro, C., Coque, J.J.R., and Martin, J.F. (2005) Functional analysis of two
divalent metal-dependent regulatory genes dmdR71 and dmdR2 in Streptomyces
coelicolor and proteome changes in deletion mutants. FEBS J 272: 725-735.

Flores, F.J., and Martin, J.F. (2004) Iron-regulatory proteins DmdR1 and DmdR2 of
Streptomyces coelicolor form two different DNA—protein complexes with iron boxes.
Biochem J 380: 197-503.

Fotso, S., Mahmud, T., Zabriskie, T.M., Santosa, D.A., and Proteau, P.J. (2008) Rearranged
and unrearranged angucyclinones from Indonesian Streptomyces spp. J Antibiot
(Tokyo) 61: 449-456.

Foulston, L., and Bibb, M. (2011) Feed-forward regulation of microbisporicin biosynthesis
in Microbispora corallina. J Bacteriol 193: 3064-3071.

Foulston, L.C., and Bibb, M.J. (2010) Microbisporicin gene cluster reveals unusual features
of lantibiotic biosynthesis in actinomycetes. Proc Nat/ Acad Sci U S A 107: 13461-13466.

Fowler-Goldsworthy, K., Gust, B., Mouz, S., Chandra, G, Findlay, K.C, et al. (2011) The
Actinobacteria-specific gene wblA controls major developmental transitions in
Streptomyces coelicolor A3(2). Microbiology 157: 1312-1328.

Freel, K.C., Edlund, A., and Jensen, P.R. (2012) Microdiversity and evidence for high dispersal
rates in the marine actinomycete ‘Salinispora pacifica’. Environ Microbiol 14: 480-493.

Fujii, T., Gramajo, H.C., Takano, E., and Bibb, M.J. (1996) redD and actll-ORF4, pathway-
specific regulatory genes for antibiotic production in Streptomyces coelicolor A3(2),
are transcribed in vitro by an RNA polymerase holoenzyme containing sigma hrdD. J
Bacteriol 178: 3402-3405.

Furst, M.J.L.J., et al. (2019) Baeyer-villiger monooxygenases: Tunable oxidative
biocatalysts. ACS Catalysis 9 11207-11241.

Furuya, K., and Hutchinson, C.R. (1996) The DnrN protein of Streptomyces peucetius,
a pseudo-response regulator, is a DNA-binding protein involved in the regulation of
daunorubicin biosynthesis. J Bacteriol 178: 6310-6318.

Gagnat, J., Chouayekh, H., Gerbaud, C., Francou, F., and Virolle, M.J. (1999) Disruption of
sblA in Streptomyces lividans permits expression of a heterologous alpha-amylase
gene in the presence of glucose. Microbiology 145 2303-2312.

Galet, J., Deveau, A., Hotel, L., Frey-Klett, P, Leblond, P, et al. (2015) Pseudomonas
fluorescens pirates both ferrioxamine and ferricoelichelin siderophores from
Streptomyces ambofaciens. Appl Environ Microbiol 81: 3132-3141.

Gallo, G., Renzone, G., Palazzotto, E., Monciardini, P, Arena, S,, et al. (2016) Elucidating the
molecular physiology of lantibiotic NAI-107 production in Microbispora ATCC-pta-5024.
BMC Genomics 17: 42.

Gao, C., Hindra, Mulder, D., Yin, C., and Elliot, M.A. (2012) Crp is a global regulator of
antibiotic production in Streptomyces. MBio 3: 00407-00412.

Garg, R.P, and Parry, R.J. (2010) Regulation of valanimycin biosynthesis in Streptomyces
viridifaciens: Characterization of VIiml as a Streptomyces antibiotic regulatory protein
(SARP). Microbiology (Reading) 156: 472-483.

Gaudéncio, S.P, and Pereira, F. (2015) Dereplication: Racing to speed up the natural
products discovery process. Nat Prod Rep 32: 779-810.

Gaur, N.K., Oppenheim, J., and Smith, I. (1991) The Bacillus subtilis sin gene, a regulator
of alternate developmental processes, codes for a DNA-binding protein. J Bacteriol
173:678-686.

Genilloud, 0., Gonzalez, I, Salazar, 0., Martin, J., Tormo, J.R, et al. (2011) Current
approaches to exploit actinomycetes as a source of novel natural products. J Ind
Microbiol Biotechnol 38: 375-3809.

284



References

Ghorbel, S, Smirnov, A., Chouayekh, H., Sperandio, B., Esnault, C., et al. (2006) Regulation
of ppk expression and in vivo function of Ppk in Streptomyces lividans TK24. J Bacteriol
188: 6269-6276.

Gilchrist, C.L.M., and Chooi, Y.H. (2021) Clinker & clustermap.Js: Automatic generation of
gene cluster comparison figures. Bioinformatics 37: 2473-2475.

Girard, G, Traag, B.A,, Sangal, V., Mascini, N., Hoskisson, P.A, et al. (2013) A novel taxonomic
marker that discriminates between morphologically complex actinomycetes. Open Biol
3:130073.

Goerke, B., and Stulke, J. (2008) Carbon catabolite repression in bacteria: Many ways to
make the most out of nutrients. Nat Rev Microbiol 6: 613-624.

Gomez-Escribano, J.P, and Bibb, M.J. (2011) Engineering Streptomyces coelicolor for
heterologous expression of secondary metabolite gene clusters. Microb Biotechnol
4:207-215.

Gomez-Escribano, J.P, Song, L., Fox, D.J.,, Yeo, V., Bibb, M.J,, et al. (2012) Structure and
biosynthesis of the unusual polyketide alkaloid coelimycin P1, a metabolic product of
the cpk gene cluster of Streptomyces coelicolor M145. Chem Sci 3: 2716-2720.

Gorke, B., and Stiilke, J. (2008) Carbon catabolite repression in bacteria: Many ways to
make the most out of nutrients. Nat Rev Microbiol 6: 613-624.

Gottelt, M., Kol, S., Gomez-Escribano, J.P, Bibb, M., and Takano, E. (2010) Deletion of
a regulatory gene within the cpk gene cluster reveals novel antibacterial activity in
Streptomyces coelicolor A3(2). Microbiology 156: 2343-2353.

Grace, S.C.a.H., D.A. (2016) Processing and visualization of metabolomics data using r
Itechopen.

Gramajo, H.C., Takano, E., and Bibb, M.J. (1993) Stationary-phase production of the
antibiotic actinorhodin in Streptomyces coelicolor A3(2) is transcriptionally regulated.
Mol Microbiol 7: 837-845.

Gross, H. (2009) Genomic mining-a concept for the discovery of new bioactive natural
products. Curr Opin Drug Disc Dev 12: 207-219.

Gubbens, J., Janus, M., Florea, B.1., Overkleeft, H.S., and van Wezel, G.P. (2012) Identification
of glucose kinase dependent and independent pathways for carbon control of primary
metabolism, development and antibiotic production in Streptomyces coelicolor by
quantitative proteomics. Mol Microbiol 86: 1490-1507.

Gubbens, J., Zhu, H., Girard, G., Song, L., Florea, B.l, et al. (2014) Natural product
proteomining, a quantitative proteomics platform, allows rapid discovery of biosynthetic
gene clusters for different classes of natural products. Chem Biol 21: 707-718.

Guerinot, M.L. (1994) Microbial iron transport. Annu Rev Microbiol 48: 743-772.

Gullberg, E., Albrecht, L.M., Karlsson, C., Sandegren, L., and Andersson, D.I. (2014) Selection
of a multidrug resistance plasmid by sublethal levels of antibiotics and heavy metals.
MBio 5:e01918-01914.

Gunnewijk, M.G., van den Bogaard, PT., Veenhoff, L.M., Heuberger, E.H., de Vos, W.M,, et al.
(2001) Hierarchical control versus autoregulation of carbohydrate utilization in bacteria.
J Mol Microbiol Biotechnol 3: 401-413.

Guo, F, Xiang, S., Li, L., Wang, B., Rajasarkka, J., et al. (2015) Targeted activation of silent
natural product biosynthesis pathways by reporter-guided mutant selection. Metab
Eng 28: 134-142.

Guo, J,, Zhao, J., Li, L., Chen, Z., Wen, Y., et al. (2010) The pathway-specific regulator AveR
from Streptomyces avermitilis positively regulates avermectin production while it
negatively affects oligomycin biosynthesis. Mol Genet Genomics 283: 123-133.

Guo, L., Zhang, L., Yang, Q., Xy, B,, Fu, X,, et al. (2020) Antibacterial and cytotoxic bridged
and ring cleavage angucyclinones from a marine Streptomyces sp. Front Chem 8: 586.

285



References

Guthrie, E.P, Flaxman, C.S., White, J., Hodgson, D.A., Bibb, M.J.,, et al. (1998) A response-
regulator-like activator of antibiotic synthesis from Streptomyces coelicolor A3(2) with
an amino-terminal domain that lacks a phosphorylation pocket. Microbiology 144:
727-738.

Guzman, S., Carmona, A, Escalante, L., Imriskova, I, Lopez, R., et al. (2005) Pleiotropic
effect of the SCO2127 gene on the glucose uptake, glucose kinase activity and carbon
catabolite repression in Streptomyces peucetius var. Caesius. Microbiology 151: 1717-
1723.

Hackl, S., and Bechthold, A. (2015) The gene bldA, a regulator of morphological
differentiation and antibiotic production in Streptomyces. Arch Pharm (Weinheim) 348:
455-462.

Harrison, P.J., Dunn, T.M., and Campopiano, D.J. (2018) Sphingolipid biosynthesis in man
and microbes. Nat Prod Rep 35: 921-954.

Harvey, A L., Edrada-Ebel, R., and Quinn, R.J. (2015) The re-emergence of natural products
for drug discovery in the genomics era. Nat Rev Drug Discov 14: 111-129.

Hasebe, F,, Matsuda, K., Shiraishi, T, Futamura, Y., Nakano, T, et al. (2016) Amino-group
carrier-protein-mediated secondary metabolite biosynthesis in Streptomyces. Nat Chem
Biol 12: 967-972.

He, J M., Zhu, H., Zheng, G.S,, Liu, P.P, Wang, J., et al. (2016) Direct involvement of the
master nitrogen metabolism regulator GInR in antibiotic biosynthesis in Streptomyces.
J Biol Chem 291: 26443-26454.

Helfrich, E.J.N., Ueoka, R., Dolev, A,, Rust, M., Meoded, R.A,, et al. (2019) Automated
structure prediction of trans-acyltransferase polyketide synthase products. Nat Chem
Biol 15: 813-821.

Helmann, J.D. (2002) The extracytoplasmic function (ECF) sigma factors. Adv Microb
Physiol 46: 47-110.

Hertweck, C., Luzhetskyy, A., Rebets, Y., and Bechthold, A. (2007) Type Il polyketide
synthases: Gaining a deeper insight into enzymatic teamwork. Nat Prod Rep 24: 162-
190.

Hesketh, A., Kock, H., Mootien, S., and Bibb, M. (2009) The role of absC, a novel
regulatory gene for secondary metabolism, in zinc-dependent antibiotic production in
Streptomyces coelicolor A3(2). Mol Microbiol 74: 1427-1444.

Hiard, S., Maree, R., Colson, S., Hoskisson, P.A, Titgemeyer, F, et al. (2007) Predetector: A
new tool to identify regulatory elements in bacterial genomes. Biochem Biophys Res
Commun 357: 861-864.

Hindle, Z., and Smith, C.P. (1994) Substrate induction and catabolite repression of the
Streptomyces coelicolor glycerol operon are mediated through the GyIR protein. Mol
Microbiol 12: 737-745.

Hirano, S., Tanaka, K., Ohnishi, Y., and Horinouchi, S. (2008) Conditionally positive effect
of the TetR-family transcriptional regulator AtrA on streptomycin production by
Streptomyces griseus. Microbiology 154: 905-914.

Hodgson, D.A. (1982) Glucose repression of carbon source uptake and metabolism
in Streptomyces coelicolor A3(2) and its perturbation in mutants resistant to
2-deoxyglucose. J Gen Microbiol 128: 2417-2430.

Hong, B., Phornphisutthimas, S., Tilley, E., Baumberg, S., and McDowall, K.J. (2007)
Streptomycin production by Streptomyces griseus can be modulated by a mechanism
not associated with change in the adpa component of the A-factor cascade. Biotechnol
Lett 29: 57-64.

286



References

Hong, H.J., Hutchings, M1, Neu, J.M., Wright, G.D., Paget, M.S,, et al. (2004) Characterization
of an inducible vancomycin resistance system in Streptomyces coelicolor reveals a
novel gene (vanK) required for drug resistance. Mol Microbiol 52: 1107-1121.

Hong, S.K.,, Kito, M., Beppu, T., and Horinouchi, S. (1991) Phosphorylation of the AfsR
product, a global regulatory protein for secondary-metabolite formation in Streptomyces
coelicolor A3(2). J Bacteriol 173: 2311-2318.

Hopwood, D.A. (1999) Forty years of genetics with Streptomyces: From in vivo through in
vitro to in silico. Microbiology 145: 2183-2202.

Hopwood, D.A. (2006) Soil to genomics: The Streptomyces chromosome. Annu Rev Genet
40:1-23.

Hopwood, D.A., (2007) Streptomyces in nature and medicine: The antibiotic makers. Oxford
University Press, New York.

Hopwood, D.A., and Wright, H.M. (1983) CDA is a new chromosomally-determined antibiotic
from Streptomyces coelicolor A3(2). J Gen Microbiol 129: 3575-3579.

Horbal, L., Kobylyanskyy, A., Truman, AW., Zaburranyi, N., Ostash, B, et al. (2014) The
pathway-specific regulatory genes, tei15* and tei16*, are the master switches of
teicoplanin production in Actinoplanes teichomyceticus. Appl Microbiol Biotechnol 98:
9295-9300.

Horbal, L., Kobylyanskyy, A., Yushchuk, O. Zaburannyi, N., Luzhetskyy, A, et al.
(2013) Evaluation of heterologous promoters for genetic analysis of Actinoplanes
teichomyceticus-producer of teicoplanin, drug of last defense. J Biotechnol 168: 367-
372.

Horbal, L., Zaburannyy, N., Ostash, B., Shulga, S., and Fedorenko, V. (2012) Manipulating
the regulatory genes for teicoplanin production in Actinoplanes teichomyceticus. World
J Microbiol Biotechnol 28: 2095-2100.

Horinouchi, S. (2003) AfsR as an integrator of signals that are sensed by multiple serine/
threonine kinases in Streptomyces coelicolor A3(2). J Ind Microbiol Biotechnol 30: 462-
467.

Horinouchi, S. (2007) Mining and polishing of the treasure trove in the bacterial genus
Streptomyces. Biosci Biotechnol Biochem 71: 283-299.

