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Abstract

Bacterial resistance to antibiotics drives the need for incessant research efforts to discover
substitutes for ineffective antibiotics. Soil-dwelling Myxobacteria and Actinobacteria provide
many biologically active natural products that can be developed into new treatment options. In
postgenomic era, the natural product discovery is often based on the genome mining approach
combined with genetic engineering used also in this work. This thesis presents two novel natural
products, myxopentacin and myxoglucamide, produced by Cystobacterineae sp. MCy9003, a
representative of a novel myxobacterial genus. The nonribosomal peptide myxopentacin
features rare cispentacin and pseudoarginine moieties, incorporated by a unique assembly
mechanism. The glycolipopeptide myxoglucamide contains an unusual vinyl moiety and its
biosynthesis involves multiple biochemical transfomations. In addition, this thesis describes the
identification of the biosynthetic gene cluster in Streptomyces hagronensis, responsible for the
production of the known antibiotic globomycin, a signal peptidase Il inhibitor. Furthermore,
the genome of the antibiotic fidaxomicin producer Actinoplanes deccanensis was genetically
engineered to acquire desired shunt products for further semi-synthesis. Finally, the
biosynthetic pathway of the atypical tetracycline chelocardin, regarding cyclization and C6-
methylation, was characterized via gene knockout and site-directed mutagenesis in

Amycolatopsis sulphurea.
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Zusammenfassung

Aufgrund der zunehmenden Resistenz von Bakterien gegen die bekannten Antibiotika, besteht
ein standiger Bedarf an neuen Wirkstoffen. Im Boden lebende Mikroorganismen wie
Myxobakterien und Actinobakterien produzieren viele biologisch aktive Naturstoffe, die zu
neuen Behandlungsoptionen entwickelt werden kénnen. Um dieser Problematik entgegen
zuwirken, wurde in dieser Arbeit der "genome-mining" Ansatz in Kombination mit
gentechnischer Manipulationen von Cystobacterineae sp. MCy9003, einem Vertreter einer
neuartigen myxobakteriellen Gattung, verwendet. Das nichtribosomale Peptid Myxopentacin
mit den seltenen Cispentacin- und Pseudoarginin-Einheiten, weist einen einzigartigen
Assemblierungsmechanismus auf. Das Lipoglykopeptide Myxoglucamid enthélt eine
ungewdhnliche Vinyleinheit und die Biosynthese umfasst viele biochemische Prozesse. .
Zusatzlich wurde in dieser Arbeit der Biosyntheseweg des bekannten Antibiotikums
Globomycin, ein Signalpeptidase Il-Inhibitor, nach Identifizierung des entsprechenden
Biosynthesegenclusters in Streptomyces hagronensis analysiert. Dartber hinaus wurde das
Genom des Fidaxomicin-Produzenten Actinoplanes deccanensis gentechnisch verandert, um
spezielle Shunt-Produkte flr weitere semisynthetische Studien zu erhalten. Des weiteren wurde
der Biosyntheseweg des atypischen Tetracyclin Antibiotikums Chelocardin hinsichtlich

Zyklisierung und C6-Methylierung in Amycolatopsis sulphurea charakterisiert.



Vil

Vorveroffentlichungen der Dissertation

Teile dieser Arbeit wurden vorab mit Genehmigung der Naturwissenschaftlich-Technischen
Fakultat I11, vertreten durch den Mentor der Arbeit, in folgenden Beitrdgen verdffentlicht oder

sind derzeit in Vorbereitung zur Veroffentlichung:

Publications

Olatunji, S.; Yu, X.; Bailey, J.; Huang, C-Y.; Zapotoczna, M.; Bowen, K.; Rem$kar, M.;
Mdiller, R.; Scanlan, EM.; Geoghegan, JA.; Olieric, V.; Caffrey, M. Structures of lipoprotein
signal peptidase Il from Staphylococcus aureus complexed with antibiotics globomycin and

myxovirescin. Nature Communications, 2020; 11:140.

Remskar, M.*; Popoff, A.*; Garcia, R.; Muller, R. Genome mining in a novel myxobacterium
Cystobacterineae sp. MCy9003 reveals two novel natural products myxopentacin and

myxoglucamide with rare structural features, to be published

Lukezi¢, T.*; Rem$kar, M.*; Slemc, L.; Gro8, S.; Bader, CD.; Sala, M.; Santos Beneit, F.;
Miiller, R.; Petkovi¢, H. Biosynthesis of atypical tetracyclines: Characterization of early steps
in chelocardin biosynthetic pathway, to be published

Kiefer, A.; Rem$kar, M.; Rox, K.; Miller, R.; Hirsch, A.* The biosynthesis of globomycin and
total synthesis of its derivatives with enhanced biological activities, to be published

Dorst, A.; Remskar, M.; Miller, R.; Gademann, K.* Novel semisynthetic derivatives of

fidaxomicin, to be published
*these authors contributed equally; * a complete set of authors is not yet known
Other publication

Hug, JJ.; Bader, CD.; Rems$kar, M.; Cirnski, K.; Miller R. Concepts and Methods to Access
Novel Antibiotics from Actinomycetes. Review. Antibiotics (Basel) 2018, 7(2), 44.

Patent

Gene cluster for the biosynthetic production of tetracycline compounds in a heterologous host
Miiller, R.; Lukezi¢, T.; Rem8kar, M.; Zaburannyi, N.; Bader, C.; Sikandar, A.; Kohnke, J.
2019. Publication number: W02019122400



Vil

Conference Contributions (Posters and Oral Presentations)

M. Remskar. Genetic Manipulation Strategies to Uncover Natural Products from Novel
Myxobacteria. Oral Presentation, V1. Symposium of the Interdisciplinary Graduate School of

Natural Products Research, 2017: Saarbriicken, Germany.

M. Rems$kar, R. Muller. Genetic Manipulation Strategies to Uncover Natural Products from
Novel Myxobacteria. Poster Presentation, International VAAM-Workshop 2017: Tibingen,
Germany.

A. Popoff, M. Remskar, J. Birkelbach, R. Garcia, R. Mller. Genome mining revealed a new
myxobacterial glycolipopeptide containing non-proteinogenic amino acids. Poster

Presentation, 9" International HIPS Symposium, 2019: Saarbriicken, Germany.



L INErOAUCTION ... 1
I\ (0] =1 I o] (0T (1T £ USSR 1
1.2 Actinobacteria as producers of natural Products ...........cccceveieiieeie s 3
1.3 Myxobacteria as producers of natural ProduCtS............ccccovereiieiieie e 6
1.4 Biosynthesis of Natural PrOdUCES............ooiiiiiiiiieee e 10

1.4.1 NoNribDOSOMAl PEPLIAES .....c.eeviiiiiiiiiiiiiee e 13
1.4.2 Polyketide synthase type | as exemplified by tiacumicin B biosynthesis................ 15

1.4.2.1 Tailoring reactions in PKS type | biosynthesis on the example of fidaxomicin18

LA TYPE T PKS oo 20
1.4.4 Ribosomally synthesized and post-translationally modified peptides...................... 22
1.5 Genome mining of ‘silent’ biosynthetic gene ClUSters ...........cooevvrieiiiiiiiciieieneeen, 23
1.6 Outline of the PreSENt WOTK ........c.ccviiiiiicec e 25

2 Connecting BGCs to their products: Cystobacterineae sp.

MECYO003.... e 28
2.1 INEFOUUCTION ..ttt bbbttt nb bbbt 28
2.2 Materials and METNOGS. ........cooiiiiieie e 30

2.2.1 Cultivation of MCy9003 and other myxobacteria used in this study ...................... 30

2.2.2 Construction of plasmids for activation or inactivation of selected biosynthetic genes

........................................................................................................................................... 31
2.2.3 Transformation 0f MCyY9003 ..........cooiiiiiiii e 32
2.2.4 Verification of transformants and their preservation ............ccoccevevevenenisisieiennn, 32
2.2.5 Extraction and LC-MS analysis of myxobacterial crude extracts............cc.ccoevevenen. 33
2.3 RESUIES aNd JISCUSSTON ......eviiiiiieieeite st bbbt 33
2.3.1 Known BGCs from MCY003 .........c.ooiiiiiiiieieieniesie st 33
2.3.2 GENOME MINING SLFALEQY ..e.vvevveirieiieeie et e e e e sre e re et e e e e sreeneeareenneens 33
2.3.3 Discovery Of MYXOPENTACINS. ......cciverueiierieerieeeeseesieeiesee e eseesreesteseesreesreensesseenseens 36

2.3.4 Biosynthesis Of MYXOPENTACINS. ......cc.eiuiiieieiieiieie et 39



2.3.4.1 The biosynthesis of Cispentacin MOIELY .........cccccueviieiiiieiieere e, 42
2.3.4.2 The biosynthesis of pseudoargining MOIELY ..........cccuveieieieiereniseeeeeiees 44
2.3.4.3 The assembly of MYyXOPENtaCINS .........ccceruiiieieiie i 46
2.3.4.4 The gene cluster borders of MyXopentacin ..........cccccevveereenienie e 48
2.3.5 Other myxobacterial strains harbour parts of MXP gene cluster.............cccccoeeenen. 49
2.3.6 Potential biological activity of myX0opentacins............ccocvvvvrieeieienineniniseeeee, 52
2.3.7 Discovery of MyXOgIUCAMITES..........cccoiiiiiiiieieriesie e 53
2.3.8 Biosynthesis of MyXogIUCAMIES. ..........cccouiiiieierieie e 55
2.3.8.1 The 0-VINY] GrOUP...veeivieieiiecieee ettt sae e sre e ste e sneesae e 58
2.3.9 Other genes encoded in the myxoglucamide BGC ..........cccccoeiveviiveiieieeic e, 60
2.3.10 The myxoglucamide biological aCtiVity..........c.cccccveveiieiiieccce e, 60
2.3.11 Alternative producers of myxoglucamide...........ccccooevveviiieiicne e, 61
2.4 CONCIUSION ...ttt b ettt bbbt ben e 61
2.5 Supplementary INfOrMation .............ccooveii e 63

3 Characterization of the biosynthesis of the antibiotic globomycin

aCtive againSt LSPA ... .ottt 72
.1 INEFOAUCTION ..ottt bbb 72
3.2. Materials and MEtNOGS ..........cceiiiiiieiiree e 73

3.2.1 Cultivation of Streptomyces hagronensis .........cccccveiiieiie e 73
3.2.2 Extraction and quantification of globomycCin............ccoceviiiiiiiin, 74
3.2.3 G1obomYCIN PUITICALION ....c.eeiiiiiiiieeee s 74
3.2.4 Sequencing of S. hagronensis genome and assembly of globomycin BGC............. 75
3.2.5 Conjugation Of S. NAGIONENSIS .......cciiirieieie e 75
3.2.6 Construction of plasmids for genetic manipulation of S. hagronensis..................... 76
3.2.7 Disruption and overexpression of globomycin biosynthetic genes ..........c.cccceevenee. 76
3.3 RESUILS AN QISCUSSTON ......veeieiiieie sttt 77

3.3.1 Analysis of globomycin biosynthetic gene Cluster ..., 77



3.3.1.1 The core globomycin structure and its biosynthesis ..........cccccccvvvvveiveceiienenn, 79
3.3.1.2 The origin of building block L-allo-isoleucine and L-allo-threonine................ 83
3.3.1.3 The signal peptidase Il ... 83
3.3.1.4 Other genes encoded in the globomycin biosynthetic gene cluster................... 84
3.3.1.5 GeNe CIUSTEr DOIMAEIS ...t 85
3.3.2 Yield Improvement attempPLS.........cooiiieieieieiesesie e 85
3.4 CONCIUSIONS ...ttt bbbttt nb bbbt 87
3.5 Supplementary INfOrMatioN ... 88
4 Fidaxomicin: Creating a platform for semi-synthesis................. 92
A1 INTFOAUCTION .. bbbt b et b et be e ne e 92
4.2. Materials and MELNOAS. .........cviiiiii e 94
4.2.1 Cultivation of Actinoplanes deCCaneNSIS .........cceiveveeieiieeieere e 94
4.2.1.1 Cultivation of Actinoplanes deccanensis AfdxG1 mutant.............c...cccceeveennen. 95
4.2.2 Extraction of fidaxomicin and shunt products.............c.ccccevveieiieii v 95
4.2.3 Quantification of fidaXOmMICIN.........c.ccviiiiiii e 96
4.2.4 Sequencing of A. decCanensis GENOME .......ccviveiieieeieiee e 96
4.2.5 Construction of plasmids for genetic manipulation of A. deccanensis.................... 96
4.2.6 Conjugation of mycelium Actinoplanes deccanensis ...........cccccoevveveiiesiesiesneennn 97
4.2.7 Genetic modification of glycosyltransferases...........ccoovvveiiieienie e, 98
4.3 RESUILS aN0 TISCUSSION ...ttt sttt bbbt 98
4.3.1 Fermentation and data analySiS...........ccooeriiiiniiiiee e 98
4.3.2 Biosynthetic gene cluster of fidaxXxomiCin ...........ccooviiiiiiiiiiei e 99
4.3.3 Glycosyltransferase-deficient Actinoplanes deccanensis ..........ccoccevcvererieesvereenne 100
4.3.3.1 Fermentation of A. deccanensis AfAXGL ..........ccocvviiriiiiien e 101
4.3.3.2 Fermentation of A. deccanensis AfdXG2 ..........ccccoviiiiiieiiicneseeeeeee 102
4.3.3.3 Fermentation of A. deccanensis AfAXGLATAXG2.........ccccoeveiiiininiiniicieiee, 103