Horinouchi, S., Kito, M., Nishiyama, M., Furuya, K., Hong, S.K,, et al. (1990) Primary structure
of afsR, a global regulatory protein for secondary metabolite formation in Streptomyces
coelicolor A3(2) Gene 95: 49-56.

Hoskisson, P.A., and Seipke, R.F. (2020) Cryptic or silent? The known unknowns, unknown
knowns, and unknown unknowns of secondary metabolism. mBio 11: 2642-2646.
Hostalek, Z. (1980) Catabolite regulation of antibiotic biosynthesis. Folia Microbiol (Praha)

25: 445-450.

Hou, B., Lin, Y., Wu, H., Guo, M., Petkovic, H., et al. (2018) The novel transcriptional regulator
LmbU promotes lincomycin biosynthesis through regulating expression of its target
genes in Streptomyces lincolnensis. J Bacteriol 200: 447-463.

Hu, H., Zhang, Q., and Ochi, K. (2002) Activation of antibiotic biosynthesis by specified
mutations in the rpoB gene (encoding the RNA polymerase beta subunit) of
Streptomyces lividans. J Bacteriol 184: 3984-3991.

Huang, C., Yang, C., Zhang, W., Zhang, L., De, B.C,, et al. (2018) Molecular basis of dimer
formation during the biosynthesis of benzofluorene-containing atypical angucyclines.
Nat Commun 9: 2088.

Huang, H., Hou, L., Li, H., Qiu, Y., Ju, J,, et al. (2016) Activation of a plasmid-situated type
[ll PKS gene cluster by deletion of a wbl gene in deepsea-derived Streptomyces
somaliensis scsio zh66. Microb Cell Fact 15: 116.

287



References

Huang, M., Lu, J.J., and Ding, J. (2021) Natural products in cancer therapy: Past, present
and future. Nat Prod Bioprospect 11: 5-13.

Huang, X., Ma, T, Tian, J., Shen, L., Zuo, H., et al. (2017) wblA, a pleiotropic regulatory gene
modulating morphogenesis and daptomycin production in Streptomyces roseosporus.
J Appl Microbiol 123: 669-677.

Hulcr, J.,, Adams, A.S., Raffa, K., Hofstetter, RW., Klepzig, K.D,, et al. (2011) Presence and
diversity of Streptomyces in Dendroctonus and sympatric bark beetle galleries across
north america. Microb Ecol 61: 759-768.

Hulst, M.B., Grocholski, T, Neefjes, J.J.C., van Wezel, G.P, and Metsa-Ketela, M. (2021)
Anthracyclines: Biosynthesis, engineering and clinical applications. Nat Prod Rep.
Hunter, J.D. (2007) Matplotlib: A 2D graphics environment. Computing in Science and

Engineering 9: 90-95.

Hutchings, M.I. (2007) Unusual two-component signal transduction pathways in the
Actinobacteria. Adv Appl Microbiol 61: 1-26.

Hutchings, M.I., Hong, H.J., and Buttner, M.J. (2006) The vancomycin resistance VanRS
two-component signal transduction system of Streptomyces coelicolor. Mol Microbiol
59:923-935.

Hutchings, M., Hoskisson, P.A., Chandra, G., and Buttner, M.J. (2004) Sensing and
responding to diverse extracellular signals? Analysis of the sensor kinases and
response regulators of Streptomyces coelicolor A3(2). Microbiology 150: 2795-2806.

Hutchings, M.1,, Truman, AW., and Wilkinson, B. (2019) Antibiotics: Past, present and future.
Curr Opin Microbiol 51: 72-80.

Hutchinson, C.R., and Colombo, A.L. (1999) Genetic engineering of doxorubicin production
in Streptomyces peucetius: A review. J Ind Microbiol Biotechnol 23: 647-652.

lkeda, H., Ishikawa, J., Hanamoto, A., Shinose, M., Kikuchi, H., et al. (2003) Complete genome
sequence and comparative analysis of the industrial microorganism Streptomyces
avermitilis. Nat Biotechnol 21: 526-531.

Inaoka, T., and Ochi, K. (2011) Scandium stimulates the production of amylase and bacilysin
in Bacillus subtilis. Appl Environ Microbiol 77: 8181-8183.

lorio, M., Davatgarbenam, S., Serina, S., Criscenzo, P., Zdouc, M.M,, et al. (2021) Blocks in
the pseudouridimycin pathway unlock hidden metabolites in the Streptomyces producer
strain. Sci Rep 11: 5827.

Igbal, M., Mast, Y., Amin, R., Hodgson, D.A., Consortium, S,, et al. (2012) Extracting regulator
activity profiles by integration of de novo motifs and expression data: Characterizing
key regulators of nutrient depletion responses in Streptomyces coelicolor. Nucleic Acids
Res 40: 5227-5239.

lzawa, M., Kimata, S., Maeda, A., Kawasaki, T., and Hayakawa, Y. (2014) Functional analysis
of hatomarubigin biosynthesis genes and production of a new hatomarubigin using a
heterologous expression system. J Antibiot (Tokyo) 67: 159-162.

Jensen, P.R., Moore, B.S., and Fenical, W. (2015) The marine actinomycete genus
Salinispora: A model organism for secondary metabolite discovery. Nat Prod Rep 32:
738-751.

Jones, A.C,, Gust, B, Kulik, A, Heide, L., Buttner, M.J,, et al. (2013) Phage p1-derived artificial
chromosomes facilitate heterologous expression of the FK506 gene cluster. PLoS One
8:e69319.

Joynt, R, and Seipke, R.F. (2018) A phylogenetic and evolutionary analysis of antimycin
biosynthesis. Microbiology 164: 28-39.

Ju,K.S,, Zhang, X., and Elliot, M.A. (2018) New kid on the block: LmbU expands the repertoire
of specialized metabolic regulators in Streptomyces. J Bacteriol 200: 559-562.

288



References

Kallio, P, Liu, Z., Mantsala, P., Niemi, J., and Metsa-Ketela, M. (2008a) A nested gene in
Streptomyces bacteria encodes a protein involved in quaternary complex formation.
J Mol Biol 375: 1212-1221.

Kallio, P, Liu, Z., Mantsala, P., Niemi, J., and Metsa-Ketela, M. (2008b) Sequential action
of two flavoenzymes, Pgak and pgam, in angucycline biosynthesis: Chemoenzymatic
synthesis of gaudimycin C. Chem Biol 15: 157-166.

Kallio, P, Patrikainen, P, Belogurov, G.A., Mantsala, P, Yang, K., et al. (2013) Tracing the
evolution of angucyclinone monooxygenases: Structural determinants for C-12b
hydroxylation and substrate inhibition in PgaE. Biochemistry 52: 4507-4516.

Kamjam, M., Sivalingam, P,, Deng, Z., and Hong, K. (2017) Deep sea actinomycetes and
their secondary metabolites. Front Microbiol 8: 760.

Kang, S.G., Jin, W., Bibb, M., and Lee, K.J. (1998) Actinorhodin and undecylprodigiosin
production in wild-type and relA mutant strains of Streptomyces coelicolor A3(2) grown
in continuous culture. FEMS Microbiol Lett 168: 221-226.

Kang, S.H., Huang, J., Lee, H.N., Hur, Y.A,, Cohen, S.N,, et al. (2007) Interspecies DNA
microarray analysis identifies WhIA as a pleiotropic down-regulator of antibiotic
biosynthesis in Streptomyces. J Bacteriol 189: 4315-4319.

Kato, J.Y., Funa, N., Watanabe, H., Ohnishi, Y., and Horinouchi, S. (2007) Biosynthesis
of g-butyrolactone autoregulators that switch on secondary metabolism and
morphological development in Streptomyces. Proc Natl Acad Sci U S A 104: 2378-2383.

Katz, L., and Baltz, R.H. (2016) Natural product discovery: Past, present, and future. J Ind
Microbiol Biotechnol 43: 155-176.

Kautsar, S.A,, Blin, K., Shaw, S., Navarro-Munoz, J.C., Terlouw, B.R,, et al. (2020) MIBiG 2.0:
A repository for biosynthetic gene clusters of known function. Nucleic Acids Res 48:
D454-D458.

Kawai, K., Wang, G., Okamoto, S., and Ochi, K. (2007) The rare earth, scandium, causes
antibiotic overproduction in Streptomyces spp. FEMS Microbiol Lett 274: 311-315.
Kearns, D.B., Chu, F, Branda, S.S., Kolter, R., and Losick, R. (2005) A master regulator for

biofilm formation by Bacillus subtilis. Mol Microbiol 55: 739-749.

Kelemen, G.H., and Buttner, M.J. (1998) Initiation of aerial mycelium formation in
Streptomyces. Curr Opin Microbiol 1: 656-662.

Kharel, M.K., Pahari, P, Shepherd, M.D., Tibrewal, N., Nybo, S.E,, et al. (2012) Angucyclines:
Biosynthesis, mode-of-action, new natural products, and synthesis. Nat Prod Rep 29:
264-325.

Kharel, M.K,, and Rohr, J. (2012) Delineation of gilvocarcin, jadomycin, and landomycin
pathways through combinatorial biosynthetic enzymology. Curr Opin Chem Biol 16:
150-161.

Khodakaramian, G., Lissenden, S., Gust, B, Moir, L., Hoskisson, P.A,, et al. (2006) Expression
of Cre recombinase during transient phage infection permits efficient marker removal
in Streptomyces. Nucleic Acids Res 34: 20.

Kibret, M., Guerrero-Garzon, J.F,, Urban, E., Zehl, M., Wronski, V.K., et al. (2018) Streptomyces
spp. From Ethiopia producing antimicrobial compounds: Characterization via bioassays,
genome analyses, and mass spectrometry. Front Microbiol 9: 1270.

Kieser, T., Bibb, M.J., Buttner, M.J., Chater, K.F,, and Hopwood, D.A. (2000) Practical
Streptomyces genetics. The John Innes Foundation, Norwich, United Kingdom.

Kilian, R., Frasch, H.J., Kulik, A., Wohlleben, W., and Stegmann, E. (2016) The VanRS
homologous two-component system VnIRS, of the glycopeptide producer
Amycolatopsis balhimycina activates transcription of the vanHAX genes in
Streptomyces coelicolor, but not in A. Balhimycina. Microb Drug Resist 22: 499-5009.

289



References

Kim, E., Moore, B.S., and Yoon, Y.J. (2015a) Reinvigorating natural product combinatorial
biosynthesis with synthetic biology. Nat Chem Biol 11: 649-659.

Kim, E.S., Hong, H.J., Choi, CY,, and Cohen, S.N. (2001) Modulation of actinorhodin
biosynthesis in Streptomyces lividans by glucose repression of afsR2 gene transcription
J Bacteriol 183:2969-2960.

Kim, H.J., Kim, M.K., Jin, Y.Y., and Kim, E.S. (2014) Effect of antibiotic down-regulatory gene
wblA ortholog on antifungal polyene production in rare actinomycetes Pseudonocardia
autotrophica. J Microbiol Biotechnol 24: 1226-1231.

Kim, S.H., Traag, B.A., Hasan, A.H., McDowall, K.J., Kim, B.G., et al. (2015b) Transcriptional
analysis of the cell division-related ssg genes in Streptomyces coelicolor reveals direct
control of ssgR by AtrA. Antonie Van Leeuwenhoek 108: 201-213.

Kitani, S., Doi, M., Shimizu, T, Maeda, A., and Nihira, T. (2010) Control of secondary
metabolism by farX, which is involved in the gamma-butyrolactone biosynthesis of
Streptomyces lavendulae FRI-5. Arch Microbiol 192: 211-220.

Kitani, S., lida, A., Izumi, TA.,, Maeda, A, Yamada, Y., et al. (2008) Identification of genes
involved in the butyrolactone autoregulator cascade that modulates secondary
metabolism in Streptomyces lavendulae FRI-5. Gene 425: 9-16.

Kitani, S., Miyamoto, K.T., Takamatsu, S., Herawati, E., Iguchi, H., et al. (2011) Avenolide, a
Streptomyces hormone controlling antibiotic production in Streptomyces avermitilis.
Proc Natl Acad Sci U S A 108: 16410-16415.

Kitani, S., Yamada, Y., and Nihira, T. (2001) Gene replacement analysis of the butyrolactone
autoregulator receptor (FarA) reveals that FarA acts as a novel regulator in secondary
metabolism of Streptomyces lavendulae FRI-5. J Bacteriol 183: 4357-4363.

Kloosterman, A.M., Cimermancic, P, Elsayed, S.S., Du, C., Hadjithomas, M., et al. (2020a)
Expansion of RiPP biosynthetic space through integration of pan-genomics and
machine learning uncovers a novel class of lanthipeptides. PLoS Biol 18: €e3001026.

Kloosterman, A.M., Shelton, K E., van Wezel, G.P., Medema, M.H., and Mitchell, D.A. (2020b)
Rre-finder: A genome-mining tool for class-independent RiPP discovery. mSystems 5.

Kohl, M., Wiese, S., and Warscheid, B. (2011) Cytoscape: Software for visualization and
analysis of biological networks. Methods Mol Biol 696: 291-303.

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

Komatsu, M., Komatsu, K., Koiwai, H., Yamada, Y., Kozone, I, et al. (2013) Engineered
Streptomyces avermitilis host for heterologous expression of biosynthetic gene cluster
for secondary metabolites. ACS Synth Biol 2: 384-396.

Kong, L., Zhang, W., Chooi, Y.H., Wang, L., Cao, B, et al. (2016) A multifunctional
monooxygenase Xan04 catalyzes xanthone formation in xantholipin biosynthesis via
a cryptic demethoxylation. Cell Chem Biol 23: 508-516.

Kormanec, J., Novakova, R., Mingyar, E., and Feckova, L. (2014) Intriguing properties of the
angucycline antibiotic auricin and complex regulation of its biosynthesis. App! Microbiol
Biotechnol 98: 45-60.

Korner, H., Sofia, H.J., and Zumft, W.G. (2003) Phylogeny of the bacterial superfamily of Crp-
Fnr transcription regulators: Exploiting the metabolic spectrum by controlling alternative
gene programs. FEMS Microbiol Rev 27: 559-592.

Korynevska, A., Heffeter, P, Matselyukh, B., Elbling, L., Micksche, M., et al. (2007)
Mechanisms underlying the anticancer activities of the angucycline landomycin E.
Biochem Pharmacol 74: 1713-1726.

Kulowski, K., Wendt-Pienkowski, E., Han, L., Yang, K., Vining, L.C., et al. (1999) Functional
characterization of the jadl gene as a cyclase forming angucyclinones. Journal of the
American Chemical Society 121: 1786-1794.

290



References

Kumar, S., Stecher, G, Li, M., Knyaz, C., and Tamura, K. (2018) MEGA X: Molecular
evolutionary genetics analysis across computing platforms. Mol Biol Evol 35: 1547-
1549.

Kurniawan, Y.N., Kitani, S., lida, A., Maeda, A, Lycklama a Nijeholt, J,, et al. (2016) Regulation
of production of the blue pigment indigoidine by the pseudo gamma-butyrolactone
receptor FarR2 in Streptomyces lavendulae FRI-5. J Biosci Bioeng 121: 372-379.

Kurniawan, Y.N., Kitani, S., Maeda, A., and Nihira, T. (2014) Differential contributions of two
SARP family regulatory genes to indigoidine biosynthesis in Streptomyces lavendulae
FRI-5. Appl Microbiol Biotechnol 98: 9713-9721.

Kwakman, J.H.J.M., and Postma, PW. (1994) Glucose kinase has a regulatory role in carbon
catabolite repression in Streptomyces coelicolor. J Bacteriol 176: 2694-2698.

Labeda, D.P, Goodfellow, M., Brown, R., Ward, A.C., Lanoot, B, et al. (2012) Phylogenetic
study of the species within the family Streptomycetaceae. Antonie Van Leeuwenhoek
101: 73-104.

Lai,Z.,Yu, J, Ling,H., Song, Y, Yuan, J, et al. (2018) Grincamycins i - k, cytotoxic angucycline
glycosides derived from marine-derived actinomycete Streptomyces lusitanus scsio
Ir32. Planta Med 84:201-207.

Lambert, S., Traxler, M.F,, Craig, M., Maciejewska, M., Ongena, M., et al. (2014) Altered
desferrioxamine-mediated iron utilization is a common trait of bald mutants of
Streptomyces coelicolor. Metallomics 6: 1390-1399.

Langmead, B., Trapnell, C., Pop, M., and Salzberg, S.L. (2009) Ultrafast and memory-efficient
alignment of short DNA sequences to the human genome. Genome Biol 10: R25.

Lautru, S., Deeth, R.J., Bailey, L.M., and Challis, G.L. (2005) Discovery of a new peptide
natural product by Streptomyces coelicolor genome mining. Nat Chem Biol 1: 265-2609.

Lawlor, E.J., Baylis, H.A., and Chater, K.F. (1987) Pleiotropic morphological and antibiotic
deficiencies result from mutations in a gene encoding a tRNA-like product in
Streptomyces coelicolor A3(2). Genes Dev 1: 1305-1310.

Le Marechal, P, Decottignies, P, Marchand, C.H., Degrouard, J., Jaillard, D, et al. (2013)
Comparative proteomic analysis of Streptomyces lividans wild-type and ppk mutant
strains reveals the importance of storage lipids for antibiotic biosynthesis. App/ Environ
Microbiol 79: 5907-5917.

Lechner, A, Eustaquio, A.S., Gulder, T.A., Hafner, M., and Moore, B.S. (2011) Selective
overproduction of the proteasome inhibitor salinosporamide A via precursor pathway
regulation. Chem Biol 18: 1527-1536.

Lee, HN., Im, J.H, Lee,M.J, Lee, SY, and Kim, E.S. (2009) A putative secreted solute binding
protein, SCO6569 is a possible AfsR2-dependent down-regulator of actinorhodin
biosynthesis in Streptomyces coelicolor. Process Biochem 44: 373-377.

Lee, N, Hwang, S., Kim, J., Cho, S., Palsson, B, et al. (2020) Mini review: Genome mining
approaches for the identification of secondary metabolite biosynthetic gene clusters
in Streptomyces. Comput Struct Biotechnol J 18: 1548-1556.

Lehka, LV., Panchuk, R.R., Berger, W,, Rohr, J., and Stoika, R.S. (2015) The role of reactive
oxygen species in tumor cells apoptosis induced by landomycin A. Ukr Biochem J 87:
72-82.

Lei, C.,, Wang, J., Liu, Y., Liu, X., Zhao, G, et al. (2018) A feedback regulatory model for
RifQ-mediated repression of rifamycin export in Amycolatopsis mediterranei. Microb
Cell Fact 17:14.

Leskiw, B.K., Lawlor, E.J., Fernandez-Abalos, J.M., and Chater, K.F. (1991) TTA codons in
some genes prevent their expression in a class of developmental, antibiotic-negative,
Streptomyces mutants. Proc Natl Acad Sci U S A 88: 2461-2465.

2901



References

Letunic, I, and Bork, P. (2021) Interactive tree of life (itol) v5: An online tool for phylogenetic
tree display and annotation. Nucleic Acids Res 49: W293-W296.

Lewis, K. (2013) Platforms for antibiotic discovery. Nat Rev Drug Discov 12: 371-387.

Li, C., Liu, X, Lei, C., Yan, H., Shao, Z,, et al. (2017a) RifZ (AMED_0655) is a pathway-specific
regulator for rifamycin biosynthesis in Amycolatopsis mediterranei. Appl Environ
Microbiol 83: 3201-3210.

Li, L., Liu, X., Jiang, W., and Lu, Y. (2019) Recent advances in synthetic biology approaches
to optimize production of bioactive natural products in Actinobacteria. Front Microbiol
10: 2467.

Li, M.H., Ung, P.M., Zajkowski, J., Garneau-Tsodikova, S., and Sherman, D.H. (2009)
Automated genome mining for natural products. BMC Bioinformatics 10: 185.

Li, T.L., Huang, F., Haydock, S.F,, Mironenko, T., Leadlay, P.F, et al. (2004) Biosynthetic
gene cluster of the glycopeptide antibiotic teicoplanin: Characterization of two
glycosyltransferases and the key acyltransferase. Chem Biol 11: 107-119.

Li, W, Ying, X., Guo, Y., Yu, Z., Zhou, X, et al. (2006) Identification of a gene negatively
affecting antibiotic production and morphological differentiation in Streptomyces
coelicolor A3(2). J Bacteriol 188: 8368-8375.

Li, X,, Wang, J., Li, S,, Ji, J,, Wang, W.,, et al. (2016) Corrigendum: ScbR- and SchR2-
mediated signal transduction networks coordinate complex physiological responses
in Streptomyces coelicolor. Sci Rep 6: 21574.

Li, X., Wang, J., Shi, M., Wang, W., Corre, C,, et al. (2017b) Evidence for the formation
of ScbR/ScbR2 heterodimers and identification of one of the regulatory targets in
Streptomyces coelicolor. Appl Microbiol Biotechnol 101: 5333-5340.

Li, X., Yu, T, He, Q., McDowall, K.J., Jiang, B., et al. (2015) Binding of a biosynthetic
intermediate to AtrA modulates the production of lidamycin by Streptomyces
globisporus. Mol Microbiol 96: 1257-1271.

Liao, C.-H., Yao, L-l., and Ye, B.-C. (2014a) Three genes encoding citrate synthases in
Saccharopolyspora erythraea are regulated by the global nutrient-sensing regulators
GInR, DasR, and crp. Mol Microbiol 94: 1065-1084.

Liao, C., Rigali, S., Cassani, C.L., Marcellin, E., Nielsen, LK, et al. (2014b) Control of chitin
and N-acetylglucosamine utilization in Saccharopolyspora erythraea. Microbiology 160:
1914-1928.

Liao, C.H., Xu, Y, Rigali, S., and Ye, B.C. (2015a) DasR is a pleiotropic regulator required
for antibiotic production, pigment biosynthesis, and morphological development in
Saccharopolyspora erythraea. Appl Microbiol Biotechnol 99: 10215-10224.

Liao, C.H,, Yao, L., Xu, Y., Liu, W.B,, Zhou, Y., et al. (2015b) Nitrogen regulator GInR
controls uptake and utilization of non-phosphotransferase-system carbon sources in
actinomycetes. Proc Nat/ Acad Sci U S A 112: 15630-15635.

Linares, J.F., Gustafsson, I, Baquero, F., and Martinez, J.L. (2006) Antibiotics as
intermicrobial signaling agents instead of weapons. Proc Natl Acad Sci U S A 103:
19484-19489.

Liu, G., Chater, K.F,, Chandra, G, Niu, G., and Tan, H. (2013) Molecular regulation of antibiotic
biosynthesis in Streptomyces. Microbiol Mol Biol Rev 77: 112-143.

Liu, J., Li, J., Dong, H., Chen, Y., Wang, Y., et al. (2017) Characterization of an Lrp/AsnC
family regulator SC0O3361, controlling actinorhodin production and morphological
development in Streptomyces coelicolor. Appl Microbiol Biotechnol 101: 5773-5783.

Liu, X., Liu, D., Xu, M., Tao, M., Bai, L., et al. (2018) Reconstitution of kinamycin biosynthesis
within the heterologous host Streptomyces albus J1074. J Nat Prod 81: 72-77.

292



References

Lo Grasso, L., Maffioli, S., Sosio, M., Bibb, M., Puglia, A.M,, et al. (2015) Two master switch
regulators trigger A40926 biosynthesis in Nonomuraea sp. Strain ATCC 39727. J
Bacteriol 197: 2536-2544.

Loria, R., Bignell, D.R., Moll, S., Huguet-Tapia, J.C., Joshi, M.V, et al. (2008) Thaxtomin
biosynthesis: The path to plant pathogenicity in the genus Streptomyces. Antonie Van
Leeuwenhoek 94: 3-10.

Love, M.I,, Huber, W., and Anders, S. (2014) Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol 15: 550.

Low, Z.J., Pang, L.M,, Ding, Y., Cheang, QW., Le Mai Hoang, K., et al. (2018) Identification
of a biosynthetic gene cluster for the polyene macrolactam sceliphrolactam in a
Streptomyces strain isolated from mangrove sediment. Sci Rep 8: 1594.

Lu, Y., He, J, Zhu,H, Yu, Z, Wang, R, et al. (2011) An orphan histidine kinase, OhkA, regulates
both secondary metabolism and morphological differentiation in Streptomyces
coelicolor. J Bacteriol 193: 3020-3032.

Ludwig, W., Euzeby, J., Schumann, P, Busse, H.-J., Trujillo, M.E,, et al,, (2012) Road map of the
phylum Actinobacteria. In: Bergey's manual of systematic bacteriology. M. Goodfellow,
P. Kémpfer, H.-J. Busse, M.E. Trujillo, K.-I. Suzuki, W. Ludwig & W.B. Whitman (eds). New
York: Springer, pp. 1-28.

Luo, S., Sun, D., Zhuy, J., Chen, Z., Wen, Y., et al. (2014) An extracytoplasmic function sigma
factor, sigma(25), differentially regulates avermectin and oligomycin biosynthesis in
Streptomyces avermitilis. Appl Microbiol Biotechnol 98: 7097-7112.

Ma, M., Rateb, M.E., Teng, Q., Yang, D., Rudolf, J.D,, et al. (2015) Angucyclines and
angucyclinones from Streptomyces sp. CB01913 featuring C-ring cleavage and
expansion. J Nat Prod 78: 2471-2480.

Machushynets, N.V, Elsayed, S.S., Du, C,, Siegler, M.A, de la Cruz, M., et al. (2022) Discovery
of actinomycin L, a new member of the actinomycin family of antibiotics. Sci Rep 12:
2813.

Machushynets, N.V,, Wu, C., Elsayed, S.S., Hankemeier, T, and van Wezel, G.P. (2019)
Discovery of novel glycerolated quinazolinones from Streptomyces sp. MBT27. J Ind
Microbiol Biotechnol 46: 483-492.

MacNeil, D.J. (1988) Characterization of a unique methyl-specific restriction system in
Streptomyces avermitilis. J Bacteriol 170: 5607-5612.

MacNeil, D.J., Gewain, K.M., Ruby, C.L., Dezeny, G., Gibbons, P.H., et al. (1992) Analysis of
Streptomyces avermitilis genes required for avermectin biosynthesis utilizing a novel
integration vector. Gene 111: 61-68.

Makato, N. (2012-2017) Elucidation of mechanisms of biomaterial conversion modified by
amino group-modifying carrier protein and application.

Manteca, A., Fernandez, M., and Sanchez, J. (2005) A death round affecting a young
compartmentalized mycelium precedes aerial mycelium dismantling in confluent
surface cultures of Streptomyces antibioticus. Microbiology 151: 3689-3697.

Mao, X.M.,, Sun, Z.H., Liang, B.R., Wang, Z.B., Feng, W.H., et al. (2013) Positive feedback
regulation of stgr expression for secondary metabolism in Streptomyces coelicolor. J
Bacteriol 195: 2072-2078.

Marcone, G.L., Carrano, L., Marinelli, F., and Beltrametti, F. (2010) Protoplast preparation
and reversion to the normal filamentous growth in antibiotic-producing uncommon
actinomycetes. J Antibiot (Tokyo) 63: 83-88.

Martin-Martin, S., Rodriguez-Garcia, A., Santos-Beneit, F., Franco-Dominguez, E., Sola-
Landa, A, et al. (2017) Self-control of the PHO regulon: The PhoP-dependent protein
PhoU controls negatively expression of genes of PHO regulon in Streptomyces
coelicolor. J Antibiot (Tokyo) 71: 113-122.

293



References

Martin, J.F, and Liras, P. (2012) Cascades and networks of regulatory genes that control
antibiotic biosynthesis. Subcell Biochem 64: 115-138.

Martinet, L., Naome, A., Baiwir, D., De Pauw, E., Mazzucchelli, G, et al. (2020) On the risks
of phylogeny-based strain prioritization for drug discovery: Streptomyces lunaelactis
as a case study. Biomolecules 10: 1027.

Martinez-Castro, M., Salehi-Najafabadi, Z., Romero, F., Perez-Sanchiz, R., Fernandez-
Chimeno, R.1, et al. (2013) Taxonomy and chemically semi-defined media for the
analysis of the tacrolimus producer ‘Streptomyces tsukubaensis’. Appl Microbiol
Biotechnol 97: 2139-2152.

Maskey, R.P., Helmke, E., and Laatsch, H. (2003) Himalomycin A and B: Isolation and
structure elucidation of new fridamycin type antibiotics from a marine Streptomyces
isolate. J Antibiot (Tokyo) 56: 942-949.

Mast, Y., Guezguez, J., Handel, F,, and Schinko, E. (2015) A complex signaling cascade
governs pristinamycin biosynthesis in Streptomyces pristinaespiralis. Appl Environ
Microbiol 81: 6621-6636.

Mast, Y., Weber, T, Golz, M., Ort-Winklbauer, R., Gondran, A, et al. (2011) Characterization of
the ‘pristinamycin supercluster’ of Streptomyces pristinaespiralis. Microbial Biotechnol
4:192-206.

Mast, Y., and Wohlleben, W. (2014) Streptogramins - two are better than one! Int J Med
Microbiol 304: 44-50.