A CONCIUSIONS ettt 104



Xl

4.5 Supplementary iNfOrMAation ............cccvoiiiii i 105

5 Biosynthetic engineering of enzymes involved in chelocardin

biosynthesis: Cyclization and C6 methylation reactions............. 108
5.1 INEFOAUCTION ...ttt 108
5.2 Materials and MEtNOGS. .........ooveiiiiiiei e 110

5.2.1 Bacterial strains used in this STUAY ...........cceiiiiiiiiiii e, 110
5.2.2 Media and cultivation conditions for A. sulphurea............ccccooeniiininicieen, 110
5.2.3 Competent cell preparation and transformation of Amycolatopsis species............ 111
5.2.4 Sequencing of genomMiC DINA ..ot 111
5.2.5 Construction of plasmids for genetic manipulation of A. sulphurea ..................... 111
5.2.6 Genetic engineering of A. SUIPNUIEa...........coviiiiiiiiii e, 112

5.2.6.1 chdQI and chdMI gene disruption in A. sulphurea ............ccccocviiiiinienenen, 112

5.2.6.2 Site-directed mutagenesis of chdQl, chdQII, chdY and chdX in A. sulphurea 113

5.2.6.3 “In trans” expression of chdQI, chdQI-R72A and chdQI-R220A genes in A.
sulphurea AChAQI .......cviiiieie et 114

5.2.6.4 “In trans” expression of wild-type chdQl, chdQIl, chdY, chdOll-chdY and chdX

genes in A. sulphurea engineered Strains ...........cccceveieieneninieee e 114

5.2.6.5 Heterologous expression of oxyK, oxyN, oxyl and oxyDP in engineered strains of

AL SUIPNUIEA ... 115
5.2.7 Extraction, isolation and quantification of CHD and derivatives................cc........ 115
5.2.7.1 Isolation of CHD-369 shunt product...........cccceevveiieiiieiie e 116
5.2.7.2 Isolation of CHD-398 shunt product...........ccccevuveiiiiiieiie e 116

5.3 RESUILS aNd QISCUSSTON ...ttt 117
5.3.1 Chelocardin biosynthetic gene CIUSEEr ..........ccoviiiiiiiciie e 117
5.3.2 Revised biosynthesis Of CHD ... 117

5.3.3 Study of the enzymes presumably involved in the cyclization of the CHD backbone



5.3.3.2 Cyclization of the SECON FiNG......cccveiiiieiiee e 123
5.3.3.3 Cyclization of the fourth ring ..........cccceieiiiiiiiiee e, 126

5.3.4 Evaluation of the selected approaches for characterization of enzymes presumably

involved in cyclization of CHD backbone...........ccccooviiiiiiii e, 129
5.3.5 6-0eSMELNYI-CHDS ......cooiiiiiiee e 129

5.4 CONCIUSION ...ttt bbbttt et r e 130
5.5 Supplementary INfOrMation ............ccooiiiieii i 132
B DISCUSSION ..vvevieieieeiieciie ettt 141
6.1 The discovered natural product as a platform for further modification........................ 141

6.2 Genetic manipulation and gene tools for new myxobacteria and actinobacteria species

............................................................................................................................................ 143
6.3 Genome mining as a source of new natural products in myxobacteria........................ 144
6.3.1 The biological aCtiVity @SPECL .........ccceeiiiiiiiiiieie e 145
6.3.2 Genome mining in MCY9003 ..ot 146
6.4 The natural product biosynthesis: Unanswered qUESLIONS............ccevverveereerieseerneneennes 152
6.4.1 The a-vinyl moiety in myxoglucamide...........cccccoveriiiiiniiiie e, 152
6.4.2 The oxygenases in myxoglucamide BGC..........ccocoviiiiininiiiienene e, 153
6.4.3 Condensation domain diversity in myxoglucamide BGC ...........ccccociiiiniiienen, 155
6.4.4 An iterative NRPS in myxopentacin bioSynthesis? ...........ccooevvniniieneniniciee, 157
6.5 Yield improvement of microbial NPS...........ccccoiiiiiiiiiiie e 160
6.5.1 Media OPtIMIZALION .......eoiiiiiec et ae e e 160
6.5.2 Strain IMPIOVEMENT.......iiiiiiiie it re et re e ra e e e beearee s 161

6.5.3 Media selection rationalization for cultivation of myxobacterium MCy9003 and

1o (] 010 o L= T (=] G- TR T TR TR T TR TR T TR TR T TR 162

7 Conclusion and QULIOOK ..........ooveeee ettt 163

B R O BINICES ... e ettt 165






Introduction | 1

1 Introduction

1.1 Natural products

Natural products (NPs) are defined as “chemical compounds or substances produced by a living
organism found in nature” [1]. Secondary metabolites, on the other hand, are “organic
compounds that are not directly involved in the normal growth, development, or reproduction
of an organism and unlike primary metabolites, absence of secondary metabolites does not
result in immediate death, but rather in long-term impairment of the organism's survivability,
fecundity, or aesthetics, or perhaps in no significant change at all” [2]. They can be found in
plants, fungi, bacteria and animals to improve their chances for survival [3]. Throughout the
ages, humans relied on Nature not only for their basic needs but also for medicines. Plants were
the basis for the establishment of traditional medicine that is still used after thousands of years,
in some less developed countries as primary health care [4]. First records of NPs as medicines,
written on clay tablets in cuneiform, originate from Mesopotamia from about 2600 BCE. They
were used before mainly as complex extracts, without knowing the structure of a biologically
active compound or its mode of action, but only had the potential to be characterized later on
with the observation of a penicillin-producing microorganism in 1928 by Sir Alexander
Fleming [5]. Penicillin was the first known antibiotic produced by a living organism —
Penicillium notatum, a species of fungus in the genus Penicillium. It took up until 1941 that it
was produced in high enough amounts to be tested in humans. In 1942, penicillin was available
for patient treatment [5]. After successful large scale production of penicillin during World War
I1, the pharmaceutical companies focused their programs on the discovery of new antibiotics
[6]. Other than fungi, bacteria turned out to be a gold mine of natural products. Isolation of
gramicidin from the soil bacterium Bacillus brevis in 1939 launched further discoveries of
actinomycin (1940), streptothricin (1942) and first aminoglycoside streptomycin (1943) [7]
from Streptomyces species [8]. Additional discoveries of gentamicin, tetracycline and other
antibiotics motivated the industry for research and development programs for NP discovery [6].
Streptomycin underwent clinical trials, was approved as anti-tuberculosis agent in 1948 [9] and
is the first FDA-approved NP of bacterial origin [10]. In next 40 years, more than 20 structural
classes of new antimicrobial agents were discovered [11] (Figure 1). Chemical modifications
of NPs are sometimes necessary to achieve desirable properties. For instance, the precursor-
feeding during the fermentation of a penicillin-producing strain yielded an acid-stable
derivative, penicillin V, that could be administered orally unlike intravenously administered
penicillin G [7, 12].
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Tetracyclines

* Macrolides
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Figure 1. Structural families of NPs with antibacterial properties introduced into clinical trials over time.
The figure was taken from the publication by Song in 2012 [13].

At first very successful NP discovery became hindered by the rediscovery of known compounds
[14]. The classical NP discovery was as well labor-intensive and developments such as
automated high throughput screening (HTS) programs and combinatorial chemistry approach
promised improvements and new chances for NP discovery. However, NP research programs
could not keep up with demands for the number of brand new natural products, so large
pharmaceutical companies decided to close their programs in the 1990s and early 2000s [6]. By
the end of 2013, over one-fifth (21 %) of all FDA-approved new molecular entities (NMES)
represented not only unmodified NPs (7.5 %) but also semisynthetic derivatives (9.6 %) and
synthetic structures derived from a NP (4 %) [10]. The current data show that 53 % of all NMEs
are NPs isolated from plants, bacteria, fungi, marine organisms, non-mammalian species [10].
However, many compounds isolated from marine organisms, such as sponges, are actually
produced by symbiotic bacteria [15, 16]. Recently, the insect microbiome was shown to hold
promise for discovery of novel antimicrobial NPs [17]. Up to 2016, out of all antibacterial
agents 69 % originated from NPs, with 97 % isolated or derived from microbes [10]. However,
usage of bacterial products to fight against them forces bacteria in turn to find new ways of
survival. Bacteria as single-celled microorganisms mutate fast and somehow like in an enforced
evolution process can take up resistance genes through horizontal gene transfer (HGT) from the
environment [18]. For that reason, we are battling with antibiotic resistance that was first
reported in 1948 during clinical trials for streptomycin-resistant Mycobacterium tuberculosis
[19]. The search of new NPs is therefore focused on discovery of anti-infectives of new
structural classes [20]. In a best-case scenario these would be compounds that bacteria cannot

develop resistance against. In addition, new medicines may be derived from “rediscovered
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compounds”, i.e. NPs found in past but never followed up because the antibiotic with the similar
biological activities were already on the market. However, the target microorganisms causing
infective diseases, not responding anymore to the available treatments due to antimicrobial
resistance (AMR), are monitored from May 2015 on by the new Global Antimicrobial
Surveillance System (GLASS) that implemented standardized AMR surveillance globally [21,
22]. The survey prioritizes Salmonella spp., Staphylococcus aureus, Neisseria gonorrhoeae for
research and development of new and effective antibiotic treatment, while Acinetobacter
baumanii, Escherichia coli and Klebsiella pneumoniae present critical, and Shigella spp. as
well as Streptococcus pneumoniae medium priority [21, 22]. Even after many decades of
exploitation of bacteria as a source of NPs, novel bacterial genera are continuously being
isolated, offering yet unexplored possibilities for discovery of NPs [23]. The important NP

sources, actinobacteria and myxobacteria, are described in more detail below.
1.2 Actinobacteria as producers of natural products

The class of actinobacteria consists of Gram-positive, aerobic filamentous bacteria with high
content of GC base pairs observed in their genomes. They are found in alkaline to neutral soils
[24], fresh water or marine environment [25], depending on the amount of oxygen in the given
environment. They all produce the volatile secondary metabolite geosmin, giving soil its
characteristic odor. About 45 % of all bioactive microbial metabolites discovered originate from
Actinobacteria [25]. The most abundantly represented is the genus Streptomyces, belonging to
the order Streptomycetales [26]. Over 500 Streptomyces species are characterized to date since
they proved to be of industrial importance as producers of broad spectrum of secondary
metabolites [24]. Structural classes are divided into aminoglycosides (e.g. kanamycin), peptides
(e.g. actinomycin D), glycolipids (e.g. bleomycin), -lactams (e.g. clavulanic acid), nucleosides
(e.g. nikkomycin) and polyketides divided further into macrolides (e.g. rapamycin),
tetracyclines (oxytetracycline, chelocardin), polyethers (e.g. monensin), polyene macrolides
(e.g. nystatin), anthracyclines (e.g. doxorubicin), just to name a few [27]. Streptomycetes
provide not only antibacterial but also antifungal, antiparasitic, anticancer, antiviral,
immunosuppressive drugs [27]. Examples are presented in Figure 2. Interactions of
Streptomyces with other bacteria are poorly understood. As soil, their main habitat, is densely
populated by other bacteria, fungi, nematodes [28], there is lots of competition for nutrients.
The production of secondary metabolites harmful for competitors gives Streptomycetes an

advantage to successfully finish their development cycle with drought-resistant spores [24].
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Figure 2. Selected actinobacterial NPs

Bacteria are classified into genera based on phenotypic (morphology, physiology,
biochemistry) and genotypic traits (e.g. sequence analysis for 16S rRNA) [27]. Three well-
classified actinobacterial NP-producing strains (Table 1), each representing a different order,
are used in the scope of this thesis. Globomycin producer Streptomyces hagronensis belongs to
the large family of Streptomycetaceae. Classified into the class of Actinobacteria, with 14
bacterial orders with a number of genera, are also fidaxomicin and chelocardin producers.
Fidaxomicin producer Actinoplanes deccanensis [29] is a member of genus Actinoplanes.
Genus Actinoplanes differs slightly from Streptomyces, since it produces true mycelium and
forms spores that stay inside sporangia [24]. However, genus Amycolatopsis was once part of
Streptomyces genus but got separated in 1986, since its species lack mycolic acid in their cell
wall [30, 31]. Well-known members of the Amycolatopsis genus are A. orientalis and A.

sulphurea, producers of vancomycin and chelocardin [32], respectively.

The development cycle of Streptomyces resembles that of filamentous fungi. They both grown
as branching hyphae, form vegetative mycelium, and propagate through spores, which are
formed in specialized breeding structures called aerial hyphae [33]. Both streptomycetes and
fungi mostly live as saprophytes in the soil and are adapted to similar ecological niches,

although Streptomyces spp. additionally inhabit a wide range of terrestrial and aquatic niches,
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and some strains are plant and animal pathogens [33]. Production of diverse secondary
metabolites, antibiotics, and other bioactive molecules, is coordinated with the Streptomyces

developmental program [33].