Matsuda, K., Hasebe, F, Shiwa, Y., Kanesaki, Y., Tomita, T, et al. (2017) Genome mining
of amino group carrier protein-mediated machinery: Discovery and biosynthetic
characterization of a natural product with unique hydrazone unit. ACS Chem Biol 12:
124-131.

Matsumoto, A., Hong, S.K., Ishizuka, H., Horinouchi, S., and Beppu, T. (1994) Phosphorylation
of the AfsR protein involved in secondary metabolism in Streptomyces species by a
eukaryotic-type protein kinase. Gene 146: 47-56.

Matulova, M., Feckova, L., Novakova, R., Mingyar, E., Csolleiova, D., et al. (2019) A structural
analysis of the angucycline-like antibiotic auricin from Streptomyces lavendulae subsp.
Lavendulae CCM 3239 revealed its high similarity to griseusins. Antibiotics (Basel) 8:
102.

Mayer, A., Taguchi, T, Linnenbrink, A., Hofmann, C., Luzhetskyy, A, et al. (2005) LanV, a
bifunctional enzyme: Aromatase and ketoreductase during landomycin A biosynthesis.
Chembiochem 6: 2312-2315.

McDowall, K.J., Thamchaipenet, A., and Hunter, I.S. (1999) Phosphate control of
oxytetracycline production by Streptomyces rimosus is at the level of transcription
from promoters overlapped by tandem repeats similar to those of the DNA-binding
sites of the OmpR family. J Bacteriol 181: 3025-3032.

McKenzie, N.L., and Nodwell, J.R. (2007) Phosphorylated AbsA2 negatively regulates
antibiotic production in Streptomyces coelicolor through interactions with pathway-
specific regulatory gene promoters. J Bacteriol 189: 5284-5292.

McLean, T.C., Hoskisson, P.A., and Seipke, R.F. (2016) Coordinate regulation of antimycin
and candicidin biosynthesis. mSphere 1: 305-318.

Medema, M.H., Blin, K., Cimermancic, P, de Jager, V., Zakrzewski, P, et al. (2011) antiSMASH:
Rapid identification, annotation and analysis of secondary metabolite biosynthesis gene
clusters in bacterial and fungal genome sequences. Nucleic Acids Res 39: W339-346.

Medema, M.H., de Rond, T., and Moore, B.S. (2021) Mining genomes to illuminate the
specialized chemistry of life. Nat Rev Genet 22: 553-571.

Medema, M.H., Kottmann, R, Yilmaz, P, Cummings, M., Biggins, J.B., et al. (2015) Minimum
information about a biosynthetic gene cluster. Nat Chem Biol 11: 625-631.

294



References

Medema, M.H., Paalvast, Y., Nguyen, D.D., Melnik, A, Dorrestein, P.C., et al. (2014) Pep2Path:
Automated mass spectrometry-guided genome mining of peptidic natural products.
PLoS Comput Biol 10: €1003822.

Merrick, M.J. (1976) A morphological and genetic mapping study of bald colony mutants
of Streptomyces coelicolor. J Gen Microbiol 96: 299-315.

Merrick, M.J., and Edwards, R.A. (1995) Nitrogen control in bacteria. Microbiol Rev 59:
604-622.

Metsa-Ketela, M., Palmu, K., Kunnari, T, Ylihonko, K., and Mantsala, P. (2003) Engineering
anthracycline biosynthesis toward angucyclines. Antimicrob Agents Chemother 47:
1291-1296.

Miguelez, E.M., Hardisson, C., and Manzanal, M.B. (2000) Streptomycetes: A new model
to study cell death. Int Microbiol 3: 153-158.

Mikhaylov, A.A., lkonnikova, V.A., and Solyev, P.N. (2021) Disclosing biosynthetic
connections and functions of atypical angucyclinones with a fragmented C-ring. Nat
Prod Rep 38: 1506-1517.

Mingyar, E., Feckova, L., Novakova, R., Bekeova, C., and Kormanec, J. (2015) A gamma-
butyrolactone autoregulator-receptor system involved in the regulation of auricin
production in Streptomyces aureofaciens CCM 3239. Appl Microbiol Biotechnol 99:
309-325.

Miyamoto, KT, Kitani, S., Komatsu, M., Ikeda, H., and Nihira, T. (2011) The autoregulator
receptor homologue AvaR3 plays a regulatory role in antibiotic production, mycelial
aggregation and colony development of Streptomyces avermitilis. Microbiology 157:
2266-2275.

Monciardini, P, lorio, M., Maffioli, S., Sosio, M., and Donadio, S. (2014) Discovering new
bioactive molecules from microbial sources. Microb Biotechnol 7: 209-220.

Moree, W.J., McConnell, 0.J., Nguyen, D.D., Sanchez, L.M.,, Yang, Y.L, et al. (2014) Microbiota
of healthy corals are active against fungi in a light-dependent manner. ACS Chem Biol
9: 2300-2308.

Motamedi, H., Shafiee, A, and Cai, S.J. (1995) Integrative vectors for heterologous gene
expression in Streptomyces spp. Gene 160: 25-31.

Munch, D., Muller, A, Schneider, T., Kohl, B., Wenzel, M., et al. (2014) The lantibiotic NAI-107
binds to bactoprenol-bound cell wall precursors and impairs membrane functions. J
Biol Chem 289: 12063-12076.

Nah, H.J., Pyeon, H.R,, Kang, S.H., Choi, S.S., and Kim, E.S. (2017) Cloning and heterologous
expression of a large-sized natural product biosynthetic gene cluster in Streptomyces
species. Front Microbiol 8: 394.

Nah, J.H., Park, S.H.,, Yoon, H.M., Choi, S.S., Lee, C.H,, et al. (2012) Identification and
characterization of wblA-dependent tmcT regulation during tautomycetin biosynthesis
in Streptomyces sp. Ck4412. Biotechnol Adv 30: 202-209.

Nazari, B., Kobayashi, M., Saito, A., Hassaninasab, A., Miyashita, K., et al. (2012) Chitin-
induced gene expression involved in secondary metabolic pathways in Streptomyces
coelicolor A3(2) grown in soil. Appl Environ Microbiol 79: 707-713.

Nett, M., Ikeda, H., and Moore, B.S. (2009) Genomic basis for natural product biosynthetic
diversity in the actinomycetes. Natural Prod Rep 26: 1362-1384.

Nguyen, D.D., Wu, C.H., Moree, W.J., Lamsa, A., Medema, M.H,, et al. (2013) MS/MS
networking guided analysis of molecule and gene cluster families. Proc Natl Acad Sci
US A110: E2611-2620.

Niu, G, Chater, K.F, Tian, Y., Zhang, J., and Tan, H. (2016) Specialised metabolites regulating
antibiotic biosynthesis in Streptomyces spp. FEMS Microbiol Rev 40: 554-573.

295



References

Noens, E.E., Mersinias, V., Willemse, J., Traag, B.A., Laing, E., et al. (2007) Loss of the
controlled localization of growth stage-specific cell-wall synthesis pleiotropically
affects developmental gene expression in an ssgA mutant of Streptomyces coelicolor.
Mol Microbiol 64: 1244-1259.

Noh, J.H., Kim, S.H., Lee, H.N,, Lee, SY,, and Kim, E.S. (2010) Isolation and genetic
manipulation of the antibiotic down-regulatory gene, wblA ortholog for doxorubicin-
producing Streptomyces strain improvement. Appl Microbiol Biotechnol 86: 1145-1153.

Nothaft, H., Dresel, D., Willimek, A., Mahr, K., Niederweis, M. et al. (2003)
The phosphotransferase system of Streptomyces coelicolor is biased for
N-acetylglucosamine metabolism. J Bacteriol 185: 7019-7023.

Nothaft, H., Rigali, S., Boomsma, B., Swiatek, M., McDowall, K.J., et al. (2010) The permease
gene nage? is the key to N-acetylglucosamine sensing and utilization in Streptomyces
coelicolor and is subject to multi-level control. Mol Microbiol 75: 1133-1144.

Nothias, L.F, Petras, D., Schmid, R., Duhrkop, K., Rainer, J., et al. (2020) Feature-based
molecular networking in the GNPS analysis environment. Nat Methods 17: 905-908.

Novakova, R., Homerova, D., Feckova, L., and Kormanec, J. (2005) Characterization of a
regulatory gene essential for the production of the angucycline-like polyketide antibiotic
auricin in Streptomyces aureofaciens CCM 3239. Microbiology 151: 2693-2706.

Novotna, G.B., Kwun, M.J., and Hong, H.J. (2015) In vivo characterization of the activation
and interaction of the VanR-VanS two-component regulatory system controlling
glycopeptide antibiotic resistance in two related Streptomyces species. Antimicrob
Agents Chemother 60: 1627-1637.

O'Rourke, S., Wietzorrek, A., Fowler, K., Corre, C., Challis, G.L, et al. (2009) Extracellular
signalling, translational control, two repressors and an activator all contribute to the
regulation of methylenomycin production in Streptomyces coelicolor. Mol Microbiol
71:763-778.

Ochi, K., Tanaka, Y., and Tojo, S. (2014) Activating the expression of bacterial cryptic genes
by rpoB mutations in RNA polymerase or by rare earth elements. Journal of industrial
microbiology & biotechnology 41: 403-414.

Ohnishi, Y., Ishikawa, J., Hara, H., Suzuki, H., Ikenoya, M., et al. (2008) Genome sequence
of the streptomycin-producing microorganism Streptomyces griseus IFO 13350. J
Bacteriol 190: 4050-4060.

Ohnishi, Y., Kameyama, S., Onaka, H., and Horinouchi, S. (1999) The A-factor regulatory
cascade leading to streptomycin biosynthesis in Streptomyces griseus: Identification
of a target gene of the A-factor receptor. Mol Microbiol 34: 102-111.

Ohnishi, Y., Yamazaki, H., Kato, J.Y., Tomono, A., and Horinouchi, S. (2005) AdpA, a central
transcriptional regulator in the A-factor regulatory cascade that leads to morphological
development and secondary metabolism in Streptomyces griseus. Biosci Biotechnol
Biochem 69: 431-4309.

Okada, B.K., and Seyedsayamdost, M.R. (2017) Antibiotic dialogues: Induction of silent
biosynthetic gene clusters by exogenous small molecules. FEMS Microbiol Rev 41:
19-33.

Olano, C., Garcia, |, Gonzalez, A., Rodriguez, M., Rozas, D., et al. (2014) Activation and
identification of five clusters for secondary metabolites in Streptomyces albus J1074.
Microbial Biotechnol 7: 242-256.

Olano, C., Mendez, C., and Salas, J.A. (2009) Antitumor compounds from actinomycetes:
From gene clusters to new derivatives by combinatorial biosynthesis. Nat Prod Rep
26: 628-660.

296



References

Oliynyk, M., Samborskyy, M., Lester, J.B., Mironenko, T,, Scott, N,, et al. (2007) Complete
genome sequence of the erythromycin-producing bacterium Saccharopolyspora
erythraea NRRL 23338. Nature Biotechnol 25: 447-453.

Onaka, H., Ando, N, Nihira, T., Yamada, Y., Beppu, T, et al. (1995) Cloning and characterisation
of the A-factor receptor protein from Streptomyces griseus. J Bacteriol 177: 6083-6092.

Onaka, H., and Horinouchi, S. (1997) DNA-binding activity of the A-factor receptor protein
and its recognition DNA sequences. Mol Microbiol 24: 991-1000.

Ostash, B., Yushchuk, O., Tistechok, S., Mutenko, H., Horbal, L., et al. (2015) The adpA-like
regulatory gene from Actinoplanes teichomyceticus: In silico analysis and heterologous
expression. World J Microbiol Biotechnol 31: 1297-1301.

Paget, M.S., Chamberlin, L., Atrih, A., Foster, S.J., and Buttner, M.J. (1999) Evidence that the
extracytoplasmic function sigma factor sigmae is required for normal cell wall structure
in Streptomyces coelicolor A3(2). J Bacteriol 181: 204-211.

Paget, M.S.B., Hong, H.J., Bibb, M.J., and Buttner, M.J., (2002) The ECF sigma factors of
Streptomyces coelicolor A3(2). In: Sgm symposium 61. D.A. Hodgson & C.M. Thomas
(eds). Cambridge: Cambridge University Press, pp. 105-125.

Pait, I.G.U,, Kitani, S., Kurniawan, Y.N., Asa, M., lwai, T, et al. (2017) Identification and
characterization of IbpA, an indigoidine biosynthetic gene in the gamma-butyrolactone
signaling system of Streptomyces lavendulae FRI-5. J Biosci Bioeng 124: 369-375.

Pan, G., Gao, X,, Fan, K., Liu, J,, Meng, B,, et al. (2017) Structure and function of a C-C bond
cleaving oxygenase in atypical angucycline biosynthesis. ACS Chem Biol 12: 142-152.

Panina, E.M., Mironov, A.A,, and Gelfand, M.S. (2003) Comparative genomics of bacterial
zinc regulons: Enhanced ion transport, pathogenesis, and rearrangement of ribosomal
proteins. Proc Natl Acad Sci U S A 100: 9912-9917.

Park, S.S, Yang, Y.H, Song, E., Kim, E.J., Kim, W.S,, et al. (2009) Mass spectrometric
screening of transcriptional regulators involved in antibiotic biosynthesis in
Streptomyces coelicolor A3(2). J Ind Microbiol Biotechnol 36: 1073-1083.

Patrikainen, P. (2015) Structural and functional studies of angucycline tailoring enzymes.
PhD thesis University of Turku ISBN:978-951-929-6156-6156.

Patrikainen, P, Kallio, P, Fan, K., Klika, K.D., Shaaban, K.A,, et al. (2012) Tailoring enzymes
involved in the biosynthesis of angucyclines contain latent context-dependent catalytic
activities. Chem Biol 19: 647-655.

Pawlik, K., Kotowska, M., Chater, K.F,, Kuczek, K., and Takano, E. (2007) A cryptic type |
polyketide synthase (cpk) gene cluster in Streptomyces coelicolor A3(2). Arch Microbiol
187:87-99.

Payne, D.J., Gwynn, M.N., Holmes, D.J., and Pompliano, D.L. (2007) Drugs for bad bugs:
Confronting the challenges of antibacterial discovery. Nat Rev Drug Discov 6: 29-40.

Pelzer, S., Sussmuth, R., Heckmann, D., Recktenwald, J., Huber, P, et al. (1999) Identification
and analysis of the balhimycin biosynthetic gene cluster and its use for manipulating
glycopeptide biosynthesis in Amycolatopsis mediterranei DSM5908. Antimicrob Agents
Chemother 43: 1565-1573.

Perez-Redondo, R., Santamarta, |, Bovenberg, R., Martin, J.F,, and Liras, P. (2010) The
enigmatic lack of glucose utilization in Streptomyces clavuligerus is due to inefficient
expression of the glucose permease gene. Microbiology 156: 1527-1537.

Phelan, V.V. (2020) Feature-based molecular networking for metabolite annotation.
Methods Mol Biol 2104: 227-243.

Piette, A., Derouaux, A., Gerkens, P, Noens, E.E., Mazzucchelli, G., et al. (2005) From
dormant to germinating spores of Streptomyces coelicolor A3(2): New perspectives
from the crp null mutant. J Proteome Res 4: 1699-1708.

297



References

Pluskal, T, Castillo, S., Villar-Briones, A., and Oresic, M. (2010) MZmine 2: Modular
framework for processing, visualizing, and analyzing mass spectrometry-based
molecular profile data. BMC Bioinformatics 11: 395.

Polkade, AV., Mantri, S.S., Patwekar, U.J., and Jangid, K. (2016) Quorum sensing: An under-
explored phenomenon in the phylum Actinobacteria. Front Microbiol 7: 131.

Pootoolal, J.,, Thomas, M.G., Marshall, C.G., Neu, J.M., Hubbard, B.K,, et al. (2002)
Assembling the glycopeptide antibiotic scaffold: The biosynthesis of A47934 from
Streptomyces toyocaensis nrrl15009. Proc Natl Acad Sci U S A 99: 8962-8967.

Pope, M.K.,, Green, B., and Westpheling, J. (1998) The bldB gene encodes a small
protein required for morphogenesis, antibiotic production, and catabolite control in
Streptomyces coelicolor. J Bacteriol 180: 1556-1562.

Pope, M K., Green, B.D., and Westpheling, J. (1996) The bld mutants of Streptomyces
coelicolor are defective in the regulation of carbon utilization, morphogenesis and cell-
cell signalling. Mol Microbiol 19: 747-756.

Postma, PW.,, Lengeler, JW., and Jacobson, G.R. (1993) Phosphoenolpyruvate:Carbohydrate
phosphotransferase systems of bacteria. Microbiol Rev 57: 543-594.

Prija, F, Srinivasan, P, Das, S., Kattusamy, K., and Prasad, R. (2017) Dnrl of Streptomyces
peucetius binds to the resistance genes, drrAB and drrC but is activated by daunorubicin.
J Basic Microbiol 57: 862-872.

Prima, P.M., Kazuhiro, N., Kenichi, M., Takeo, T,, Kazuo, S,, et al., (2017) Streptomyces sp.
SpE090715-01 produces a maleimycin-like compound using amino-group carrier
protein (AmCP). In., pp.

Raaijmakers, J.M., and Mazzola, M. (2012) Diversity and natural functions of antibiotics
produced by beneficial and plant pathogenic bacteria. Annu Rev Phytopathol 50: 403-
424,

Rabyk, M., Ostash, B., Rebets, Y., Walker, S., and Fedorenko, V. (2011) Streptomyces
ghanaensis pleiotropic regulatory gene Wb/A(h) influences morphogenesis and
moenomycin production. Biotechnol Lett 33: 2481-2486.

Raju, R., Gromyko, O., Fedorenko, V., Luzhetskyy, A., and Muller, R. (2013) Oleaceran: A novel
spirofisobenzofuran-1,2"-naptho(1,8-bc]furan] isolated from a terrestrial Streptomyces
sp. Org Lett 15: 3487-3489.

Ramos, I, Guzman, S., Escalante, L., Imriskova, |., Rodriguez-Sanoja, R., et al. (2004) Glucose
kinase alone cannot be responsible for carbon source regulation in Streptomyces
peucetius var. Caesius. Res Microbiol 155: 267-274.

Ramos, J.L., Martinez-Bueno, M., Molina-Henares, A.J., Teran, W., Watanabe, K., et al. (2005)
The TetR family of transcriptional repressors. Microbiol Mol Biol Rev 69: 326-356.
Rappsilber, J., Mann, M., and Ishihama, Y. (2007) Protocol for micro-purification, enrichment,
pre-fractionation and storage of peptides for proteomics using stagetips. Nat Protoc

2:1896-1906.

Ratcliff, W.C., and Denison, R.F. (2011) Microbiology. Alternative actions for antibiotics.
Science 332: 547-548.

Reitzer, L., and Schneider, B.L. (2001) Metabolic context and possible physiological themes
of sigma(54)-dependent genes in Escherichia coli. Microbiol Mol Biol Rev 65: 422-444,
table of contents.

Reuther, J., and Wohlleben, W. (2007) Nitrogen metabolism in Streptomyces
coelicolor:Transcriptional and post-translational regulation. J Mol Microbiol Biotechnol
12: 139-146.

Reyes-Caballero, H., Campanello, G.C., and Giedroc, D.P. (2011) Metalloregulatory proteins:
Metal selectivity and allosteric switching. Biophys Chem 156: 103-114.

298



References

Rice, K.C., and Bayles, K.W. (2003) Death’s toolbox: Examining the molecular components
of bacterial programmed cell death. Mol Microbiol 50: 729-738.

Rice, L.B. (2008) Federal funding for the study of antimicrobial resistance in nosocomial
pathogens: No ESKAPE. J Infect Dis 197: 1079-1081.

Rico, S., Santamaria, R.I,, Yepes, A., Rodriguez, H., Laing, E., et al. (2014a) Deciphering the
regulon of Streptomyces coelicolor AbrC3, a positive response regulator of antibiotic
production. Appl Environ Microbiol 80: 2417-2428.

Rico, S, Yepes, A, Rodriguez, H., Santamaria, J., Antoraz, S,, et al. (2014b) Regulation of the
AbrA1/A2 two-component system in Streptomyces coelicolor and the potential of its
deletion strain as a heterologous host for antibiotic production. PLoS One 9: €109844.

Rigali, S., Nothaft, H., Noens, E.E., Schlicht, M., Colson, S, et al. (2006) The sugar
phosphotransferase system of Streptomyces coelicolor is regulated by the GntR-
family regulator DasR and links N-acetylglucosamine metabolism to the control of
development. Mol Microbiol 61: 1237-1251.

Rigali, S., Titgemeyer, F., Barends, S., Mulder, S., Thomae, AW.,, et al. (2008) Feast or famine:
The global regulator DasR links nutrient stress to antibiotic production by Streptomyces.
EMBO Rep 9: 670-675.

Risdian, C., Mozef, T, and Wink, J. (2019) Biosynthesis of polyketides in Streptomyces.
Microorganisms 7: 124.

Rix, U., Remsing, L.L., Hoffmeister, D., Bechthold, A., and Rohr, J. (2003) Urdamycin L: A
novel metabolic shunt product that provides evidence for the role of the urdM gene in
the urdamycin A biosynthetic pathway of Streptomyces fradiae Tu 2717. Chembiochem
4:109-111.

Robertson, G., Hirst, M., Bainbridge, M., Bilenky, M., Zhao, Y., et al. (2007) Genome-wide
profiles of STATT DNA association using chromatin immunoprecipitation and massively
parallel sequencing. Nat Methods 4: 651-657.

Robinson, S.L., Christenson, J.K., and Wackett, L.P. (2019) Biosynthesis and chemical
diversity of beta-lactone natural products. Nat Prod Rep 36: 458-475.

Rodriguez, H., Rico, S, Diaz, M., and Santamaria, R.l. (2013) Two-component systems in
Streptomyces: Key regulators of antibiotic complex pathways. Microb Cell Fact 12: 127.

Rogers, L.A., and Whittier, E.O. (1928) Limiting factors in the lactic fermentation. J Bacteriol
16: 211-229.

Rogers, S., Ong, CW., Wandy, J., Ernst, M., Ridder, L., et al. (2019) Deciphering complex
metabolite mixtures by unsupervised and supervised substructure discovery and semi-
automated annotation from MS/MS spectra. Faraday Discuss 218: 284-302.

Romano, S., Jackson, S.A,, Patry, S., and Dobson, A.D.W. (2018) Extending the "one strain
many compounds” (OSMAC) principle to marine microorganisms. Mar Drugs 16: 244.

Romero-Rodriguez, A., Rocha, D., Ruiz-Villafan, B., Tierrafria, V., Rodriguez-Sanoja, R., et al.
(2016) Transcriptomic analysis of a classical model of carbon catabolite regulation in
Streptomyces coelicolor. BMC microbiology 16: 1.

Romero, A, Ruiz, B., Sohng, J.K,, Koirala, N., Rodriguez-Sanoja, R,, et al. (2015) Functional
analysis of the GIcP promoter in Streptomyces peucetius var. Caesius. Appl Biochem
Biotechnol 175: 3207-3217.

Romero, D, Traxler, M.F,, Lopez, D., and Kolter, R. (2011) Antibiotics as signal molecules.
Chem Rev 111: 5492-5505.

Romero, D.A., Hasan, A.H., Lin, Y.F, Kime, L., Ruiz-Larrabeiti, 0., et al. (2014) A comparison
of key aspects of gene regulation in Streptomyces coelicolor and Escherichia coli using
nucleotide-resolution transcription maps produced in parallel by global and differential
RNA sequencing. Mol Microbiol.

299



References

Rosenberg, S.M. (2009) Life, death, differentiation, and the multicellularity of bacteria. PLoS
genetics 5:e1000418.

Rottig, M., Medema, M.H., Blin, K., Weber, T, Rausch, C.,, et al. (2011) NRPSpredictor2-a
web server for predicting NRPS adenylation domain specificity. Nucleic Acids Res 39:
W362-367.

Rudd, B.A., and Hopwood, D.A. (1979) Genetics of actinorhodin biosynthesis by
Streptomyces coelicolor A3(2). J Gen Microbiol 114: 35-43.

Rutledge, P.J., and Challis, G.L. (2015) Discovery of microbial natural products by activation
of silent biosynthetic gene clusters. Nat Rev Microbiol 13: 509-523.

Saier, M.H., Jr., and Reizer, J. (1992) Proposed uniform nomenclature for the proteins and
protein domains of the bacterial phosphoenolpyruvate: Sugar phosphotransferase
system. J Bacteriol 174: 1433-1438.

Sambrook J., F.E.F, Maniatis T. (1989) Molecular cloning: A laboratory manual.

Sanchez, S., Chavez, A, Forero, A, Garcia-Huante, Y., Romero, A, et al. (2010) Carbon
source regulation of antibiotic production. J Antibiot (Tokyo) 63: 442-459.

Sanchez, S., and Demain, A.L. (2002) Metabolic regulation of fermentation processes.
Enzyme Microb Technol 31: 895-906.

Santos-Aberturas, J., Payero, T.D.,, Vicente, C.M., Guerra, S.M., Canibano, C,, et al. (2011)
Functional conservation of PAS-LuxR transcriptional regulators in polyene macrolide
biosynthesis. Metab Eng 13: 756-767.

Santos-Beneit, F. (2015) The Pho regulon: A huge regulatory network in bacteria. Front
Microbiol 6: 402.

Santos-Beneit, F.,, Rodriguez-Garcia, A., Franco-Dominguez, E., and Martin, J.F. (2008)
Phosphate-dependent regulation of the low- and high-affinity transport systems in
the model actinomycete Streptomyces coelicolor. Microbiology 154: 2356-2370.

Santos-Beneit, F., Rodriguez-Garcia, A., and Martin, J.F. (2011) Complex transcriptional
control of the antibiotic regulator afsS in Streptomyces: PhoP and AfsR are overlapping,
competitive activators. J Bacteriol 193: 2242-2251.

Santos-Beneit, F, Rodriguez-Garcia, A., and Martin, J.F. (2012) Overlapping binding of PhoP
and AfsR to the promoter region of ginR in Streptomyces coelicolor. Microbiol Res 167:
532-535.

Santos-Beneit, F,, Rodriguez-Garcia, A., Sola-Landa, A., and Martin, J.F. (2009) Cross-talk
between two global regulators in Streptomyces: PhoP and AfsR interact in the control
of afsS, pstS and phoRP transcription. Mol Microbiol 72: 53-68.

Sasaki, E., Ogasawara, Y., and Liu, HW. (2070) A biosynthetic pathway for BE-7585A, a
2-thiosugar-containing angucycline-type natural product. J Am Chem Soc 132: 7405-
7417.

Schafer, M., Le, T.B., Hearnshaw, S.J., Maxwell, A, Challis, G.L., et al. (2015) SIimC7 is a
novel NAD(P)H-dependent ketoreductase essential for the antibiotic activity of the
DNA gyrase inhibitor simocyclinone. J Mol Biol 427: 2192-2204.

Schmid, R, et. al. (2020) lon identity networking in the GNPS environment bioRxiv.

Schorn, M.A,, Verhoeven, S, Ridder, L., Huber, F, Acharya, D.D,, et al. (2021) A community
resource for paired genomic and metabolomic data mining. Nat Chem Biol 17: 363-368.

Sciara, G., Kendrew, S.G., Miele, A.E., Marsh, N.G., Federici, L., et al. (2003) The structure
of ActVA-Orf6, a novel type of monooxygenase involved in actinorhodin biosynthesis.
EMBO J 22:205-215.

Seemann, T. (2014) Prokka: Rapid prokaryotic genome annotation. Bioinformatics 30:
2068-2069.

Seipke, R.F. (2015) Strain-level diversity of secondary metabolism in Streptomyces albus.
PLoS One 10: e0116457.

300



References

Seipke, R.F., and Hutchings, M.I. (2013) The regulation and biosynthesis of antimycins.
Beilstein J Org Chem 9: 2556-2563.

Seipke, R.F, Kaltenpoth, M., and Hutchings, M.I. (2012) Streptomyces as symbionts: An
emerging and widespread theme? FEMS Microbiol Rev 36: 862-876.

Seipke, R.F, Patrick, E., and Hutchings, M.1. (2014) Regulation of antimycin biosynthesis by
the orphan ECF RNA polymerase sigma factor sigma (anta.). PeerJ 2: e253.

Seipke, R.F, Song, L., Bicz, J., Laskaris, P, Yaxley, A.M,, et al. (2011) The plant pathogen
Streptomyces scabies 87-22 has a functional pyochelin biosynthetic pathway that is
regulated by TetR- and AfsR-family proteins. Microbiology 157: 2681-2693.

Sekurova, O.N., Brautaset, T, Sletta, H., Borgos, S.E.F, Jakobsen, O.M,, et al. (2004) In
vivo analysis of the regulatory genes in the nystatin biosynthetic gene cluster of
Streptomyces noursei ATCC 11455 reveals their differential control over antibiotic
biosynthesis. J Bacteriol 186: 1345-1354.

Seno, ET, and Chater, K.F. (1983) Glycerol catabolic enzymes and their regulation in wild-
type and mutant strains of Streptomyces coelicolor A3(2). J Gen Microbiol 129: 1403-
1413.