Table 1. Classification of three Actinobacteria species according to Madigan et al. [24]

Kingdom  Bacteria Bacteria Bacteria

Phylum Actinobacteria Actinobacteria Actinobacteria

Class Actinobacteria Actinobacteria Actinobacteria

Order Streptomycetales Micromonosporales Pseudonocardinales
Family Streptomycetaceae Micromonosporaceae Pseudonocardiaceae
Genus Streptomyces Actinoplanes Amycolatopsis

Species Streptomyces hagronensis Actinoplanes deccanensis Amycolatopsis sulphurea

When a typical Streptomyces spore encounters favorable conditions with sufficient nutrients, it
germinates; germ tubes emerge and grow to form hyphae [33] of 0.5-2.0 pm in diameter [24]
(Figure 3). These germ tubes grow by tip extension [24] and branch to form a vegetative
mycelium, often anchoring deep into the surrounding substrate [33]. The vegetative phase

consists of a complex intertwined matrix, resulting in compact mycelium [24].
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Figure 3. The developmental life cycle of Streptomyces coelicolor. Spore swells during germination, germ tube
sprouts develop into hyphae. The hyphae extend and branch into vegetative mycelium that grows into and out of
the surface and forms a vegetative colony. Upon depletion of nutrients, air hyphae grow and differentiate into a
long chain of prespore compartments, which develop thick spore wall, synthesize a grey spore pigment and develop
other characteristics of mature spores. Dormant spores are a means for dispersal of the organism in the
environment, and can germinate, when suitable conditions are met [33]. The figure was taken from the publication
by Flardh et al. in 2009 [33].

Nutrient depletion and other signals initiate the production of secondary metabolites and

morphological differentiation. Aerial hyphae must break the surface tension to grow into the
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air. The aerial hyphae become divided by a developmentally controlled form of cell division
into long chains of prespore compartments, which then thicken into spore walls. Mature spores
synthesize a grey spore pigment and acquire other characteristics, such as hydrophobic surface
of spore wall and relative drought-tolerance due to the abundance of trehalose [27, 34]. The
optimal growth temperature for most species is 25-35 °C with some thermophilic and
psychrophilic exceptions. The optimum pH for growth is between 6.5 and 8.0 [27].

For decades, it was seen as typical that one bacterial species apparently produces mainly one
NP; only in some cases of better studied species more NPs were found. Growth conditions play
a pivotal role for the expression of secondary metabolites. Therefore the so-called OSMAC
approach (One Strain-MAny Compounds) [35] is being widely used and is providing new
compound discoveries until today. However, the first whole-genome sequence of the model
microorganism Streptomyces coelicolor A3(2) [36] published in 2002, changed the course of
an entire research field and the genome era began. Since then it became increasingly evident
how little was actually known even about intensely studied strains in terms of secondary

metabolism.
1.3 Myxobacteria as producers of natural products

A gram of soil can contain 10° bacteria, 10° fungi, 102 protozoa, 10? nematodes, as well as
annelids and arthropods [28]. It should not be a surprise that there are bacterial species, other
than Actinobacteria, fighting for everyday survival with the help of secreted NPs. Recently, it
was established that bacteria with genomes bigger than 8 Mb most probably contain
biosynthetic gene clusters (BGCs) for secondary metabolites [37]. BGCs were in fact detected
in members of the Firmicutes, containing classes of Bacillus and Clostridia, S-proteobacteria,
y-proteobacteria and J-proteobacteria [37]. The Gram-negative rod-shaped J-proteobacteria,
myxobacteria (Myxococcales), with the largest bacterial genomes from 9 to 14.8 Mb [38] and
high GC base pair content 67-72 % [39], were initially recognized due to their complex life-
cycle, and “social behaviour” first reported in 1962 [40]. They are divided into three suborders:
Cystobacterineae, Sorangiineae, and Nannocystineae [41] (Table 2). The model organism
Myxococcus xanthus is known for its predatory lifestyle that explains some of its social
interactions, unique developmental life cycle (Figure 4) and production of several NPs. In
contact with either Gram-negative or Gram-positive bacteria, it also produces and excretes
outer-membrane vesicles (OMVs) containing a combination of antibiotics and hydrolytic

enzymes to lyse target prey, releasing nutrients for the growth of M. xanthus [42].
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Table 2. Taxonomic survey of the myxobacteria according to Hartzell et al. [43]

Order: Myxococcales
Suborder: Cystobacterineae
Families and genera
Myxococcaceae
Myxococcus
Corallococeus (formerly Chondrococcus)
Pyxicoccus
Cystobacteraceae
Anaeromyxobacter
Archangium
Cystobacter
Medittangium
Stigmatella
Hyalangium
Suborder: Sorangineae
Families and genera
Phaselicystidaceae
Phaesicystis
Polyangiaceae
Sorangium
Polyangium
Chondromyces
Byssovorax
Jahnella
Suborder:. Nannocystineae
Families and genera
Mannocystaceae
Enhygromyxa
Nannocystis
Plesiocystis
Pseudohygromyxa
Kofleriaceae
Kofleria
Haliangium

At the cellular level, vegetative cells are flexible rods with dimensions of 5 x 0.8 mm that are
motile on most solid surfaces but differentiate into non-motile, spherical spores (1-2 mm?) upon
nutrient depletion. At the multicellular level, M. xanthus forms elaborate biofilms that include
macroscopic fruiting bodies where vegetative cells differentiate into spores. Their predatory
behaviour has been compared to a “wolfpack” [42] and other microbes have been observed to
be the preferred nutrient source [44]. M. xanthus utilizes two distinct types of motility systems
—social (S), adventurous (A) motility —and four different cooperative, multicellular behaviours,
including scouting, branching, rippling and fruiting-body aggregation, all of them observed on
agar medium. Both motility and multicellular behaviour are recognized as integral for
predation. Scouting refers to behaviour during surface colonization. Bacteria travel at low cell
density, utilizing low-energy consuming A-motility, scouting around the area and leaving trails
for neighbouring bacteria to join and therefore forming groups. Branching is observed at higher
cell densities and facilitates faster migration of larger cell groups using rapid but highly-energy
consuming S-motility. Rippling is utilized during predation of high-cell densities of M. xanthus

traveling in waves back and forth across the available prey to maximize predator-prey contact.
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Lastly, upon high cell density and starvation vegetative cells aggregate into stable, dormant
fruiting bodies after cell differentiation into spores. Fruiting bodies form also during predatory
interactions with E. coli, ensuring at least part of the population to go dormant, while peripheral
rods remain active and continue the battle with the prey [42]. Myxobacteria play an important
role in the global carbon cycle as degraders of plant biomass, and as micropredators they impact
carbon flow and composition of microbial communities [28, 45] because of their cellulosic and

proteolytic activities [46], respectively.
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Figure 4. The developmental life cycle of Myxoccocus xanthus. Vegetative cells (a) depending on availability
of nutrients either (b) scout for food or grow to high densities and migrate in a group, or (c¢) branch towards more
nutrients. If no prey is encountered, vegetative cells (f) aggregate. Upon starvation, (g) fruiting bodies are formed
storing (h) spores that will germinate when the nutrients are available again. If a vegetative cell encounters prey,
they gather and attack the bacteria with an effective (e) rippling behaviour. Higher cell densities even during
predation trigger aggregate formation, which is followed by differentiation into fruiting bodies [42]. The figure

was taken from the publication by Keane et al. in 2016 [42].

Myxobacterial genomes might be larger than genomes of other bacteria due to large proteomes
supporting their complex social behaviour [47]. For example, in Sorangium cellulosum So ce56
a large percentage of the genome appears to be devoted to regulation, particularly post-
translational phosphorylation, with the highest number of eukaryotic protein kinase—like
kinases discovered in any living organism [48], definitely supporting their social lifestyle [47].
Large myxobacterial genomes also encode biosynthetic pathways for a wide range of secondary
metabolites that might come in handy for defeating prey during predation and potential

protection from toxic compounds released by predator organism upon its lysis [42]. Since the



Introduction | 9

discovery of ambruticin in 1970 [49] more than 100 NPs with distinct core structures were
isolated from various species of myxobacteria, some of them exhibiting potent biological
activities [50, 51]. Myxobacterial NPs (Figure 5) exhibit biological activities such as antifungal
(e.g. ambruticin [52], soraphen [53]), antibacterial (e.g. myxovirescin [54], cystobactamid
[55]), antitumor (e.g. epothilone [56]) as well as antiviral (aetheramide [57]), antimalarial (e.g.
chlorotonil [58]), immunomodulatory (e.g. argyrin [59]), antifilarial (e.g. corralopyronin [60])

and antioxidative (e.g. soraphinol [61]).
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Figure 5. The selected myxobacterial NPs

Due to its antitumor activity, epothilone B entered phase Il clinical trials [62] and its
semisynthetic derivative ixabepilone was in October 2007 FDA-approved for the treatment of
metastatic breast cancer [63]. Moreover, derivatives of bengamide B have been tested in clinical
trials, however, only until the cardiotoxicity was observed [64], while tubulysin showed
promising results in preclinical studies and was tested in phase I clinical trials [65], both
compounds exhibiting anticancer properties. Two other promising drugs of myxobacterial
origin are to be mentioned. The macrolactone antibiotic chlorotonil was isolated from
Sorangium cellulosum So cel525. It has potent bioactivity against Gram-positive pathogens

and lacks cytotoxic activity but interestingly exhibits activity against Plasmodium falciparum
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[51, 58]. Moreover, chlorotonil led to a substantial reduction of parasitemia in Plasmodium
berghei-infected mice [58]. Another very potent antibacterial agent, cystobactamide, was
isolated from Cystobacter sp. Cb v34 and was identified as an inhibitor of bacterial
topoisomerases [55]. It is interesting for its high inhibitory activity against various Gram-
negative bacteria [51] but it is active against a range of tested Gram-positive pathogens as well
[55].

1.4 Biosynthesis of natural products

Secondary metabolite biosynthetic pathways are encoded on the bacterial genome through
genes that are usually clustered, as opposed to the majority of biosynthetic genes in plants [66].
A major part of secondary metabolites known to date consists of polyketides and nonribosomal
peptides built by polyketide synthases (PKSs), nonribosomal peptide synthetases (NRPSS),
respectively, and hybrids thereof. The biosynthetic route to polyketide-based molecules built
by modular PKS shares some similarity with fatty acid synthesis (FAS). Both processes use a
common pool of building blocks — acyl-CoA units and apply the same chemical mechanism to
link them together, namely repetitive decarboxylative Claisen thioester condensations of an
activated acyl starter unit with malonyl-CoA-derived extender units [67]. Nonribosomal
peptides are synthesized by NRPS enzymes that as precursors use proteinogenic,
nonproteogenic amino acids and carboxylic acids [68]. Both mentioned types of machinery for
biosynthesis of secondary metabolites consist of large multimodular enzymes. Each module
subsequently activates and adds a new building block to the growing acyl chain, which
resembles an assembly line [68]. Modules consist of domains with active sites, each catalyzing
a reaction step. A basic module for chain elongation with an activated building block by
modular PKS consists of ketosynthase (KS), acyltransferase (AT) and acyl carrier protein
(ACP) domain. In NPRS biosynthesis, it consists of condensation (C), adenylation (A) and
peptidyl carrier protein (PCP) domain. The above-described modular PKS (type I) mechanism
Is categorized as noniterative since each KS domain catalyzes only one round of elongation, as
opposed to iterative PKS type Il where the KS domain catalyzes more elongation rounds [67].
PKS type Il requires a “minimal PKS” that consists of two ketosynthase units — KSa and KSp,
and an ACP that is tethering the growing polyketide chain but can contain additional domains
like ketoreductases (KR), cyclases (CYC) and aromatases (ARO) that modify polyketide chain
[67]. Common features of all three described biosynthesis systems are the carrier proteins.
Carrier proteins (acyl- or peptidyl-) are expressed in inactive form and require holo-[acyl-

carrier-protein]  synthase (AcpS), a 4’-phosphopantetheinyl transferase, for 4'-
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phosphopantetheine moiety to be post-translationally attached to the hydroxyl group (-OH) of
conserved serine residue of the ACP or PCP (Figure 6) [68, 69].
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Figure 6. The activation of thiolation (T) domains (or carrier proteins) in PKS and NRPS biosynthetic genes.
4'-phosphopantetheinyl transferase AcpS catalyzes the breakdown of coenzyme A into 4'- phosphopantetheinyl
moiety and ADP. The former reacts with hydroxyl group of conserved serine and so activates the domain, which
is now ready to form thioester bonds with acyl-CoA units.

Activated carrier protein domains contain an additional flexible 4'-phosphopantetheinyl arm
that provides a thiol (-SH) group on which substrate and intermediate acyl chains are covalently
tethered during chain elongations [68]. Acyl groups are important components of primary
metabolism. They are metabolically accessible when covalently bound to a reactive thiol group
of coenzyme A (CoA), forming a thioester [68]. Thioesters have high acyl group transfer
potential and can donate their acyl groups to a variety of acceptor molecules. Hydrolysis of
acyl-CoA thioester bond is highly exergonic but the transthiolation to carrier protein is an
energetically neutral reaction. The released energy is used for condensation of acyl group to the
elongating acyl chain, with CO> loss, and for translocation of the intermediate acyl chain from
ACP to the cysteine residue of KS [68]. A KS domain in PKS module elongates the acyl chain
by forming C-C bonds, while C domain in NRPS catalyzes the formation of peptide bonds (C-
N). Both biosynthetic systems are compatible and can therefore form PKS-NRPS as well as
NRPS-PKS hybrids [68]. The biosynthetic systems compatibility creates a higher diversity of
secondary metabolite core structures. Biosynthesis of epothilone is an example of a hybrid
PKS/NRPS natural product (Figure 7). Its main core is biosynthesized in a modular fashion by
EpoA, EpoP, EpoB, EpoC, EpoD, EpoE proteins [70]. EpoA is encoding the loading module
and the rest of proteins nine other biosynthetic modules. Each module subsequently activates
one building block and adds it to the growing acyl chain. Every malonyl-CoA extender unit
adds two carbons to the elongating carbon chain. The acyltransferase (ATL) domain in the
loading module accepts and activates an acetyl-CoA unit that condensates onto ACP. domain
as acetyl moiety [70]. Adenylation (A) domain in NRPS EpoP selects and activates the amino

acid cysteine. Adjacent cyclization (Cy) domain transforms the intermediate chain into a 2-
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methylthiazoline that after oxidation (Ox) transforms into a 2-methylthiazole attached to PCP
[71]. Acyltransferase of each following module selects a new building block, either malonyl-
CoA or methylmalonyl-CoA unit that is after activation attached to the ACP [70]. Ketosynthase
(KS) domain is responsible for condensation of the newly activated unit to the rest of an
intermediate acyl chain. If no other catalytic domains are present in the module, this
intermediate chain is transferred to the KS domain of the next module where the process is

repeated.
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Figure 7. The biosynthetic gene cluster of epothilone. Biosynthetic gene cluster consists of PKS and NRPS
parts. Acyltransferases of different modules accept only certain building blocks. Each newly condensed acyl
moiety is processed by domains present in each module. The -keto group can be reduced (KR) to hydroxyl group,
further dehydratation (DH) yields double bond and after enoyl reductase’s (ER) action double bond is fully
saturated. Additional domains like methyltransferase (MT) domains can be present. Some domains do not
participate in the modification of the intermediate acyl chain since mutation in their active site inactivates them

(e.g. ER in module 9). PKS domains are highlighted in grey and NRPS domains in blue.