Seo, J.W., Ohnishi, Y., Hirata, A., and Horinouchi, S. (2002) ATP-binding cassette transport
system involved in regulation of morphological differentiation in response to glucose
in Streptomyces griseus. J Bacteriol 184: 91-103.

Seyedsayamdost, M.R. (2014) High-throughput platform for the discovery of elicitors of
silent bacterial gene clusters. Proc Natl Acad Sci U S A 111: 7266-7271.

Shaikh, A A, Nothias, L.F, Srivastava, S.K., Dorrestein, P.C., and Tahlan, K. (2021) Specialized
metabolites from ribosome engineered strains of Streptomyces clavuligerus.
Metabolites 11: 239.

Sharif, E.U., and O'Doherty, G.A. (2012) Biosynthesis and total synthesis studies on the
jadomycin family of natural products. European J Org Chem 2012: 2095-2108.

Shawky, R.M., Puk, O., Wietzorrek, A., Pelzer, S., Takano, E., et al. (2007) The border sequence
of the balhimycin biosynthesis gene cluster from Amycolatopsis balhimycina contains
bbr, encoding a StrR-like pathway-specific regulator. J Mol Microbiol Biotechnol 13:
76-88.

Sherwood, E.J., and Bibb, M.J. (2013) The antibiotic planosporicin coordinates its own
production in the actinomycete Planomonospora alba. Proc Natl Acad Sci U S A 110:
E2500-2500.

Shin, J.H., Oh, S, Kim, S.J., and Roe, J.H. (2007) The zinc-responsive regulator Zur
controls a zinc uptake system and some ribosomal proteins in Streptomyces coelicolor
A3(2). J Bacteriol 189: 4070-4077.

Shu, D, Chen, L., Wang, W., Yu, Z., Ren, C,, et al. (2009) afsQ7-Q2-sigQ is a pleiotropic but
conditionally required signal transduction system for both secondary metabolism and
morphological development in Streptomyces coelicolor. Appl Microbiol Biotechnol 81:
1149-1160.

Sidda, J.D., Poon, V, Song, L., Wang, W., Yang, K., et al. (2016) Overproduction and
identification of butyrolactones SCB1-8 in the antibiotic production superhost
Streptomyces M1152. Org Biomol Chem 14: 6390-6393.

Silver, L.L. (2017) Challenges of antibacterial discovery. Clin Microbiol Rev 24:71-109.

Skinnider, M.A., Dejong, C.A., Rees, P.N., Johnston, CW.,, Li, H,, et al. (2015) Genomes to
natural products prediction informatics for secondary metabolomes (PRISM). Nucleic
Acids Res 43: 9645-9662.

Skinnider, M.A., Merwin, N.J., Johnston, CW., and Magarvey, N.A. (2017) PRISM 3:
Expanded prediction of natural product chemical structures from microbial genomes.
Nucleic Acids Res 45: WA9-W54.

301



References

Sola-Landa, A., Moura, R.S., and Martin, J.F. (2003) The two-component PhoR-PhoP
system controls both primary metabolism and secondary metabolite biosynthesis in
Streptomyces lividans. Proc Natl Acad Sci U S A 100: 6133-6138.

Sola-Landa, A., Rodriguez-Garcia, A., Amin, R., Wohlleben, W., and Martin, J.F. (2013)
Competition between the GInR and PhoP regulators for the g/lnA and amtB promoters
in Streptomyces coelicolor. Nucleic Acids Res 41: 1767-1782.

Sola-Landa, A, Rodriguez-Garcia, A., Franco-Dominguez, E., and Martin, J.F. (2005) Binding
of PhoP to promoters of phosphate-regulated genes in Streptomyces coelicolor:
Identification of PHO boxes. Mol Microbiol 56: 1373-1385.

Som, N.F, Heinge, D., Holmes, N., Knowles, F,, Chandra, G., et al. (2017) The MtrAB two-
component system controls antibiotic production in Streptomyces coelicolor A3(2).
Microbiology 163: 1415-1419.

Sosio, M., and Donadio, S. (2006) Understanding and manipulating glycopeptide pathways:
The example of the dalbavancin precursor A40926. J Ind Microbiol Biotechnol 33:
569-576.

Sosio, M., Giusino, F.,, Cappellano, C., Bossi, E., Puglia, A.M,, et al. (2000) Artificial
chromosomes for antibiotic-producing actinomycetes. Nature Biotechnology 18: 343-
345.

Sosio, M., Kloosterman, H., Bianchi, A., de Vreugd, P, Dijkhuizen, L., et al. (2004) Organization
of the teicoplanin gene cluster in Actinoplanes teichomyceticus. Microbiology 150: 95-
102.

Sosio, M., Stinchi, S., Beltrametti, F,, Lazzarini, A., and Donadio, S. (2003) The gene cluster
for the biosynthesis of the glycopeptide antibiotic A40926 by Nonomuraea species.
Chem Biol 10: 541-549.

Spohn, M., Kirchner, N., Kulik, A., Jochim, A., Wolf, F, et al. (2014) Overproduction of
ristomycin A by activation of a silent gene cluster in Amycolatopsis japonicum MG417-
CF17. Antimicrob Agents Chemother 58: 6185-6196.

Spohn, M., Wohlleben, W., and Stegmann, E. (2016) Elucidation of the zinc-dependent
regulation in Amycolatopsis japonicum enabled the identification of the ethylenediamine-
disuccinate ([s,s]-edds) genes. Environ Microbiol 18: 1249-1263.

Starcevic, A., Zucko, J., Simunkovic, J., Long, P.F, Cullum, J., et al. (2008) ClustScan: An
integrated program package for the semi-automatic annotation of modular biosynthetic
gene clusters and in silico prediction of novel chemical structures. Nucleic Acids Res
36: 6882-6892.

Stock, A.M., Robinson, V.L., and Goudreau, P.N. (2000) Two-component signal transduction.
Annu Rev Biochem 69: 183-215.

Sultan, S.P, Kitani, S., Miyamoto, K.T,, Iguchi, H., Atago, T, et al. (2016) Characterization of
AvaR1, a butenolide-autoregulator receptor for biosynthesis of a Streptomyces hormone
in Streptomyces avermitilis. Appl Microbiol Biotechnol 100: 9581-9591.

Sun, J.H., Hesketh, A., and Bibb, M. (2001) Functional analysis of relA and rsha, two relA/
spot homologues of Streptomyces coelicolor A3(2). J. Bacteriol. 183: 3488-3498.
Sun, Y.Q., Busche, T, Ruckert, C., Paulus, C., Rebets, V., et al. (2017) Development of a
biosensor concept to detect the production of cluster-specific secondary metabolites.

ACS Synth Biol 6: 1026-1033.

Suroto, D.A,, Kitani, S., Miyamoto, K.T., Sakihama, Y., Arai, M., et al. (2017) Activation of
cryptic phthoxazolin A production in Streptomyces avermitilis by the disruption of
autoregulator-receptor homologue AvaR3. J Biosci Bioeng: 611-617.

Suzuki, H., Takahashi, S., Osada, H., and Yoshida, K. (2011) Improvement of transformation
efficiency by strategic circumvention of restriction barriers in Streptomyces griseus. J
Microbiol Biotechnol 21: 675-678.

302



References

Swiatek-Polatynska, M.A,, Bucca, G., Laing, E., Gubbens, J., Titgemeyer, F, et al. (2015)
Genome-wide analysis of in vivo binding of the master regulator DasR in Streptomyces
coelicolor identifies novel non-anonical targets. PLoS One 10: e0122479.

Swiatek, M.A,, Gubbens, J., Bucca, G, Song, E., Yang, Y.H,, et al. (2013) The ROK family
regulator Rok7B7 pleiotropically affects xylose utilization, carbon catabolite repression,
and antibiotic production in Streptomyces coelicolor. J Bacteriol 195: 1236-1248.

Swiatek, M.A,, Tenconi, E., Rigali, S., and van Wezel, G.P. (2012) Functional analysis of the
N-acetylglucosamine metabolic genes of Streptomyces coelicolor and role in control
of development and antibiotic production. J Bacteriol 194: 1136-1144.

Tahlan, K., Ahn, S.K,, Sing, A., Bodnaruk, T.D., Willems, A.R, et al. (2007) Initiation of
actinorhodin export in Streptomyces coelicolor. Mol Microbiol 63: 951-961.

Takano, E. (2006) Gamma-butyrolactones: Streptomyces signalling molecules regulating
antibiotic production and differentiation. Curr Opin Microbiol 9: 287-294.

Takano, E., Chakraburtty, R., Nihira, T., Yamada, Y., and Bibb, M.J. (2001) A complex role
for the gamma-butyrolactone SCB1 in regulating antibiotic production in Streptomyces
coelicolor A3(2). Mol Microbiol 41: 1015-1028.

Takano, E., Kinoshita, H., Mersinias, V., Bucca, G., Hotchkiss, G., et al. (2005) A bacterial
hormone (the SCB1) directly controls the expression of a pathway-specific regulatory
gene in the cryptic type | polyketide biosynthetic gene cluster of Streptomyces
coelicolor. Mol Microbiol 56: 465-479.

Tanaka, A., Takano, Y., Ohnishi, Y., and Horinouchi, S. (2007) AfsR recruits RNA polymerase
to the afsS promoter: A model for transcriptional activation by sarps. J Mol Biol 369:
322-333.

Tanaka, Y., Hosaka, T, and Ochi, K. (2010) Rare earth elements activate the secondary
metabolite-biosynthetic gene clusters in Streptomyces coelicolor A3(2). J Antibiot
(Tokyo) 63: 477-481.

Tenconi, E., Jourdan, S., Motte, P, Virolle, M.J., and Rigali, S. (2012) Extracellular sugar
phosphates are assimilated by Streptomyces in a PhoP-dependent manner. Antonie
Van Leeuwenhoek 102: 425-433.

Tenconi, E., and Rigali, S. (2018) Self-resistance mechanisms to DNA-damaging antitumor
antibiotics in Actinobacteria. Curr Opin Microbiol 45: 100-108.

Tenconi, E., Traxler, M., Tellatin, D., van Wezel, G.P, and Rigali, S. (2020) Prodiginines
postpone the onset of sporulation in Streptomyces coelicolor. Antibiotics (Basel) 9: 847.

Tenconi, E., Urem, M., Swiatek-Polatynska, M.A., Titgemeyer, F., Muller, Y.A, et al. (2015)
Multiple allosteric effectors control the affinity of DasR for its target sites. Biochem
Biophys Res Commun 464: 324-329.

Tibrewal, N., Pahari, P, Wang, G., Kharel, M.K., Morris, C,, et al. (2012) Baeyer-villiger C-C
bond cleavage reaction in gilvocarcin and jadomycin biosynthesis. J Am Chem Soc
134:18181-18184.

Tibrewal, N., and Tang, Y. (2014) Biocatalysts for natural product biosynthesis. Annu Rev
Chem Biomol Eng 5: 347-366.

Tiffert, Y., Franz-Wachtel, M., Fladerer, C., Nordheim, A, Reuther, J,, et al. (2011) Proteomic
analysis of the GInR-mediated response to nitrogen limitation in Streptomyces coelicolor
M145. Appl Microbiol Biotechnol 89: 1149-1159.

Tiffert, Y., Supra, P, Wurm, R., Wohlleben, W., Wagner, R, et al. (2008) The Streptomyces
coelicolor GInR regulon: Identification of new GInR targets and evidence for a central
role of GInR in nitrogen metabolism in actinomycetes. Mol Microbiol 67: 861-880.

Titgemeyer, F., and Hillen, W. (2002) Global control of sugar metabolism: A Gram-positive
solution. Antonie Van Leeuwenhoek 82: 59-71.

303



References

Tocchetti, A., Donadio, S., and Sosio, M. (2018) Large inserts for big data: Artificial
chromosomes in the genomic era. FEMS Microbiol Lett 365: fny064.

Tolmie, C., Smit, M.S., and Opperman, D.J. (2019) Native roles of baeyer-villiger
monooxygenases in the microbial metabolism of natural compounds. Nat Prod Rep
36:326-353.

Tomono, A, Tsai, Y., Yamazaki, H., Ohnishi, Y., and Horinouchi, S. (2005) Transcriptional
control by A-factor of strR, the pathway-specific transcriptional activator for
streptomycin biosynthesis in Streptomyces griseus. J Bacteriol 187: 5595-5604.

Traag, B.A., Kelemen, G.H., and Van Wezel, G.P. (2004) Transcription of the sporulation
gene ssgA is activated by the IcIR-type regulator SsgR in a whi-independent manner
in Streptomyces coelicolor A3(2). Mol Microbiol 53: 985-1000.

Traag, B.A., and van Wezel, G.P. (2008) The SsgA-like proteins in actinomycetes: Small
proteins up to a big task. Antonie Van Leeuwenhoek 94: 85-97.

Traxler, M.F, Seyedsayamdost, M.R., Clardy, J., and Kolter, R. (2012) Interspecies modulation
of bacterial development through iron competition and siderophore piracy. Mol
Microbiol 86: 628-644.

Tschowri, N., Schumacher, M.A., Schlimpert, S., Chinnam, N.B., Findlay, K.C,, et al. (2014)
Tetrameric c-di-GMP mediates effective transcription factor dimerization to control
Streptomyces development. Cell 158: 1136-1147.

Tunca, S., Barreiro, C., Coque, J.J.R., and Martin, J.F. (2009) Two overlapping antiparallel
genes encoding the iron regulator DdR1 and the Adm proteins control sidephore
and antibiotic biosynthesis in Streptomyces coelicolor A3(2). FEBS J 276: 4814-4827.

Tunca, S., Barreiro, C., Sola-Landa, A., Coque, J.J.R., and Martin, J.F. (2007) Transcriptional
regulation of the desferrioxamine gene cluster of Streptomyces coelicolor is mediated
by binding of DmdR1 to an iron box in the promoter of the desA gene. FEBS J 274:
1110-1122.

Udwary, D.W,, Zeigler, L., Asolkar, R.N., Singan, V., Lapidus, A, et al. (2007) Genome
sequencing reveals complex secondary metabolome in the marine actinomycete
Salinispora tropica. Proc Natl Acad Sci U S A 104: 10376-10381.

Uguru, G.C, Stephens, K.E,, Stead, J.A,, Towle, J.E., Baumberg, S, et al. (2005) Transcriptional
activation of the pathway-specific regulator of the actinorhodin biosynthetic genes in
Streptomyces coelicolor. Mol Microbiol 58: 131-150.

Uiterweerd, M.T,, et al. (2020) /so-maleimycin, a constitutional isomer of maleimycin, from
Streptomyces sp. QL37. Eur. J. Org. Chem. 2020: 5145-5152.

Umeyama, T,, Lee, P-C., and Horinouchi, S. (2002) Protein serine/threonine kinases in
signal transduction for secondary metabolism and morphogenesis in Streptomyces.
Appl Microbiol Biotechnol 59: 419-425.

Urem, M., Swiatek-Polatynska, M.A., Rigali, S., and van Wezel, G.P. (2016a) Intertwining
nutrient-sensory networks and the control of antibiotic production in Streptomyces.
Mol Microbiol 102: 183-195.

Urem, M., van Rossum, T., Bucca, G., Moolenaar, G.F, Laing, E., et al. (2016b) OsdR of
Streptomyces coelicolor and the dormancy regulator DevR of Mycobacterium
tuberculosis control overlapping regulons. mSystems 1: e00014-00016.

van Bergeijk, D.A., Elsayed, S.S., Du, C., Nufiez Santiago, I., Roseboom, A.M,, et al. (2022)
The ubiquitous catechol moiety elicits siderophore and angucycline production in
Streptomyces. Communications Chemistry 5: 14.

van Bergeijk, D.A,, Terlouw, B.R., Medema, M.H., and van Wezel, G.P. (2020) Ecology and
genomics of Actinobacteria: New concepts for natural product discovery. Nat Rev
Microbiol 18: 546-558.

304



References

van der Aart, LT, Lemmens, N, van Wamel, W.J., and van Wezel, G.P. (2016) Substrate
inhibition of vana by d-alanine reduces vancomycin resistance in a VanX-dependent
manner. Antimicrob Agents Chemother 60: 4930-4939.

van der Heul, H.U,, Bilyk, B.L., McDowall, K.J., Seipke, R.F,, and van Wezel, G.P. (2018)
Regulation of antibiotic production in Actinobacteria: New perspectives from the post-
genomic era. Nat Prod Rep 35: 575-604.

van der Meij, A., Worsley, S.F,, Hutchings, M.1,, and van Wezel, G.P. (2017) Chemical ecology
of antibiotic production by actinomycetes. FEMS Microbiol Rev 41: 392-416.

van Dissel, D, Claessen, D., and Van Wezel, G.P. (2014) Morphogenesis of Streptomyces in
submerged cultures. Adv Appl Microbiol 89: 1-45.

van Keulen, G., and Dyson, P.J. (2014) Production of specialized metabolites by
Streptomyces coelicolor A3(2). Adv Appl Microbiol 89: 217-266.

van Opijnen, T, Bodi, K.L., and Camilli, A. (2009) Tn-seq: High-throughput parallel sequencing
for fitness and genetic interaction studies in microorganisms. Nat Methods 6: 767-772.

van Rooden, E.J., Florea, B.I,, Deng, H., Baggelaar, M.P,, van Esbroeck, A.C.M,, et al. (2018)
Mapping in vivo target interaction profiles of covalent inhibitors using chemical
proteomics with label-free quantification. Nat Protoc 13: 752-767.

van Wezel, G.P, Konig, M., Mahr, K., Nothaft, H., Thomae, AW, et al. (2007) A new piece of
an old jigsaw: Glucose kinase is activated posttranslationally in a glucose transport-
dependent manner in Streptomyces coelicolor A3(2). J Mol Microbiol Biotechnol 12:
67-74.

van Wezel, G.P,, Krabben, P, Traag, B.A., Keijser, B.J., Kerste, R, et al. (2006) Unlocking
Streptomyces spp. For use as sustainable industrial production platforms by
morphological engineering. Appl Environ Microbiol 72: 5283-5288.

van Wezel, G.P, Mahr, K., Konig, M., Traag, B.A., Pimentel-Schmitt, E.F, et al. (2005) GlcP
constitutes the major glucose uptake system of Streptomyces coelicolor A3(2). Mol
Microbiol 55: 624-636.

van Wezel, G.P., and McDowall, K.J. (2011) The regulation of the secondary metabolism
of Streptomyces: New links and experimental advances. Nat Prod Rep 28: 1311-1333.

van Wezel, G.P, McKenzie, N.L., and Nodwell, J.R. (2009) Chapter 5. Applying the genetics
of secondary metabolism in model actinomycetes to the discovery of new antibiotics.
Methods Enzymol 458: 117-141.

van Wezel, G.P,, van der Meulen, J., Kawamoto, S, Luiten, R.G., Koerten, H.K,, et al. (2000a)
ssgA is essential for sporulation of Streptomyces coelicolor A3(2) and affects hyphal
development by stimulating septum formation. J Bacteriol 182: 5653-5662.

van Wezel, G.P, White, J., Hoogvliet, G., and Bibb, M.J. (2000b) Application of redD, the
transcriptional activator gene of the undecylprodigiosin biosynthetic pathway, as a
reporter for transcriptional activity in Streptomyces coelicolor A3(2) and Streptomyces
lividans. J Mol Microbiol Biotechnol 2: 551-556.

van Wezel, G.P, White, J., Young, P, Postma, PW., and Bibb, M.J. (1997) Substrate induction
and glucose repression of maltose utilization by Streptomyces coelicolor A3(2) is
controlled by malR, a member of the lacl-galR family of regulatory genes. Mol Microbiol
23:537-549.

Vara, J., Lewandowska-Skarbek, M., Wang, Y.G., Donadio, S., and Hutchinson, C.R. (1989)
Cloning of genes governing the deoxysugar portion of the erythromycin biosynthesis
pathway in Saccharopolyspora erythraea (Streptomyces erythreus). J Bacteriol 171:
5872-5881.

Ventola, C.L. (2015) The antibiotic resistance crisis: Part 1: Causes and threats. P T 40:
277-283.

305



References

Vicente, C.M., Payero, T.D., Santos-Aberturas, J., Barreales, E.G., de Pedro, A, et al. (2015)
Pathway-specific regulation revisited: Cross-regulation of multiple disparate gene
clusters by PAS-LuxR transcriptional regulators. Appl Microbiol Biotechnol 99: 5123-
5135,

Vicente, C.M., Santos-Aberturas, J., Payero, T.D., Barreales, E.G., de Pedro, A, et al. (2014)
PAS-LuxR transcriptional control of filipin biosynthesis in S. Avermitilis. Appl Microbiol
Biotechnol 98: 9311-9324.

Virtanen, P, Gommers, R, Oliphant, T.E., Haberland, M., Reddy, T, et al. (2020) SciPy 1.0:
Fundamental algorithms for scientific computing in python. Nat Methods 17: 261-272.

Vujaklija, D., Horinouchi, S., and Beppu, T. (1993) Detection of an A-factor-responsive
protein that binds to the upstream activation sequence of strR, a regulatory gene for
streptomycin biosynthesis in Streptomyces griseus. J Bacteriol 175: 2652-2661.

Walker, J.M. (1994) The bicinchoninic acid (BCA) assay for protein quantitation. Methods
Mol Biol 32: 5-8.

Walker, M., Pohl, E., Herbst-Irmer, R., Gerlitz, M., Rohr, J,, et al. (1999) Absolute configurations
of emycin D, E and F; mimicry of centrosymmetric space groups by mixtures of chiral
stereoisomers. Acta Crystallogr B 55: 607-616.

Wang, B., Ren, J., Li, L., Guo, F, Pan, G, et al. (2015) Kinamycin biosynthesis employs a
conserved pair of oxidases for B-ring contraction. Chem Commun (Camb) 51: 8845-
8848.

Wang, J., Wang, W., Wang, L., Zhang, G., Fan, K., et al. (2011) A novel role of ‘pseudo’gamma-
butyrolactone receptors in controlling gamma-butyrolactone biosynthesis in
Streptomyces. Mol Microbiol 82: 236-250.

Wang, J., and Zhao, G -P. (2009) GInR positively regulates nasA transcription in Streptomyces
coelicolor. Biochem Biophys Res Commun 386: 77-81.

Wang, J.B., Zhang, F,, Pu, J.Y,, Zhao, J., Zhao, Q.F, et al. (2014a) Characterization of AvaR1,
an autoregulator receptor that negatively controls avermectins production in a high
avermectin-producing strain. Biotechnol Lett 36: 813-819.

Wang, L., Tian, X, Wang, J., Yang, H., Fan, K, et al. (2009) Autoregulation of antibiotic
biosynthesis by binding of the end product to an atypical response regulator. Proc Nat|
Acad Sci U S A 106: 8617-8622.

Wang, L., and Vining, L.C. (2003) Control of growth, secondary metabolism and sporulation
in Streptomyces venezuelae ISP5230 by jadW(1), a member of the afsA family of
gamma-butyrolactone regulatory genes. Microbiology 149: 1991-2004.

Wang, L., Wang, L., Zhou, Z., Wang, Y.J., Huang, J.P, et al. (2019) Cangumycins A-F, six new
angucyclinone analogues with immunosuppressive activity from Streptomyces. Chin
J Nat Med 17: 982-987.

Wang, M., Carver, J.J., Phelan, V.V,, Sanchez, L.M., Garg, N., et al. (2016) Sharing and
community curation of mass spectrometry data with global natural products social
molecular networking. Nat Biotechnol 34: 828-837.

Wang, W., Ji, J., Li, X, Wang, J., Li, S, et al. (2014b) Angucyclines as signals modulate the
behaviors of Streptomyces coelicolor. Proc Natl Acad Sci U S A 111: 5688-5693.

Wang, X K., and Jin, J.L. (2014) Crucial factor for increasing the conjugation frequency
in Streptomyces netropsis SD-07 and other strains. FEMS Microbiol Lett 357: 99-103.

Warner, J.B., and Lolkema, J.S. (2003) Ccpa-dependent carbon catabolite repression in
bacteria. Microbiol Mol Biol Rev 67: 475-490.

Waskom, M.L. (2021) Seaborn: Statistical data visualization. Journal of Open Source
Software 6: 3021.

306



References

Weber, T, Rausch, C., Lopez, P, Hoof, |., Gaykova, V., et al. (2009) CLUSEAN: A computer-
based framework for the automated analysis of bacterial secondary metabolite
biosynthetic gene clusters. J Bacteriol 140: 13-17.

Wenzel, S.C., Meiser, P, Binz, T.M., Mahmud, T., and Muller, R. (2006) Nonribosomal peptide
biosynthesis: Point mutations and module skipping lead to chemical diversity. Angew
Chem Int Ed Engl 45: 2296-2301.

Wessel, D., and Flugge, U.l. (1984) A method for the quantitative recovery of protein in
dilute-solution in the presence of detergents and lipids. Anal Biochem 138: 141-143.

Westhoff, S., van Leeuwe, T.M,, Qachach, O., Zhang, Z., van Wezel, G.P, et al. (2017)
The evolution of no-cost resistance at sub-MIC concentrations of streptomycin in
Streptomyces coelicolor. ISME J 11: 1168-1178.

White, J., and Bibb, M. (1997) bidA dependence of undecylprodigiosin production in
Streptomyces coelicolor A3(2) involves a pathway-specific regulatory cascade. J
Bacteriol 179: 627-633.

Whitworth, D.E., (2012) Classification and organization of two-component systems. In:
Two-component systems in bacteria. R. Gross & D. Beier (eds). Poole, UK: Caister
Academic Press, pp. 1-20.

Wietzorrek, A., and Bibb, M. (1997) A novel family of proteins that regulates antibiotic
production in streptomycetes appears to contain an OmpR-like DNA-binding fold. Mol
Microbiol 25: 1181-1184.

Willems, A.R., Tahlan, K., Taguchi, T., Zhang, K., Lee, Z.Z,, et al. (2008) Crystal structures
of the Streptomyces coelicolor TetR-like protein actr alone and in complex with
actinorhodin or the actinorhodin biosynthetic precursor (s)-dnpa. J Mol Biol 376: 1377-
1387.

Willemse, J., Borst, JW., de Waal, E., Bisseling, T, and van Wezel, G.P. (2011) Positive
control of cell division: FtsZ is recruited by SsgB during sporulation of Streptomyces.
Genes Dev 25: 89-99.

Willey, J.M., and Gaskell, A.A. (2011) Morphogenetic signaling molecules of the
streptomycetes. Chem Rev 111: 174-187.

Willey, J.M., and van der Donk, W.A. (2007) Lantibiotics: Peptides of diverse structure and
function. Annu Rev Microbiol 61: 477-501.

Wolf, F,, Bauer, J.S., Bendel, T.M., Kulik, A., Kalinowski, J., et al. (2017a) Biosynthesis of the
beta-lactone proteasome inhibitors belactosin and cystargolide. Angew Chem Int Ed
Engl 56: 6665-6668.

Wolf, T., Droste, J., Gren, T, Ortseifen, V., Schneiker-Bekel, S,, et al. (2017b) The MalR
type regulator AcrC is a transcriptional repressor of acarbose biosynthetic genes in
Actinoplanes sp. Se50/110. BMC Genomics 18: 562.

Wolfender, J.L., Nuzillard, J.M., van der Hooft, J.J.J., Renault, J.H., and Bertrand, S. (2019)
Accelerating metabolite identification in natural product research: Toward an ideal
combination of liquid chromatography-high-resolution tandem mass spectrometry
and NMR profiling, in silico databases, and chemometrics. Anal Chem 91: 704-742.

Won, T.H,, You, M., Lee, S.H.,, Rho, B.J,, Oh, D.C., et al. (2014) Amino alcohols from the
ascidian pseudodistoma sp. Mar Drugs 12: 3754-3769.

Wood, M.J. (1996) The comparative efficacy and safety of teicoplanin and vancomycin. J
Antimicrob Chemother 37: 209-222.

Wray, L.V., Atkinson, M.R., and Fisher, S.H. (1991) Identification and cloning of the ginR
locus, which is required for transcription of the ginA gene in Streptomyces coelicolor
A3(2). J Bacteriol 173: 7351-7360.

Wright, G.D. (2014) Something old, something new: Revisiting natural products in antibiotic
drug discovery. Can J Microbiol 60: 147-154.

307



References

Wright, G.D. (2017) Opportunities for natural products in 21(st) century antibiotic discovery.
Nat Prod Rep 34: 694-701.

Wright, L.F,, and Hopwood, D.A. (1976) Identification of the antibiotic determined by the
SCP1 plasmid of Streptomyces coelicolor A3(2). J Gen Microbiol 95: 96-106.

Wu, C. (2016) Discovery of novel antibiotics from actinomycetes by integrated metabolomics
and genomic approaches. PhD thesis Leiden University.

Wu, C., Choi, Y.H., and van Wezel, G.P. (2016a) Metabolic profiling as a tool for prioritizing
antimicrobial compounds. J Ind Microbiol Biotechnol 43: 299-312.

Wu, C., Dy, C., Gubbens, J., Choi, Y.H., and van Wezel, G.P. (2015a) Metabolomics-driven
discovery of a prenylated isatin antibiotic produced by Streptomyces species MBT28.
J Nat Prod 78: 2355-2363.