Modules of PKS type I frequently contain domains that can modify 3-keto group on the growing
chain, with reduction and dehydratation steps, either partially or all the way to a saturated acyl
chain characteristic for fatty acids. Furthermore, many other domains exist in biosynthetic gene
clusters of NPs, additionally increasing their diversity, such as epothilone’s C-
methyltransferase (c-MT) domain present in module 8 [70]. Catalytic domains in some cases

contain a mutation in their active site and are therefore inactive, e.g. the enoyl reductase (ER)
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domain in module 9 of the epothilone pathway. Chain termination of epothilone PKS requires
a thioesterase (TE) domain, to release the finished polyketide chain via macrolactonization. The
final structure of epothilone is a product of post-PKS modifications that take place after the

polyketide chain release [70].
1.4.1 Nonribosomal peptides

Nonribosomal peptides are synthesized by giant NRPS enzymes. A minimal NRPS elongation
module has two catalytic domains, analogous to AT and KS domains of PKS modules. The
adenylation (A) domain selects the amino acid, activates the carboxylate with ATP to make the
aminoacyl-O-AMP and installs the aminoacyl group on the thiolate of the adjacent thiolation
domain or peptidyl carrier protein (PCP) [68]. The amino acid specificity of A domains is
determined by 10 highly conserved core motifs, established on the phenylalanine-activating
adenylation domain PheA [72]. Highly conserved Lys517 residue (A10 motif), together with
Asp235 (A4), stabilizes a-amino and the a-carboxylate groups of the substrate amino acid by
electrostatic interactions [72]. A comparison of functional A domains revealed 3 % variation in
amino acid residue at the position 235, while no variation in position 517 was found [72]. The
condensation (C) domain catalyzes the chain elongation, joining an upstream peptidyl-S-PCPh.
1 to the downstream aminoacyl-S-PCP; [68] onto PCP, (Figure 8) with a peptide bond. The
elongation process reminds of ribosomal peptide synthesis where the amino acid is adenylated,
added an AMP, by an aminoacyl-tRNA synthetase and chaperoned to the large subunit of the
ribosome for mMRNA-instructed protein biosynthesis [73, 74].
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Figure 8. The elongation of a nonribosomal peptide (NRP). Selected amino acid is adenylated or activated by

an ATP molecule via NRPS A domain. The aminoacyl-O-AMP intermediate binds to following PCP or thiolation
(T) domain. The condensation domain catalyzes peptide bond formation between the PCP-bound amino acid (R)
and the adenylated amino acid (R’) bound to the downstream T’ domain. Upon completion of peptide chain

assembly, the nonribosomal peptide is released usually by TE domain (not shown).

A wide variety of building blocks is used by NRPS, such as proteinogenic, nonproteogenic

amino acids and carboxylic acids [68]. It has been estimated that about 500 different building
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blocks have been identified, which makes the 20 proteogenic amino acids a minority with only
4 % [74]. In contrast, only some nonproteinogenic amino acids are utilized as intermediates in
primary metabolic pathways (e.g. homoserine, ornithine) but the rest (96 %) is synthesized by
microbes and used for the biosynthesis of secondary metabolites [74]. The proteinogenic L-
amino acids are available in the common pool of building blocks for primary metabolism. On
contrary, the nonproteinogenic amino acids are mostly generated according to the requirements
of specific secondary metabolite pathway [74]. They are either modified L-amino acids by
additional catalytic domains present in NRPS modules or biosynthesized de novo by enzymes
encoded in the proximity of the biosynthetic genes [74]. Many NPs contain nonproteogenic D-
amino acids. The conversion can be catalyzed by pyridoxal-phosphate (PLP)-dependent or
PLP-independent racemases [74] encoded in the BGC or by epimerization (E) domain as part
of a biosynthetic module. In vancomycin biosynthesis, there are three NRPS modules with
additional E domains that convert L-f-hydroxytyrosine (L-pHt) and L-4-hydroxyphenylglycine
(L-Hpg) into the corresponding D-type amino acids [75]. The domain organization in modules
containing E domain is Cp-An-Th-En. The adenylated L-amino acid bound onto the intermediate
peptidyl chain by module n is accepted by Cy+1 domain and only then epimerized by En. Such
Cn+1 domains are designated as L-acceptors but have b-peptidyl-S-T donor selectivity (°CL) [68,
76]. In addition to common “C. and PC. domains, some C domains have heterocyclization
activity towards Cys, Ser and Thr amino acids [68]. They catalyze cyclization using thiol (Cys)
and hydroxyl (Ser, Thr) groups from their side chains to form a five-membered cyclic adduct,
which after dehydratation yields thiazoline or oxazoline rings (Figure 9), respectively [68].
Those C domains are termed as Cy (cyclization) domains and have cyclodehydration activity.

@ [} @ [}

thiazoline thiazole oxazoline oxazole

Figure 9. Reactions of NRPS oxidase domain. A. Oxidase catalyzes conversion of thiazoline ring to thiazole and

B. oxazoline ring to oxazole.

Adjacent to Cy domains, oxidation (Ox) domains are found that catalyze oxidation of the
thiazoline ring to thiazole and oxazoline ring to oxazole (Figure 9) [77]. The functional Ox
domain can be positioned upstream (Ox-PCP) or downstream (PCP-Ox) of PCP domain, e.g.
in EpoB of epothilone [71] or in BImlII of bleomycin [77], respectively.
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Frequently appearing in NRPS modules are methylation (MT) domains that are inserted into A
domains. They catalyze the transfer of a methyl group from cosubstrate S-adenosylmethionine
(SAM) to the carbon, nitrogen or oxygen atoms to the various positions on the backbones of
PKs, NRPs and fatty acids and are classified as c-MT, n-MT and o-MT, depending on their site
of methylation [74, 78]. However, many optional catalytic domains can be organized within a
module (in cis) [68] or they can also be encoded outside of the biosynthetic gene (in trans) and
still modify the growing chain, while it is tethered on the carrier domain of the assembly line
[68]. Aminomutases interconvert o- and B-amino acids and so form nonproteinogenic f-amino
acids. Two types of microbial enzymes with mutase activity have been observed, e.g.
conversions of Phe and Tyr are characteristic for one of the types. The superfamily of the latter
contains a covalently attached cofactor 4-methylidene-5-imidazole-5-one (MIO) that acts as an
electrophilic center for attack by the amino group that gets modified. The second superfamily
of amino acid mutases consists of lysine-2,3-aminomutase, glutamate-2,3-aminomutase, D-
ornithine-4,5-aminomutase and lysine-5,6-aminomutase that utilize both PLP and adenosyl-
B12 as required cofactors [74]. Commonly found in various biosynthetic gene clusters are
hydroxylases that hydroxylate side chains of NPs. They either harbour a redox active iron
species generating a high valent oxoiron intermediate or they use the organic coenzyme FAD,
which forms a less reactive FAD-OOH complex that acts like oxygen transfer agent. An amino
acid chlorinase functions in the same manner as certain oxygenase enzymes. The responsible
catalysts are again mononuclear iron enzymes, requiring an o-ketoglutarate, chloride and
oxygen, similar to Fe(ll)- and a-ketoglutarate-dependent dioxygenases [79]. Such halogenases
act on aminoacyl-S-T substrates Pro, Leu and lle. In case of Tyr with electron-rich phenol side
chain and Trp with indole ring a weaker chlorinating agent is required, so the FADH.-
containing halogenases are used [74]. Some amino acid modifications are described above to
underpin a general idea, while many less common ones exist with some being only single-case
specific [74].

1.4.2 Polyketide synthase type | as exemplified by tiacumicin B biosynthesis

Modular PKS systems will be further described on the example of tiacumicin B, also called
fidaxomicin, biosynthetic gene cluster [80], a secondary metabolite produced by
Dactylosporangium aurantiacum subsp. hamdenensis and few other strains (more in Section
4.1). The reported BGC consists of 31 genes, where only four genes - tiaAl-tiaA4, encode

multifunctional type | modular PKSs. The core structure is assembled by a loading unit and 8
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extending modules (Figure 10). Modules consist of standard domains found in PKS systems,
namely KS, AT, DH (dehydratase), KR, ACP and TE domain [80].
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Figure 10. The biosynthesis of tiacumicin B aglycone. Different shade of AT domains denotes specific
selectivity for building block as shown in the box. The biosynthetic scheme was constructed based on publication
by Xiao et al. in 2011 [80].

As shown in Figure 10, AT, domain from the loading module selects a propionyl-CoA unit and
loads it onto ACPL. A propionyl moiety is transferred to KS; domain. Meanwhile, ATy selects
the malonyl-CoA unit, which is attached to ACP:. KS: condenses propionyl moiety and
malonyl-CoA unit, releasing in sum a CO2 molecule in the process. KRz in the module reduces
the B-keto group to a hydroxyl group (Figure 11). The resulting acyl chain is then loaded onto
KS2. AT, selects a methylmalonyl-CoA (Figure 10) and loads it onto ACP2. KS; condenses the
previous acyl chain with new methylmalonyl moiety. Its B-keto group is reduced by KR> to -
hydroxyl group and further dehydrated by DH>, yielding a double bond. Modified chain by
module 2 is transferred to KSs. The process continues until the growing acyl chain arrives in
the last module, where it is cleaved off by the TE domain. The tiacumicin B polyketide chain
is so released and cyclized into 18-membered macrocyclic aglycone. Functions of main

catalytic domains and their products are shown in Figure 11. During the polyketide chain
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biosynthesis, a type Il thioesterase TiaE is surveilling precursor loading and removing them if
not fitting [81]. A type Il TE may function as editing enzyme and promote the accuracy and

efficiency of biosynthesis.
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Figure 11. What reactions do the PKS biosynthetic domains catalyze? If the module contains only KS, AT
and ACP domain, a condensation product is B-ketoacyl-S-ACP. A ketoreductase domain reduces p-keto group to
B-hydroxyl group. If a dehydratase domain is present in the module, a hydroxyl group is dehydrated and loss of
H>O molecule yields a,p-enoyl group or double bond. An enoyl reductase (ER) domain further reduces the double
bond and saturates it. In the biosynthesis of polyketide metabolites, KR, DH, ER domains are optional [68].

The active sites of catalytic domains in PKS systems are well-characterized, which is
fundamental for the accurate prediction of domain’s functionality. First, the active sites T209,
C221, S315, H346, K379, N381, H381, H384, Q386, N455 and H457 of KS domains were
studied on the example of EryAl-KS [82]. The residues C211, H346, K379, H384 are
universally conserved but T209, S315, N381, Q386, N455 and H457 are only conserved within
either an iterative (LovB-KS) or a non-iterative KS (EryA1-KS) domain subgroup [82]. Second,
AT domains can select various moieties from the primary metabolite pool, e.g. malonyl-CoA,
methylmalonyl-CoA or ethylmalonyl-CoA. The sequence analysis of AT domains revealed
distinct motifs believed to be directly involved in substrate selectivity [83]. In fidaxomicin
biosynthesis, “Q..GHSIGE..HAFH” motif indicates malonyl-CoA specificity, while
“Q...GHSQGE... YASH” and “Q...GSSQGE...VASH” motifs indicate (2S)-methylmalonyl-
CoA and (2S)-ethylmalonyl-CoA specificity, respectively [80]. Third, KR domains found in
PKS modules are usually members of a complex short-chain dehydrogenases/reductase (SDR)
family [84]. Those members are present in all living organisms as parts of multifunctional
enzyme complexes, e.g. fatty acid synthase. They are NADP(H)-binding proteins with the SDR
region with a B-ketoacyl reductive function. This group has the unique YxxxN motif at the
active site rather than the typical YxxxK [84]. However, they all require “GGxGxxG” NADP-

binding motif to function. The active sites of KR domains were studied on the example of
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tropinone reductase-11 (TR-11), where Tyr159, Ser146 and Lys163 amino acid residues form
the catalytic triad [85]. Additionally, the KR domains are predicted to produce a carbon centre
with D-configuration in case that Tyr residue, Tyr100 in TR-II, aligns to Asp [85]. Fourth, a
DH domain is characterized by four motifs, namely HxxxGxxxxP, GYxY GPxF, LPFxW, and
Dxxx(Q/H), which were established based on erythromycin dehydratase [86]. Similarly,
conserved residues of ER domains [87] and conserved binding sites of ACP domains [88] are

well characterized.

The remaining 26 genes in fidaxomicin biosynthesis are responsible for the supply of building
blocks, their attachment to the molecule, tailoring reactions, the export of the final product out
of the cell and regulation of the biosynthesis (Figure 12). Functions of some genes will be
described below in more detail since fidaxomicin biosynthesis covers many aspects of a
secondary metabolite biosynthesis, an important topic in NP research discussed in each of the

following chapters.
1.4.2.1 Tailoring reactions in PKS type | biosynthesis on the example of fidaxomicin

Simple building blocks utilized by PKS, like malonyl-CoA, are available from primary
metabolism but more complex ones have to be additionally synthesized and are generated by
dedicated genes. In the case of tiacumicin B, six genes are necessary to provide building blocks
such as starter and extender units for antibiotic biosynthesis. A starter unit propionyl-CoA is
generated by TiaC and TiaD, encoding the branched-chain a-keto acid dehydrogenase E1-a and
E1-B subunit, respectively. They are proposed to be involved in the generation of isobutyryl-
CoA, propionyl-CoA, and other acyl-CoA analogs by oxidative decarboxylation of a-branched-
chain fatty acids derived from a-branched-chain amino acids [80, 89]. On the other hand, the
extender units are formed by the action of TiaJ, TiaK, TiaL and TiaN. TiaL, a propionyl-CoA
carboxylase, should generate the 2-methylmalonyl-CoA extender unit. The genes tiaJ, tiaN and
tiak encode a 3-hydroxybutyryl-CoA dehydrogenase, a crotonyl-CoA hydratase, and a
crotonyl-CoA carboxylase/reductase, respectively, and are involved in the ethylmalonyl-CoA
pathway [90, 91]. As sometimes different moieties are attached to the polyketide scaffold, those
have to be biosynthesized separately. The polyketide backbone of fidaxomicin bears modified
D-noviose and D-rhamnose moieties [92]. The attached sugar moieties are biosynthesized from
GDP-D-mannose in a two-step procedure catalyzed by GDP-D-mannose dehydratase (Gmd)
and GDP-4-keto-6-deoxymannose reductase (Rmd) [93]. However, in D. aurantiacum three
putative Gmds — TiaS1, TiaS3 and TiaS4 are sufficient to carry out this reaction [80], while in
Actinoplanes deccanensis only FadS1 and FadS4 seem to suffice [94]. The homo-orsellinic acid
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moiety is biosynthesized by an iterative type | PKS TiaB (Figure 12). TiaB contains KS-AT-
DH-KR-ACP domains but its DH and KR domains are not active. Usually, acetyl-CoA and
three malonyl-CoA units would make up a homo-orsellinic acid moiety [95] but in the case of
tiacumicin B a propionyl-CoA is used instead of an acetyl-CoA unit. These building blocks are

iteratively processed by TiaB and so condensed into a chain that is cyclized [80].

HO

/TiaA1 -TiaA4

propionyl-CoA TiaB OH TiaF
propionyl-CoA (1x) malonyl-CoA (3x) TiaM
malonyl-CoA (3x)
methylmalonyl-CoA (4x)
ethylmalonyl-CoA  (1x)
Cl
OH
OH

Figure 12. Tiacumicin B biosynthesis: Tailoring steps. A polyketide macrocycle is subjected to a number of
tailoring reactions. TiaP2 adds a hydroxyl group to C-20 position, TiaG1 transfers a D-noviose moiety, TiaS2
modifies a D-noviose moiety into a 5-methyl-D-noviose and TiaS6 adds an isobutyryl moiety to C-4"" position
onto the sugar. The D-rhamnose is transferred by TiaG2 to C-20 hydroxyl group. Meanwhile, a homo-orsellinic
acid moiety is built, incorporated by TiaF and further halogenated by TiaM [80]. TiaP1 adds a hydroxyl group to
C-18 position [96] and TiaS5 methylates a C-2” hydroxyl group, forming a 2-O-methyl-D-rhamnose [97]. Building
blocks used in the biosynthesis are generated by tiaC, tiaD, tiaL, tiaJ, tiaN, tiaK, tiaS1 and tiaS4 genes.

Following tailoring reactions are catalyzed by different transferases, a halogenase and
hydroxylases. TiaGl and TiaG2 glycosyltransferases transfer D-noviose and D-rhamnose
moieties to C-11 and C-20 hydroxyl group, respectively. TiaS2 as C-methyltransferase and
TiaS5 as O-methyltransferase modify D-noviose and D-rhamnose moieties into 5-methyl-D-
noviose and 2-O-methyl-D-rhamnose, respectively [80]. An O-acyltransferase TiaS6 esterifies
a C-4>’ hydroxyl group with an isobutyryl moiety (Figure 12). Moreover, an acyltransferase
TiaF shares similarity with other AT domains, responsible for the incorporation of an aromatic

moiety into corresponding secondary metabolite, and incorporates the homo-orsellinic acid
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moiety to the 2-O-methyl-D-rhamnose residue [80]. Further tailoring reactions are catalyzed by
a halogenase TiaM that incorporates two chlorines onto the attached homo-orsellinic acid
moiety [80] and by two cytochrome P450 (CYP) hydroxylases TiaP1 and TiaP2 that catalyze
hydroxylations at C-18 and and C-20, respectively [80], directly modifying the polyketide

aglycone.

Additional tailoring enzymes often present in the PKS type | NPs are the aminotransferases
(AMTS). They use glutamine as a substrate for the transamination reaction. The a-amino group
located on its side chain is transferred to the p-ketoacyl-S-T yielding -aminoacyl-S-T and -
keto-glutamine as a side product [68, 98]. Same as in the NRPS biosynthesis, many catalytic
domains can be found within a module (in cis) [68], e.g. AMT domain in MycA from
biosynthesis of mycosubtilin [98] or can be encoded outside of the biosynthetic gene (in trans)
[68].

1.4.3 Type 1l PKS

As mentioned in Section 1.4, a polyketide synthase (PKS) type Il contains a minimal set of
enzymes, a so-called “minimal PKS” that consists of two ketosynthase (KS) units — KSa and
KSB, and an acyl carrier protein (ACP) catalyzing the biosynthesis of nascent polyketide chain
[67]. The KSa subunit catalyzes Claisen type C-C bond formations with SCoA-activated acyl
and malonyl building blocks. Since a number of reiterative elongation rounds take place, the
PKS type Il is therefore also called “iterative type PKS” [67]. The KSB unit with extremely
high homology to KSa lacks the catalytic cysteine residue in the active site [99]. The function
of KSp is not yet entirely understood, and two hypotheses exist on the function of that subunit.
According to one hypothesis, KSp acts as the primary determinant of carbon chain length also
known as chain length factor (CLF) [99]. However, the role of KSp in starter unit selection,
often involving decarboxylative activity, was also suggested [100]. KSB domain is in that case
referred to as KSQ since Q is an important glutamine amino acid residue involved in such
decarboxylative activity. However, the glutamine residue is important also for polyketide
synthesis [100]. Both subunits form a heterodimer [67], providing a hydrophobic environment
for the assembled poly-B-keto intermediate carbon chain. The minimal PKS can therefore
partially control regiochemistry of the first-ring cyclization [99]. The PKS type Il systems can
contain additional domains like ketoreductases (KR), cyclases (CYC) and aromatases (ARO)
that modify the polyketide chain [67]. In chelocardin (CHD) biosynthesis, the minimal PKS
consists of three genes: chdP, chdK and chdS [32]. Chelocardin is a tetracycline (TC) antibiotic
that differs from other tetracyclines, hence designation as “atypical” TC. It uses malonate or
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acetate instead of malonamate starter unit, which is likely used in oxytetracycline (OTC)
biosynthesis (Figure 14) [101]. In comparison to OTC, CHD contains an additional methyl
group at C9 and an unmethylated amino group at C4 position [32]. Presumably, ten malonyl-
CoA units are used by minimal PKS complex to produce full length polyketide chain (Figure
13) [32].

ChdP

chdk ©
0 Q ChdS

HO S-CoA ———
-10x CO,

10x malonyl-CoA

o O O O o
Figure 13. Chelocardin polyketide chain assembly by minimal PKS. Presumably, 10 malonyl-CoA units are

iteratively assembled by ChdPKS minimal PKS complex.

A putative aromatic PKS ketoreductase (KR) ChdT reduces the carbonyl group at the C8
position of CHD (Figure 14). According to the current understanding of CHD biosynthesis, two
cyclases/aromatases (CYC/ARQ) ChdQl and ChdQIll are responsible for cyclization and
aromatization of the first ring [32]. In contrast, only one CYC/ARO homolog (OxyK) is
neccesary to fullfil this task in OTC biosynthesis [101]. Moreover, second ring formation in
OTC biosynthesis is catalyzed by OxyN [101], however, in CHD biosynthesis no protein
homolog was initially found and cyclization was assumed to occur spontaneously [32].
Cyclization of the third ring is spontaneous and cyclization of the fourth is not yet understood
inany TC system [32]. It is thought that tailoring reactions in CHD biosynthesis take place after
the chelocardin backbone is formed. Although, there are some indications that methylation of
the C6 position in OTC might happen even earlier [102]. The post-PKS tailoring steps occur in
all the TCs, however, to a different extent, which affords the diversity of TC natural products.
One of the most studied TCs in that regard is oxytetracycline with an additional hydroxyl group
at C5 position, when compared to TC (Figure 14). The oxytetracycline backbone was in in vitro
experiments shown to be modified by several enzymes such as a methyltransferase OxyF that
methylates C6, an oxygenase OxyL that hydroxylates C4 and C12a positions with help of an
ancillary oxygenase OxyE and an aminotransferase OxyQ that exchanges a keto group at C4
position with an amino group, which is then dimethylated by a methyltransferase OxyT (Figure
14) [101]. Further hydroxylation of C6 position is believed to be assisted by an oxygenase OxyS
but the following reactions such as hydroxylation of C5 position and reduction of C5a-C11
double bond, leading to the final product of oxytetracycline, are not yet understood [101].
Another post-PKS tailoring step observed in TC biosynthetic pathways is halogenation of C7
position catalyzed by a halogenase CtcP of a typical TC chlorotetracycline (Figure 14) [103].
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An atypical TC chelocardin compared to just described OTC biosynthetic pathways lacks the
methylation of the amino group at C4 position and contains a methyl group at C9 position [32].
Moreover, other post-PKS modifications such as O-glycosylation of the C10 position were
found in TC biosynthetic pathways [104]. The final chemical structures of some fully modified

tetracyclines backbones are shown in Figure 14.

tetracycline oxytetracycline
(TC) (OTC)

chlorotetracycline chelocardin
(CTC) (CHD)

Figure 14. The structures of tetracyclines. TC, OTC and CTC are a typical tetracyclines in contrast to atypical
CHD. Although OTC and CTC scaffolds are additionally modified at positions C5 and C7, respectively, their
starting unit is an amide group opposed to an acetyl group in CHD [101]. Moreover, CHD differs in the
modifications at C4, C6, C9, C11 and C12 positions [32].

1.4.4 Ribosomally synthesized and post-translationally modified peptides

The addition to the classes of natural product with antibacterial activities described above are
ribosomally synthesized and post-translationally modified peptides (RiPPs). This group of
antimicrobial agents often exhibits a narrow activity spectra, making them especially suitable
for clinical applications since the off-target effects can be so avoided [105]. RiPPs are produced
or at least encoded by many bacterial phyla, also anaerobic bacteria [105], and observed to most
often target near relatives of the producing organism. Regardless, they have diverse targets
either interrupting the cell membrane or the cellular processes within the cell, such as DNA,
RNA and protein metabolism [106]. RiPPs are a large group of structurally diverse NP classes,
encompassing lanthipeptides, bacteriocins, thiopeptides, lasso peptides, just to name a few, with
representatives such as Gram-positive antibiotics nisin and bottromycin [107] or most recently

reported a Gram-negative antibiotic darobactin [108]. Although they are diverse, their
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biosynthetic logic is mostly uniform. First, a precursor peptide consisting of an N-terminal
leader sequence and a C-terminal core sequence, encoded by a single gene, is translated on the
ribosome. The leader sequence is cleaved by peptidases and the remaining peptide is further
modified by other enzymes, usually encoded in the same BGC, resulting in a biologically active
NP [105]. RiPPs are also ideal for engineering since the precursor peptides are encoded by one
single gene and point mutations in their sequences can easily lead to new derivatives. Lately,
the focus is on the incorporation of noncanonical amino acids into those NPs to alter their
biological activity [109, 110].