Wu, C., Kim, H.K., van Wezel, G.P, and Choi, Y.H. (2015b) Metabolomics in the natural
products field-a gateway to novel antibiotics. Drug Discov Today Technol 13: 11-17.
Wu, C., Medema, M.H., Lakamp, R.M., Zhang, L., Dorrestein, P.C,, et al. (2016b) Leucanicidin
and endophenasides result from methyl-rhamnosylation by the same tailoring enzymes

in Kitasatospora sp. MBT66. ACS Chem Biol 11: 478-490.

Wu, C., van der Heul, H.U.,, Melnik, AV., Lubben, J., Dorrestein, P.C., et al. (2019)
Lugdunomycin, an angucycline-derived molecule with unprecedented chemical
architecture. Angew Chem Int Ed Engl 58: 2809-2814.

Xiao, X. (2020) Structural and functional analysis of proteins involved in natural product
biosynthesis and morphological differentiation in Streptomyces PhD thesis Leiden
University.

Xiao, X., Elsayed, S.S., Wu, C., van der Heul, H.U., Metsa-Ketela, M., et al. (2020) Functional
and structural insights into a novel promiscuous ketoreductase of the lugdunomycin
biosynthetic pathway. ACS Chem Biol: 2529-2538.

Xie, H.F, Kong, Y.S., Li, R.Z., Nothias, L.F,, Melnik, AV, et al. (2020) Feature-based molecular
networking analysis of the metabolites produced by in vitro solid-state fermentation
reveals pathways for the bioconversion of epigallocatechin gallate. J Agric Food Chem
68: 7995-8007.

Xie, P, Zeng, A., and Qin, Z. (2009) cmdABCDEF, a cluster of genes encoding membrane
proteins for differentiation and antibiotic production in Streptomyces coelicolor A3(2).
BMC Microbiol 9: 157.

Xu, F., Nazari, B., Moon, K., Bushin, L.B., and Seyedsayamdost, M.R. (2017) Discovery of a
cryptic antifungal compound from Streptomyces albus J1074 using high-throughput
elicitor screens. J Am Chem Soc 139: 9203-9212.

Xu, G., Wang, J., Wang, L., Tian, X,, Yang, H., et al. (2010) “Pseudo” gamma-butyrolactone
receptors respond to antibiotic signals to coordinate antibiotic biosynthesis. J Biol
Chem 285: 27440-27448.

Xu, Q., van Wezel, G.P, Chiu, H.J., Jaroszewski, L., Klock, H.E., et al. (2012) Structure of an
MmyB-like regulator from C. aurantiacus, member of a new transcription factor family
linked to antibiotic metabolism in actinomycetes. PLoS One 7: e413509.

Yadav, G., Gokhale, R.S., and Mohanty, D. (2003) Searchpks: A program for detection and
analysis of polyketide synthase domains. Nucleic Acids Res 31: 3654-3658.

Yamanaka, K., Oikawa, H., Ogawa, H.0., Hosono, K., Shinmachi, F, et al. (2005)
Desferrioxamine E produced by Streptomyces griseus stimulates growth and
development of Streptomyces tanashiensis. Microbiology 151: 2899-2905.

Yamanaka, K., Reynolds, K.A, Kersten, R.D., Ryan, K.S., Gonzalez, D.J., et al. (2014) Direct
cloning and refactoring of a silent lipopeptide biosynthetic gene cluster yields the
antibiotic taromycin A. Proc Natl Acad Sci U S A 111: 1957-1962.

308



References

Yan, X., Ge, H., Huang, T., Hindra, Yang, D., et al. (2016) Strain prioritization and genome
mining for enediyne natural products. mBio 7: e02104-02116.

Yang, R, Liu, X, Wen, Y., Song, Y., Chen, Z,, et al. (2015) The PhoP transcription factor
negatively regulates avermectin biosynthesis in Streptomyces avermitilis. Appl Microbiol
Biotechnol 99: 10547-10557.

Yang, Y.H., Joo, H.S,, Lee, K., Liou, KK, Lee, H.C,, et al. (2005) Novel method for detection
of butanolides in Streptomyces coelicolor culture broth, using a His-tagged receptor
(ScbR) and mass spectrometry. Appl Environ Microbiol 71: 5050-5055.

Yang, Y.H., Song, E., Kim, E.J,, Lee, K, Kim, W.S,, et al. (2009) Ndgr, an IcIR-like regulator
involved in amino-acid-dependent growth, quorum sensing, and antibiotic production
in Streptomyces coelicolor. Appl Microbiol Biotechnol 82: 501-511.

Yanisch-Perron, C., Vieira, J., and Messing, J. (1985) Improved M13 phage cloning vectors
and host strains: Nucleotide sequences of the M13mp18 and pUC19 vectors. Gene
33:103-119.

Yepes, A, Rico, S., Rodriguez-Garcia, A., Santamaria, R.1., and Diaz, M. (2011) Novel two-
component systems implied in antibiotic production in Streptomyces coelicolor. PLoS
One 6: €19980.

Yixizhuoma, Ishikawa, N., Abdelfattah, M.S., and Ishibashi, M. (2017) Elmenols C-h, new
angucycline derivatives isolated from a culture of Streptomyces sp. IFM 11490. J
Antibiot (Tokyo) 70: 601-606.

Yoon, SY., Lee, S.R, Hwang, J.Y., Benndorf, R., Beemelmanns, C., et al. (2019) Fridamycin A,
a microbial natural product, stimulates glucose uptake without inducing adipogenesis.
Nutrients 11: 765.

Yoon, V., and Nodwell, J.R. (2014) Activating secondary metabolism with stress and
chemicals. Journal of industrial microbiology & biotechnology 41: 415-424.

Yu, H., Yao, VY, Liu, Y., Jiao, R., Jiang, W., et al. (2007) A complex role of Amycolatopsis
mediterranei GInR in nitrogen metabolism and related antibiotics production. Arch
Microbiol 188: 89-96.

Yu, L., Gao, W., Li, S, Pan, Y., and Liu, G. (2016a) GntR family regulator SCO6256 is involved
in antibiotic production and conditionally regulates the transcription of myo-inositol
catabolic genes in Streptomyces coelicolor A3(2). Microbiology 162: 537-551.

Yu, L., Pan, Y., and Liu, G. (2016b) A regulatory gene SC02140 is involved in antibiotic
production and morphological differentiation of Streptomyces coelicolor A3(2). Curr
Microbiol 73: 196-201.

Yu, Z., Zhu, H., Dang, F., Zhang, W., Qin, Z,, et al. (2012) Differential regulation of antibiotic
biosynthesis by DraR-K, a novel two-component system in Streptomyces coelicolor.
Mol Microbiol 85: 535-556.

Yushchuk, O, Kharel, M., Ostash, |., and Ostash, B. (2019) Landomycin biosynthesis and its
regulation in Streptomyces. Appl Microbiol Biotechnol 103: 1659-1665.

Zarins-Tutt, J.S., Barberi, TT,, Gao, H., Mearns-Spragg, A., Zhang, L., et al. (2016) Prospecting
for new bacterial metabolites: A glossary of approaches for inducing, activating and
upregulating the biosynthesis of bacterial cryptic or silent natural products. Nat Prod
Rep 33:54-72.

Zdouc, M.M,, lorio, M., Vind, K., Simone, M., Serina, S,, et al. (2021) Effective approaches to
discover new microbial metabolites in a large strain library. J Ind Microbiol Biotechnol
48: kuab017.

Zerikly, M., and Challis, G.L. (2009) Strategies for the discovery of new natural products by
genome mining. Chembiochem 10: 625-6383.

309



References

Zhang, H., Wang, H., Wang, Y., Cui, H., Xie, Z,, et al. (2012) Genomic sequence-based
discovery of novel angucyclinone antibiotics from marine Streptomyces sp. W007.
FEMS Microbiol Lett 332: 105-112.

Zhang, H., Xie, Z., Lou, T, and Jiang, P. (2015a) Isolation, identification, and cytotoxicity of
a new isobenzofuran derivative from marine Streptomyces sp. W0Q7. Chinese Journal
of Oceanology and Limnology 34: 386—-390

Zhang, J., Sun, Y, Wang, Y., Chen, X, Xue, L., et al. (2021) Genome mining of novel
rubiginones from Streptomyces sp. CB02414 and characterization of the post-PKS
modification steps in rubiginone biosynthesis. Microb Cell Fact 20: 192.

Zhang, M.M., Wong, FT,, Wang, Y., Luo, S., Lim, Y.H., et al. (2017a) Crispr-cas9 strategy
for activation of silent Streptomyces biosynthetic gene clusters. Nat Chem Biol 13:
607-609.

Zhang, P, Zhao, Z,, Li, H., Chen, X.L., Deng, Z., et al. (2015b) Production of the antibiotic
FR-008/candicidin in Streptomyces sp. FR-008 is co-regulated by two regulators, FscRI
and FscRIV, from different transcription factor families. Microbiology 161: 539-552.

Zhang, Q, Chen, Q. Zhuang, S., Chen, Z., Wen, Y, et al. (2015¢) A MarR family transcriptional
regulator, dptr3, activates daptomycin biosynthesis and morphological differentiation
in Streptomyces roseosporus. Appl Environ Microbiol 81: 3753-3765.

Zhang, S., Yang, Q. Guo, L., Zhang, Y., Feng, L., et al. (2017b) Isolation, structure elucidation
and racemization of (+)- and (-)-pratensilins A-C: Unprecedented spiro indolinone-
naphthofuran alkaloids from a marine Streptomyces sp. Chem Commun (Camb) 53:
10066-10069.

Zhang, X.,Chen, Z,, Li, M., Wen, Y., Song, Y,, et al. (2006) Construction of ivermectin producer
by domain swaps of avermectin polyketide synthase in Streptomyces avermitilis. Appl
Microbiol Biotechnol 72: 986-994.

Zheng, J.T,, Wang, S.L., and Yang, K.Q. (2007) Engineering a regulatory region of jadomycin
gene cluster to improve jadomycin B production in Streptomyces venezuelae. Appl
Microbiol Biotechnol 76: 883-888.

Zhu, H., Sandiford, S.K., and van Wezel, G.P. (2014a) Triggers and cues that activate antibiotic
production by actinomycetes. Journal of industrial microbiology & biotechnology 41:
371-386.

Zhu, H., Swierstra, J., Wu, C., Girard, G., Choi, Y.H., et al. (2014b) Eliciting antibiotics active
against the ESKAPE pathogens in a collection of actinomycetes isolated from mountain
soils. Microbiology 160: 1714-1725.

Zhu, J., Sun, D., Liu, W,, Chen, Z., Li, J,, et al. (2016) AvaR2, a pseudo gamma-butyrolactone
receptor homologue from Streptomyces avermitilis, is a pleiotropic repressor of
avermectin and avenolide biosynthesis and cell growth. Mol Microbiol 102: 562-578.

Ziemert, N, Alanjary, M., and Weber, T. (2016) The evolution of genome mining in microbes
- areview. Nat Prod Rep 33: 988-1005.

Zou, Z.,Du, D, Zhang, Y., Zhang, J., Niu, G, et al. (2014) A gamma-butyrolactone-sensing
activator/repressor, JadR3, controls a regulatory mini-network for jadomycin
biosynthesis. Mol Microbiol 94: 490-505.

310



References

31



Curriculum Vitae



Curriculum Vitae

CURRICULUM VITAE

Hendrikje Ursusla (Helga) van der Heul was born in Schiedam, the Netherlands on
the 6! of November 1990. In 2009 she attained her pre-university degree with the
“Nature and Health” profile from the Groen van Prinsterer Lyceum in Vlaardingen.
In that same year she started the study Biology and Medical Laboratory Research
at the Hogeschool Rotterdam, and graduated with a BSc degree, cum laude, in
2012. During this period, she completed her first internship at the department of
Microbiology and Infectious Diseases at the Erasmus MC on the detection of beta-
lactamases in Klebsiella pneumoniae, under the joint supervision of Marianne ten
Kate and dr. Wil Goessens. Her second bachelor internship, also at the Erasmus
MC, was led by dr. Kees Vink and focused on antigenic variation in Mycoplasma
pneumoniae.

In 2012 she started the master’s study Molecular and Cellular Biology at Leiden
University where she studied the ferritins of Clostridium difficile as part of an
internship supervised by dr. Wiep Klaas Smits at the Leiden University Medical
Center (LUMC). This was followed by an internship at the Institute of Biology (IBL)
at Leiden University on the cell division protein SsgB from Streptomyces coelicolor,
supervised by prof. Gilles van Wezel and dr. Joost Willemse. After receiving her
MSc degree in Biology in 2014, she continued to work in the same group as
research assistant. In this period, she spent two months at Naicons (Milan, Italy),
a biotech company specialised in the discovery of novel bioactive compounds.
Her work at the company was supervised by dr. Margherita Sosio.

In 2016 she started her PhD under the supervision of prof. Gilles van Wezel and dr.
Somayah Elsayed as co-promotor. She worked on the regulation and biosynthesis
of lugdunomycin production in Streptomyces sp. QL37, which is presented in this
thesis. During her PhD study she participated in several Dutch and international
conferences and presented at CHAINS 2018 in Veldhoven and at the Conference of
Genetics of Industrial Microorganisms (GIM 2019) in Pisa, Italy. In 2021 she started
working as lab manager and researcher in the group of prof. Gilles van Wezel.

313



Publications



Publications

PUBLICATIONS

van der Heul, H.U,, Bilyk, B.L., McDowall, K.J., Seipke, R.F., and van Wezel, G.P.
(2018) Regulation of antibiotic production in Actinobacteria: New perspectives
from the post-genomic era. Nat Prod Rep 35: 575-604.

Wu, C., van der Heul, H.U., Melnik, AV, Lubben, J., Dorrestein, P.C., Minnaard, A.J.,
Choi, Y. H., Wezel, G.P. (2019) Lugdunomycin, an angucycline-derived molecule with
unprecedented chemical architecture. Angew Chem Int Ed Engl 58: 2809-2814.

Uiterweerd, M.T,, Nufiez-Santiago, |., van der Heul, H.U., Wezel, G.P., Minnaard, A.J.
(2020) Iso-maleimycin, a constitutional isomer of maleimycin, from Streptomyces
sp. QL37. Eur. J. Org. Chem. 2020: 5145-5152.

Xiao, X., Elsayed, S.S., Wu, C., van der Heul, H.U., Metsa-Ketela, Du, C., Prota, A.E,,
Chen, C.-C., Liu, W., Guo, R-T,, Abrahams, J.P, van Wezel, G.P. (2020) Functional and
structural insights into a novel promiscuous ketoreductase of the lugdunomycin
biosynthetic pathway. ACS Chem Biol. 15: 2529-2538

315