1.5 Genome mining of ‘silent’ biosynthetic gene clusters

An important milestone for natural product discovery in bacteria, that influenced the guidelines
of research for almost last two decades, was the first whole-genome sequence of Streptomyces
coelicolor A3(2) in 2002 [36]. By the time, S. coelicolor was known to produce actinorhodin,
methylenomycin, calcium-dependent antibiotic (CDA), undecylprodigiosin and a grey spore
pigment [36, 111-114]. The last of those was reported in 1985. The secondary metabolites,
found in bacteria, are produced by organized groups of genes known as biosynthetic gene
clusters (BGCs). One BGC produces one or several similar compounds that structurally vary
and have therefore different strengths of biological activity. The S. coelicolor genome sequence
revealed further 18 BGCs [36] that were termed ‘silent’ or cryptic gene clusters because they
were not connected to any known NP at the time of sequencing. In selected production
conditions, the corresponding NPs might be produced in very small amounts or not at all for
various reasons: the building blocks are not provided or available in sufficient amounts, the
transcription could be repressed by other produced secondary metabolites, the produced NP is
required in small amounts (e.g. siderophores) or the bacterium in certain conditions does not
require the secondary metabolite (e.g. spore pigment in liquid culture). Since the development
of the antiSMASH online tool in 2011 [115], last updated in 2019 [116], potential BGCs could
be automatically identified and analyzed in any strain with available whole or partial genome
sequence. The facilitated recognition of BGCs, indicating the potential for the production of
unknown metabolites, is a stepping stone for genome mining. In silico analysis of selected BGC
can be very thorough due to existing bioinformatic tools. The NRPS precursors and modular
PKS assembly lines can be predicted by NRPSpredictor2 [117] or the Stachelhaus code [72],
by domain organization and their predicted substrate specificity [118], respectively, with both
algorithms being integrated into antiSMASH [21]. Building block predictions and their

potential assembly gives us useful information but the structure prediction is still not feasible
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in many cases. Moreover, predictions might be more reliable analyzing a genome of
Streptomycetes than of myxobacterium since many more NPs are known for the former. The
antiSMASH can also recognize the precursor peptides of ribosomally synthetized and post-
translationally modified peptide (RiPP) NPs but cannot predict their structure after the post-
translational modifications took place [116]. Other bioinformatic tools for RiPPS and
bacteriocins are available, namely RiPPMiner [119] and BAGEL4 [120]. The targeted genome
modification, such as overexpression of the biosynthetic genes of cryptic BGC or its
inactivation, can result in the production of a novel NP or its abolishment, respectively.
Unfortunately, not every genetic modification of cryptic BGC results in changes in the
secondary metabolome. Such BGC could be unfunctional if it was of no benefit to a bacterium,
so the active site mutated to spare building blocks for other secondary metabolites. The
increasing number of bacterial genome sequences led to the high number of cryptic BGC
present in public databases but with no certainty on their functionality. The BGC could also be
only recently acquired from the environment, perhaps only partially, and might not have any
benefit to a bacterium. Furthermore, not every BGC in bacteria encodes a secondary metabolite
with biological activity since bacteria utilize also other molecules like iron chelating agents
siderophores [121] for daily survival or produces a spore pigment [122]. To direct the search
for NPs with biological activity, genomes can be screened for existence of resistance genes in
BGCs. The identified resistance gene would also hint on the mode of action of a potential
secondary product. The cases of resistance genes located within the BGC are known like griR
resistance gene from griselimycin gene cluster, encoding an additional copy of the DNA
polymerase Ill beta subunit [123] or a putative self-resistance protein CysO found in
cystobactamid gene cluster belonging to the pentapeptide repeat protein family, which suggests
that the cystobactamids act as inhibitors of bacterial type lla topoisomerases [55]. Prediction
tools such as PRISM3 [124] and the Antibiotic Resistant Target Seeker (ARTS) [125] are
available online but have not yet delivered anything new. Notably, the focus of research is
currently the discovery of novel scaffolds of antibiotics [21] and if very unusual, they might not
be possible to detect using bioinformatic tools. On the other hand, lots of sequencing data was
acquired in the last years but not all the knowledge is stored in one online database. Rediscovery
of known NPs became a real issue in NP research and is therefore important to use dereplication
tools to avoid it [21]. Once the BGC of interest is selected, the native promoter upstream of the
biosynthetic operon is exchanged with a constitutive or an inducible promoter if the strain is
genetically manipulable [126]. The overexpression of the functional biosynthetic genes causes

increased production yields of a corresponding NP. If the secondary metabolite was produced
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in the wild-type strain all along in detectable amounts, the inactivation of the biosynthetic gene
would interrupt its biosynthesis. The LC-MS spectra of the crude extracts from parallel
cultivation of wild-type and mutant strain are compared and screened for differences of their
secondary metabolomes. The targeted “activation” and inactivation of the biosynthetic genes
approach can be used in any genetically manipulable bacteria. However, unlike myxobacteria
[127-129], actinobacterial BGCs besides the biosynthetic genes harbor also genes involved in
the regulation of the encoded NP. A constitutive overexpression of a LAL family regulator that
acts as an activator in S. ambofaciens enabled the discovery of stambomycins [130]. Similarly,
the knock-out of negative regulator genes, e.g. tetR repressor in Streptomyces sp. PGA64 and
gbnR repressor in S. venezuelae, resulted in novel angucyclinone metabolite UVM6 [131] and
discovery of gaburedin A [132], respectively. Unfortunately, some bacterial species are not
genetically manipulable. In such a bacterium the correlation of the BGC to the encoded natural
product is only possible via heterologous expression, which is a time-consuming process with
no guarantee for successful expression of the encoded NP. Cryptic BGCs can be heterologously
expressed in host strain such as Myxococcus xanthus DK1622 or Streptomyces host strains,

some with minimalized genomes for increased genetic stability of unknown BGCs [133, 134].
1.6 Outline of the present work

The work for the thesis was done in a research group focusing on the discovery, characterization
and improvement of microbial natural products. Genetic engineering was used for the
derivatization of known antibiotics fidaxomicin and chelocardin to prepare desired shunt
products and partially characterize the biosynthetic pathway, respectively. Genome mining
approach combined with genetic engineering was used for the identification of biosynthetic
gene cluster of globomycin, and discovery of two novel natural products myxopentacin and
myxoglucamide from a novel myxobacterial isolate. The biosyntheses of those were proposed
based on the analysis of their biosynthetic genes and catalytic domains combined with the

chemical structure.

The predatory myxobacteria are an established source of natural products, often exhibiting a
range of biological activities [50, 51]. Furthermore, novel myxobacterial strains isolated from
soil or marine samples in this lab offer even higher possibilities to uncover interesting and new
natural products [23]. In chapter 2, titled “Connecting biosynthetic gene clusters to their
products: Cystobacterineae strain MCy9003”, the genome mining of a novel myxobacterium,
isolated from a soil sample collected in the Philippines, a representative of a new genus, is
described. Genome mining combined with the genetic engineering resulted in the discovery of
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two novel myxobacterial NPs, myxopentacin and myxoglucamide. The genome sequence
analysis using antiSMASH tool [115] revealed 45 biosynthetic gene clusters and potential for
39 new natural products. The overexpression of selected biosynthetic genes in a few cases
resulted in changes of secondary metabolome of those mutant strains, detected via LC-MS
profiling, when compared to the wild-type strain. The chemical structures of myxopentacins as
well as myxoglucamides contain rare building blocks. Moreover, their biosyntheses are of
special interest. The nonribosomal peptides myxopentacins contain rare cispentacin and
pseudoarginine moieties [135, 136] but their assembly, e.g. polymerization of cispentacin
moieties as observed in the chemical structure, raises many questions that remain unanswered
so far. The myxoglucamides, glycolipopeptides of hybrid NRPS/PKS type | origin, contain an
unusual a-vinyl moiety. Moreover, their biosynthetic route comprises many oxidation domains
not yet correlated to the specific biosynthetic or tailoring step and many different types of C
domains [137]. The myxoglucamides exhibit moderate cytotoxicity against the HCT 116 cell

line.

Chapter 3 focuses on the known antibiotic globomycin found in a few bacterial species,
including Streptomyces hagronensis strain 360 [138]. Globomycin is a cyclic depsipeptide that
acts specifically against Gram-negative bacteria by inhibition of a signal peptidase Il LspA,
involved in lipoprotein PTMs in many pathogenic bacteria [139]. Although LspA is not
essential for viability of some bacteria such as methicillin-resistant Staphylococcus aureus
(MRSA), it is vital for survival of that bacterium in human blood [140]. The globomycin
binding to the LspA from MRSA was proven with a complex structure [140]. However, nothing
was known about the biosynthesis of globomycin. In this work, the genome sequence of S.
hagronensis strain 360 was obtained and the globomycin BGC was identified. The disruption
of the main biosynthetic gene by a plasmid insertion via homologous recombination abolished
the antibiotic production. The biosynthetic protein domains were analyzed and the biosynthetic
pathway was proposed. Globomycin scaffold is biosynthesized mainly by a large NRPS but
requires also an additional in trans-acting NRPS module and a TE type II.

Fidaxomicin is a powerful antibiotic with broad biological activity against Gram-positive
bacteria that acts through the inhibition of bacterial RNAP [141]. It was approved by FDA as a
drug for Clostridium difficile associated infection (CDI) [142] since it displays bactericidal
antibiotic properties, while so far used vancomycin acts bacteriostatically [141]. After FDA
approval, it was further developed against vancomycin-resistant Enterococci and as methicillin-

resistant Staphylococcus aureus cure [141] but has potential also as an anti-tuberculosis [143]
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and an anticancer agent [144]. Fidaxomicin is an 18-membered macrocyclic glycoside that
contains an unsaturated macrolide core scaffold, modified D-noviose and bD-rhamnose moieties,
and a dichorinated homo-orsellinic acid moiety [80]. Moreover, an actinomycete marine natural
product mangrolide A contains an almost identical 18-membered polyketide ring structure as
found in fidaxomicin but was claimed to have selectivity for Gram-negative bacteria like
Acinetobacter baumanii and E. coli. Mangrolide A lacks any modification on the primary
alcohol at C-20 but has a disaccharide attached at C-11 [145]. The moieties attached to
fidaxomicin aglycone potentially influence the biological activity. The fidaxomicin aglycone
that could be further modified semisynthetically as desired, could be achieved either by a total
synthesis [146] or by a gene knock-out of the glycosylation enzymes in its biosynthetic gene
cluster [80]. The biosynthetic genes and pathway of fidaxomicin were known to a major extent
already in 2010. The deletion of genes encoding glycosyltransferases that directly attach sugar
moieties onto the macrocyclic scaffold was known to leave us with certain shunt products [80].
The project is based on collaboration with Prof. Gademann's research group from ETH Ziirich,
specialized in semisynthesis. The preparation of the glycosyltransferase deletion mutants, in

our case using Actinoplanes deccanensis ATCC 21983 strain, is described in chapter 4.

Moreover, the biosynthesis of an atypical tetracycline chelocardin (CHD) with the focus on
cyclization/aromatization of the first two rings, cyclization of the second and fourth ring and
methylation of C6 position was studied in chapter 5. Chelocardin’s biosynthesis is under
scrutiny due to its broad-spectrum antibiotic activity [32] and promising results in a small phase
Il clinical study for patients with urinary tract infections caused by Gram-negative pathogens
in 1977 [147]. The CHD biosynthesis was compared with well-studied oxytetracycline
biosynthesis [148] and their common points and differences were described. Sequencing of
Amycolatopsis sulphurea’s genome resulted in a complete CHD gene cluster and enabled
correcting the proposed biosynthetic pathway of CHD reported previously [32]. Gene knock-
out mutants and mutants with point mutations in putative aromatases/cyclases, cyclases and C6-
methyltransferase were generated. Their secondary metabolome was analyzed and screened for
potential shunt products. Mutant strains were complemented with putative complementary
protein homologs from oxytetracycline biosynthesis [101]. The enzymes necessary for

cyclization and aromatization of CHD scaffold were assigned.
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2 Connecting BGCs to their products: Cystobacterineae sp.
MCy9003

2.1 Introduction

The search for new antibiotics can be approached in a number of ways. The advantage is
definitely in finding a niche of microorganisms that differentiates itself from all the known ones
and is able to produce NPs. As Streptomyces and other actinobacteria are being worked on for
almost 80 years, the chance for finding a new secondary metabolite seems to be getting smaller
and the approaches used have to be more innovative. The work in this research group mostly
focuses on myxobacteria [149], belonging among J-proteobacteria distributed in 3 suborders,
6 families and 21 genera [43]. The efforts to find a new antibiotic are diverse but they are all
based on newly isolated myxobacterial species being cultivated in for myxobacteria optimized
media (Figure 15) [23].
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Figure 15. Novel myxobacterial isolates offer the possibility for discovery of novel NPs. Various approaches
in the discovery of novel NPs are available. The LC-MS metabolite profiling together with bioactivity screening
is the basis for the bioactivity-guided approach. Genome sequence availability opens a window to many more
opportunities regarding genome mining and reviving of “silent” BGC. Gene tools establishment allows genetic
manipulation, providing a different outlook in the bacterial secondary metabolome and correlating NPs with its

biosynthetic machinery.

A bioactivity-guided approach consists of crude extract screening for biological activities. If

promising biological activity is observed, the crude extract is further fractionated and fractions
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tested against a standard library of microorganisms to narrow down the compound responsible
for the bioactivity, which is represented in a LC/MS chromatogram by a peak with a specific
molecular mass. The in-house database of mainly myxobacterial secondary metabolites, each
with identified exact mass and retention time, ensures that known NPs are readily detected.
Such dereplication approach is essential in NP discovery to prevent re-isolation and re-
characterization of known bioactive compounds [150]. Dereplication or discharge of known
compounds comprises analytic techniques, databases and combined procedures from various
scientific fields to accurately and efficiently determine the novelty status of a certain NP [150].
Methods such as genomics (e.g. antiSMASH, BLAST), metabolomics (LC/DAD, LC/MS,
NMR, LC/NMR) highly depend on the amount of information in used database [151]. On the
other hand, dereplication strategy based on MS/MS data involves molecular networking [152—
154] and the comparison of MS/MS spectra results in clustered networks of structurally related
compounds [155, 156]. The selected compound that passes the dereplication step, is either novel
or a derivative of known NP. The isolation, purification and structure elucidation by NMR
follow. Regardless of the method used, the characterized secondary metabolite is still to be
connected with the biosynthetic genes clustered in the bacterial genome. Certain features, e.g.
halogenases, are easier to find but if unusual moieties are present in the NP, the corresponding
genes are harder to recognize. A confirmation of BGC being responsible for the biosynthesis
of certain secondary metabolites is achieved either by inactivation of corresponding genes in
the native producer strain or by heterologous expression of BGC in the host strain. Firstly, the
strategy applied depends on the microorganism or more precisely, on the ability of a
microorganism to accept foreign DNA by methods used in the laboratory. Secondly, the
availability of selection markers for genetic manipulations can be a huge limitation, especially
observed in bacterial strains bearing all up to 60 BGCs with some of them certainly containing
resistance genes protecting bacterium against its own products. However, the NP discovery can
be approached from the other direction. Genome mining became an important and
indispensable approach since genome sequencing is affordable and lots of genome data
available in the databases. Among a few others, the myxobacterial strain MCy9003 was selected
for genome mining in this study. The strain, isolated from a soil sample from the Philippines,
belongs to a new genus within the suborder of Cystobacterinae. As NPs were found to be
genera-specific, a strain from a novel genus offers high chances for discovery of unique NPs
[23]. The genome of MCy9003 strain has 11.3 Mb, 71.2 % GC content and contains 45 BGCs
according to antiSMASH and manual analysis, of which 8 are of NRPS origin, 1 PKS type I, 1
PKS type Il, 1 PKS type I11, 12 hybrid NRPS-PKS type | BGCs and the remaining 22 are two
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siderophore BGCs, lanthipeptides, bacteriocins, terpenes and two BGCs with some NRPS or
PKS features. Among all those BGCs, only half of them, according to publicly available
genome database, can also be found in other myxobacteria.

In the initial bioactivity screening weak E. coli TolC and B. subtilis, S. aureus and M. luteus
activities were observed that later after re-cultivation disappeared. Bacteria produce NPs under
various circumstances in response to the stimuli from the environment. Those conditions are
hard to reproduce in the laboratory therefore the metabolome changes are inevitable [157]. Even
though the desired bioactivity was not observed again, the representative of a new genus with
45 detected BGCs implied on the potential for the discovery of novel NPs. Further analysis of
the genome revealed some potential self-resistance genes within the BGCs that could protect
the producer bacterium against the biosynthesized NPs [125]. Moreover, it was previously
shown that the upregulation of "silent" biosynthetic genes via genome modification sometimes
results in changes of the secondary metabolome [158]. Similarly, the biosynthetic gene
inactivation proved successful in the past [159]. In this chapter, the information obtained using
genome mining approach was used for further genetic modification and subsequent
identification of new NPs in MCy9003 strain.

2.2 Materials and methods
2.2.1 Cultivation of MCy9003 and other myxobacteria used in this study

Wild-type strain MCy9003 and mutant strains were cultivated in autoclaved CYHv3 medium
(0.2 % Bacto™ soytone, 0.3 % Bacto™ casitone, 0.2 % glucose, 0.3 % soluble starch, 0.15 %
Bacto™ yeast extract, 0.05 % CaCl,x2H20, 0.1 % MgS04x7H,0, 50 mM HEPES, 8 mg L*
Fe-EDTA, dH20; pH 7.2), the autoclaved CYS medium (0.25 % Bacto™ casitone, 0.1 %
Bacto™ yeast extract, 0.1 % CaCl>x2H-0, 0.25 % soluble starch, 10 mM HEPES, dH.O; pH
7.0) was used as production medium. For testing the production of myxopentacins in alternative
producers, MCy10644 and MCy11578, M7/s4 medium (0.5 % soy flour, 0.5 % corn starch, 0.2
% glucose, 0.1 % yeast extract, 0.1% MgSO4x7H-0, 0.1 % CaCl,x2 H20, 1 % HEPES, with
final pH 7.4 and supplemented with 0.1 mg L™ of vitamin B12 and 5 mg L™ of FeCls after
autoclaving) was used as vegetative and production medium. For GNPS analysis, the strains of
interest were cultivated in RG5 production medium (0.05 % soya peptone (Roth), 0.05 %
Bacto™ soytone, 0.2 % soya flour (Hensel), 0.1 % corn steep solids (Sigma), 0.05 % Bacto™
yeast extract, 0.8 % soluble starch (Roth), 0.5 % baker’s yeast, 0.2 % gluten from wheat
(Sigma), 0.1 % MgSO4x7H,0, 0.1 % CaCl,x2H0, 25 mM HEPES, dH.0; pH 7.2 adjusted



Connecting BGCs to their products: Cystobacterineae sp. MCy9003 | 31

with KOH). Strains in liquid cultures were cultivated on an orbital shaker (30 °C, 180 rpm) for
1-2 days in CYHv3 medium (depending on the cell density), inoculated (2 %) into CYS or RG5
production media and were cultivated as 50 mL cultures in 300 mL baffled Erlenmeyer flasks
for 10-12 days. For large-scale cultivations, 10 % inoculum was added to 1.5 L production
medium in 5-L Erlenmeyer flask. The 2 % XAD-16 resin is added into a culture broth after
completion of production. For genetic modification purposes, the susceptibility of MCy9003
strain to different antibiotics was determined. The bacterium is resistant to hygromycin (100 pg
ml1) and sensitive to kanamycin (75 pg ml™) and oxytetracycline (10 pug mit). Kanamycin (75
ug ml?t) antibiotic was added into solid or liquid media for selection of transformants and
cultivation of mutant strains, respectively. If required, the bacterial cultures were induced with
1 mM vanillate at the beginning of the cultivation.

2.2.2 Construction of plasmids for activation or inactivation of selected biosynthetic genes

Routine handling of nucleic acids, such as isolation of plasmid DNA, restriction endonuclease
digestions, DNA ligations, and other DNA manipulations, was performed according to standard
protocols [160]. E. coli DH10B (Invitrogen) was used as the host for standard cloning
experiments. E. coli strains were cultured in 2TY medium or on 2TY agar (1.6 % tryptone, 1
% yeast extract, 0.5 % NaCl, (1.8 % agar), dH-0) at 30-37 °C, at 200 rpm overnight. Antibiotics
were used at the following final concentrations: 100 pg mI™* ampicilin, 50 pg mI* kanamycin.
Transformation of E. coli strains was achieved via electroporation in 0.1 cm-wide cuvettes at
1350 V, 200 Q, 25 uF. Plasmid DNA was purified by standard alkaline lysis [160] or by using
the GeneJet Plasmid Miniprep Kit (Thermo Fisher Scientific). Restriction endonucleases,
alkaline phosphatase (FastAP) and T4 DNA ligase were obtained from Thermo Fisher
Scientific. Oligonucleotides used for PCR and sequencing were obtained from Sigma-Aldrich
and are listed in Table S1- 1. PCR reactions were carried out in Mastercycler® pro (Eppendorf)
using Phusion™ High-Fidelity or Tag DNA polymerase (Thermo Fisher Scientific) according
to the manufacturer’s protocol. For Taq: Initial denaturation (2 min, 95 °C); 30 cycles of
denaturation (30 s, 95 °C), annealing (30 s, -5 °C of lower primer's Tm) and elongation (based
on PCR product length 1 kb/min, 72 °C); and final extension (10 min, 72 °C). For Phusion™:
Initial denaturation (2 min, 98 °C); 30 cycles of denaturation (15 s, 98 °C), annealing (30 s, Tm
of the lower primer) and elongation (based on PCR product length 0.5 kb/min, 72 °C); and final
extension (10 min, 72 °C). PCR products or DNA fragments from restriction digests were
purified by agarose gel electrophoresis and isolated using NucleoSpin Gel and PCR Clean-up

kit (Macherey-Nagel). The digested PCR products were cloned into suitable plasmids
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pSBtn5Kan, pSB2tn5Kan and pFPVan, verified by restriction analysis and sequenced using
sequencing primers (Table S1- 1). The PCR products cloned into pCR2.1 vector were
adenylated prior to use of the TOPO TA Cloning Kit (Invitrogen). Details on the construction
of all plasmids used and generated in this study are given in Table S1- 2. Bacterial strains

prepared in this study are presented in Table S1- 3.
2.2.3 Transformation of MCy9003

The MCy9003 wild-type strain was cultivated in CYHv3 medium for 2-3 days. 2 mL of
bacterial culture were transferred in 2 mL Eppendorf tube, depending on the density of the
culture, centrifuged at 6000 rpm for 2 min, washed twice with autoclaved ultrapure water and
resuspended in 30 pL of it. So prepared cells were added 1 pg of constructed plasmid, mixed
and transferred to a cuvette with 1-mm gap. The transformation mixture was electroporated
using the following parameters: 650 V, 25 pF, 400 Q [161]. Transformed cells were
resuspended in 1 mL of CYHv3 medium and incubated in 2 mL Eppendorf tube with punctured
lid at 30 °C, shaking at 800 U min* for 6 h. The CYHv3 agar plates containing kanamycin (75
ng mlt) were overlayed with 3 mL of CYHv3 soft agar (0.75 %) added incubated electroporated
cells and kanamycin to the final concentration of 75 pg ml. After incubation at 30 °C for 8-10

days, successfully transformed colonies were observed and re-plated onto a new agar plate.
2.2.4 Verification of transformants and their preservation

After 3-4 days of incubation on agar plates at 30 °C, some cells were collected for isolation of
genomic DNA with Gentra® Puregene® Cell Kit (Qiagen) for further verification of correct
plasmid integration. For activation mutants three primer sets were used. Integration on the left
and right sides of the pSBtn5Kan-based plasmid were confirmed by a successful DNA
amplification with one primer on the genome, on either left (g001-bgc#-F) or right (g001-bgc#-
R) side of the homology region, and the other on the plasmid, M13-24R or M13-21F,
respectively. The integration of the pFPVan-based plasmid was confirmed similarly, however,
primer vanseq-F was used instead of M13-21F when confirming the right side of the homology.
If the plasmid was integrated correctly, no PCR product was expected using primers aligning
on the genome just outside the homology region (g001-bgc#-F and g001-bgc#-R) (Table S1-
1). Two sets of primers were used on inactivation mutants for pCR2.1-based plasmid integration
verification. The homology itself was PCR-amplified as a PCR control and the integration into
desired gene by GOO1-inact#o# primers, located outside of homology region, in combination

with PCR21R primer aligning on the plasmid (Table S1- 1). For storage purposes, the
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transformant with correct PCR profile was grown in 50 mL liquid medium CYHv3 with
kanamycin (75 ng ml) and centrifuged at 8000 rpm for 6 min. The cell pellet was resuspended
in 20 % glycerol and stored at -80 °C.

2.2.5 Extraction and LC-MS analysis of myxobacterial crude extracts

After completion of production, culture broth with 2 % XAD-16 is transferred into 50 mL
plastic falcons and centrifuged for 10 min at 8000 rpm. The supernatant is discarded but the
pellet is frozen at -20 °C or in liquid nitrogen, and lyophilized. For extraction of 50 mL falcon
tube content a mixture of 50 mL MeOH/acetone 1:1 is used and incubated on a magnetic stirrer
for 3 h. Extracts are further filtered through glass wool into round bottom flasks. The solvent is
evaporated on a rotary evaporator (Rotavapor R210, Buchi) at 40 °C at reduced pressure. Each
sample is dissolved in 2 mL methanol and measured in 20x dilution on UHPLC coupled to
maXis 4G MS system (Bruker Daltonics; Q-ToF). Separation of 1 ul sample, with 1.7 pm
Acquity UPLC BEH C-18 Column (100 x 2.1 mm), was achieved by a linear gradient from (A)
H>0 + 0.1 % FAto (B) ACN + 0.1 % FA at a flow rate of 0.600 ml/min at 45 °C. The gradient
was initiated by a 0.5 min isocratic step at 5 % B, followed by an increase to 95 % B in 18.5
min to end up with a 2 min step at 95 % B before re-equilibration to initial conditions in 2 min.
The detection was usually performed in the positive MS mode, where mass detection range
reached from 150 to 2.500 m/z units for maXis 4G MS system.

2.3 Results and discussion
2.3.1 Known BGCs from MCy9003

Out of 40 BGCs predicted by antiSMASH, and five found subsequently since its algorithm
cannot separate the BGCs located next to each other, some of them are known or characteristic
for myxobacteria. The strain encodes enzymes for biosynthesis of terpenes geosmin [162] and
carotenoids [163], a PKS type Il product alkylpyrone [164], a siderophore myxochelin [165]
and fatty acids VEPE/TG-1 [166], all detected by antiSMASH online tool. After successful
activation of a certain BGC, we detected NRPS product chloromyxamide [167] that was known

at the time but not yet present in databases.
2.3.2 Genome mining strategy

The selection of BGCs was first based on the presence of known resistance genes in the vicinity
of predicted biosynthetic genes (Figure 16). Firstly, a pentapeptide repeat protein [168] was
found encoded in geosmin BGC. Geosmin is known for its odorous and volatile properties. It
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is reported as cytotoxic to human cells HepG2 in concentrations above 75 pl ml™ since it causes
cytoplasmic membrane damage but it does not induce DNA damage and complex genomic
alterations [169]. Geosmin is therefore not a DNA gyrase inhibitor as pentapetide repeat protein
would suggest. Secondly, we observed the gene encoding an elongation factor Tu
(MCy9003_22480) and elongation factor Tu GTP binding domain (MCy9003_82640) in the
vicinity of BGC-12 and BGC-39B, respectively, which could or could not be connected with
the biosynthesis of NP. The BGC-12 consisted of a NPRS gene containing four modules
predicted to be producing a short peptide with A domain specificity roughly for Leu, Val, Pro
and Ile amino acids. The BGC-39B is a PKS type I/NRPS hybrid, which according to
antiSMASH prediction consists of 7 modules, starting with CAL (Co-enzyme A ligase) domain,
condensing a C-methylated methylmalonyl-CoA moiety, followed by Ser, Gly, Ser, Gln, lle,
Lys amino acids predicted by the Stachelhaus code [72]. The elongation factor Tu (EF-Tu) is
responsible for delivering aminoacyl-tRNA molecules to mMRNA-programmed ribosomes and
plays an essential role in the elongation cycle of protein biosynthesis [170]. EF-Tu as a part of
ternary complex EF-Tu-GTP-aa-tRNA binds to the ribosome and allows interaction between
aminoacyl-tRNA molecule and mRNA codon in the ribosomal A site. Binding of a selected aa-
tRNA leads to GTP hydrolysis, where an inorganic phosphate P; dissociates and EF-Tu
undergoes conformational changes [170]. The antibiotics that target EF-Tu consequently
interfere with the protein biosynthesis, either by blocking EF-Tu - GDP on the ribosome or
inhibition of the interaction of EF-Tu - GTP with aa-tRNA [171]. The examples are so-called
elfamycins [172]: kirromycin [173], enacyloxin [174], pulvomycin [175], GE2270 A [175] and
factumycin [176]. Three copies of EF-Tu are encoded in the genomes of the kirromycin
producer S. ramocissimus as well as the GE2270 producer Planobiospora rosea. In each strain,
one of the copies was shown to provide resistance to kirromycin, pulvomycin, GE2270 [172]
or GE2270 [177], respectively. However, the EF-Tu inhibitor-producer bacteria were mostly
found to protect themselves in a different manner, e.g. with precursor secretion (enacyloxin) or
by export through ABC transporter (factumycin) [172], rather than with an additional copy of
EF-Tu.

Although only a few potential resistance genes were detected, MCy9003 strain with many
unknown BGCs of NRPS and NRPS/PKS type 1 origin still held promise to find something
new. Therefore, we later focused on BGCs that contain biosynthetic genes orientated in one
direction and are preferably in one operon (Figure 16), due to convenience as well as the
limitation of only one selection marker that could be used for genetic modification. We

successfully overexpressed biosynthetic genes in BGC-33 and BGC-34B, resulting in the
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production of linear peptides (Figure S1- 1) with no notable antibacterial activity tested so far
(Table 3). Next, we chose the BGC-1, with 4-5 biosynthetic genes (38.2 kb), containing 9
modules spanning from MCy9003_00740 to MCy9003_00780 gene. According to antiSMASH
prediction, the initial CoA ligase (CAL) domain selects a specific fatty acid-CoA building block
and continues with the condensation of amino acids D-Gly, Ile, Hpg, N-methylated Thr, Aad,
Thr, D-Ser, Hpg and Phe. The Hpg stands for 4-hydroxyphenylglycine and Aad for (L-a-
aminoadipic acid) [72]. The selected BGC-33 is predicted to assemble a fatty acid-CoA, Gly,
D-GIn, lle, Val, Ser, Val, malonyl-CoA, Val, Val, Glu and Ala on a hybrid NRPS/PKS type I
encoded by a 43.9-kb MCy9003_77130 gene with 11 modules. Moreover, a flavin-utilizing
monooxygenase is positioned in between the modules incorporating malonyl-CoA and Val
units. The BGC-34B contains biosynthetic genes MCy9003_78320 and MCy9003_78330 (29
kb) with 6 modules that are predicted to assemble malonyl-CoA, Phe, lle, b-Val, D-Leu, Ala,
Gly units on a hybrid NPRS/PKS type I.
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Figure 16. Genome mining strategy in MCy9003. The genome sequence of MCy9003 strain was analyzed with
antiSMASH and manual inspection. The potential BGCs were at first selected if they contained a potential self-
resistance protein (b). Later, the focus was on BGCs encoded in one operon since only one selection marker was
available, however, also the bilateral gene overexpression was possible (a). After the discovery of myxopentacin
(see below), produced as well by two alternative producers, the BGC was selected only if present in all three
genomes. Constructed plasmids were electroporated into WT strain. Mutant was identified and cultivated in
parallel with its parent strain. Culture broth was extracted and subjected to LC-MS profiling. Dereplication was

made before compound isolation, the structure elucidation and bioactivity testing followed.

The biosynthetic gene MCy9003_ 80180 (26.3 kb) with 6 modules from BGC-35B encodes a
hybrid NRPS/PKS type | predicted to condense fatty acid-CoA, Phe, malonyl-CoA, Gly, GIn,
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Val, Val units. The BGC-35B as well contains a tailoring TE type Il, and a flavin-utilizing
monooxygenase encoded in the biosynthetic gene between the modules incorporating a
malonyl-CoA and Gly unit. The selection of further BGCs for activation or inactivation was
based on the presence of those in the genomes of myxopentacin alternative producers due to
the search of its biosynthetic genes (see below). The selected BGC are shown in Table 3,

together with the experimental outcome.

Table 3. The modified BGCs in MCy9003

The selection rationale BGC# Ge_zr)etlg Output
modification
Pentapeptld_e repeat BGC-32 X Geosmin
protein
Elongation factor Tu . A
GTP binding domain BGC-39B inactivation X
Elongation factor Tu BGC-12 . C.)E . Myxopent.acms type A: 7.62,’ 776a, 77.6b
Inactivation Changes in myxopentacins’ conc. ratio
One operon BGC-33 OE Linear peptide
One operon BGC-34B OE Linear peptide
One operon BGC-1 _ C_)E _ Myxopentacms type B ?13, 926 .
Inactivation Changes in myxopentacins’ conc. ratio
One operon BGC-35B OE Increased production of myxopentacins
In both alternative BGC-18 OE Myxoglucamides (Section 2.3.7)

producers
OE - overexpression

2.3.3 Discovery of myxopentacins

The inactivation by a plasmid insertion into MCy9003_82470 gene, encoding a NRPS from
BGC-39B, showed no significant differences in LC-MS chromatogram analysis and did not
imply on the disappearance of a NP-molecular mass potentially produced by BGC-39B. The
overexpression of MCy9003_22370 gene (13.8 kb), encoding the main NRPS in BGC-12 with
strong constitutive promoter Ptn5, was followed by comparison of secondary metabolomes of
mutant and wild-type strain MCy9003. In the mutant strain, certain target peaks in LC-MS
spectrum were visibly increased, especially target peaks 4 and 5 (Figure S1- 2). The
dereplication analysis confirmed that compounds are generally unknown, with the exception of
compound number 10 that belongs to the family of myxochelins. 10 out of 11 target masses
were new and in MS-MS analysis all contained a fragment ion with molecular mass 223.14 m/z
(dimer of cispentacin; explained further in the text) and a difference of 111.068 m/z between
fragments (Figure 17). The NPs exhibiting that characteristic MS-MS pattern were named
myxopentacins. The compounds represented by peaks 4 and 5 in LC-MS chromatogram (Figure
S1- 2), with molecular masses 381.7477 [M+2H]?*" or 762.4868 [M+H]" and 388.7557
[M+2H]?* or 775.5114 [M+H]", respectively, were isolated, structurally elucidated using NMR
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and stereochemically assigned by Alexander Popoff [178]. The isolated compounds were

named myxopentacin-762, myxopentacin-776a and b (Figure 18).
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Figure 17. The myxopentacin-specific MS-MS fragmentation pattern. The common fragment 223.14 m/z and
the common difference between the fragments of 111.069 Da. Spectra originate from the fragmentation of the
double charged mass [M+2H]?* ion and were extracted from HRMS measurements of crude extracts of MCy9003
[178]. The figure was taken from the PhD thesis of A. Popoff [178].

The overexpression of MCy9003_00740 gene, located at the beginning of a putative BGC-1,
with strong constitutive promoter Ptn5 as well resulted in changes in secondary metabolome of
MCy9003 strain (Figure S1- 3). Surprisingly, 7 out of 8 target molecular masses showed the
above mentioned characteristic pattern in MS-MS analysis and therefore belong into the
compound family of myxopentacins. The compounds with molecular masses 457.29 [M+2H]?*
or 913.58 [M+H]" and 464.3 [M+2H]?* or 925.51 [M+H]*, respectively, with most abundant

concentrations were isolated and their structure elucidated [178], yielding myxopentacin-913

Ty

HN” “NH,

and myxopentacin-926 (Figure 19).
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Figure 18. Myxopentacin (1) 762, (2) 776a and (3) 776b (type A) isolated from
MCy9003/pSBtn5Kan001nrpsl2 strain
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Figure 19. Myxopentacin (4) 913 and (5) 927 (type B) isolated from MCy9003/pSBtn5Kan001nrpsl strain
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Figure 20. The secondary metabolome comparisons between WT and mutant strains. The overexpressions
of BGCs 1 (M41) and 12 (M23) are presented in A and C, and the inactivations of BGC 1 (M127), 12 (M37) and
39B (M137) in B, D and F chromatograms, respectively. In case of BGC-35B, the secondary metabolome of
mutant strains prior and after the vanillate induction was compared. The EICs of WT and uninduced strain M58
are marked with red, while the EICs of mutants and vanillate-induced strain M58 are blue. The numbers correspond
to EICs (m/z) of: 1- 381.7477 (£0.02), 2- 388.7557 (+0.02), 3- 457.29 and 4- 464.3 (+0.02). The information about
the mutated strains M23, M37, M41, M58, M127 can be found in Table S1- 3. The data for each chromatogram

were obtained in a separate experiment.
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Although the building block prediction of BGC-1 and BGC-12 did not fit with isolated
compounds (Section 2.3.2), the inactivation mutants of MCy9003_00740 and MCy9003_22370
gene, respectively, were prepared by a plasmid insertion via homologous recombination. The
secondary metabolomes of both mutant strains exhibited changes of the concentration ratio of
compounds from myxopentacin family, in comparison to the wild-type strain (Figure 20). The
myxopentacins were still produced and we so confirmed that those BGCs are not responsible
for their assembly. Moreover, the inactivation of the BGC-39B prepared by a plasmid insertion
via homologous recombination into MCy9003 82470 gene similarly exhibited changed
production yields of myxopentacin derivatives (Figure 20F). In the course of genome mining
in MCy9003 strain, many other activation and inactivation mutants were prepared (data not
shown). The secondary metabolome of the BGC-35B activation mutant (Figure 20E, Table 3)
has shown increased production of all 5 isolated myxopentacins. In general, the inactivation of
BGC-1 (Figure 20B) and BGC-39B (Figure 20F) caused the decrease of myxopentacins type
B, while the inactivation of the BGC-12 changed the distribution of produced myxopentacin
regardless of their type. The BGCs 1, 12, 35B and 39B are somehow involved in yet not
understood regulation of their biosynthesis but many more BGCs are present in MCy9003 strain

and their potential involvement is still completely unknown.
2.3.4 Biosynthesis of myxopentacins

The newly discovered myxopentacin family contains a cyclopentane ring that is a unique
feature in the world of NPs. Only three secondary metabolites are known with such feature,
namely borrelidin [179], cispentacin [180] and amipurimycin [135, 181]. The angiogenesis
inhibitor borrelidin, isolated from Streptomyces parvulus T(4055, contains a trans-
cyclopentane-1,2-dicarboxylic acid incorporated into the macrolide scaffold as a staring unit
[179]. Cispentacin, FR109615 or 2-aminocyclopentane-1-carboxylic acid is a non-
proteinogenic amino acid, isolated from the culture broth of Bacillus cereus strain, L450-B2 in
1989 [180] and in 1990 from Streptomyces setonii [182]. It exhibited weak antifungal activity
against Candida albicans A9540 in vitro but demonstrated strong protection of mice from lethal
systemic infection with C. albicans [180]. On the other hand, antimycotic amipurimycin [183]
was isolated from Streptomyces novoguineensis sp. nov in 1977 [184] and has shown
remarkable activity against Pyricularia oryzae, a fungus causing the rice blast disease [185].
Due to the novelty of myxopentacin structure, the biosynthetic genes were hard to predict but
after the biosynthetic pathway of amipurimycin [135] was published, the BGC-39A was an

obvious choice. Additionally, the production of myxopentacins was detected in two
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myxobacterial alternative producers MCy11578 and MCy10644 with help of the in-house
database MyxoBase. All three strains were grown in parallel and their crude extracts were
measured with LC-MS and analyzed (Figure S1- 4). The protein homologs responsible for
formation of cispentacin moiety in amipurimycin, encoded by apmAl-apmA7 [135] or amcB-
amcH [181], were found in the MCy9003 genome using BLAST and named MxpB-MxpH
(Figure 23, Table 4). The inactivation mutant MCy9003/mxpAA (Table S1- 3: M215) further
proved the involvement of a NRPS MxpA in the myxopentacin biosynthesis. The alternative
producers harbour myxopentacin BGC as well but only the genes encoded in BGC-39A of
MCy9003 are presented in Table 4. Analysis of MXP gene cluster suggests that proteins from
MxpA to MxpL are necessary for the biosynthesis of myxopentacin’s scaffold, except for Mxpl,
a potential self-resistance gene.

Table 4. Annotated genes found in the myxopentacin BGC-39A

Gene Size®  Protein homolog® Proposed function Catalytic domains

orf(-8) 123 WP_047856686.1 (77/92) hypothetical protein

orf(-7) 219 WP_002625481.1 (92/99) hydrolase

orf(-6) 621 WP_073560195.1 (97/93) amidohydrolase

orf(-5) 541 WP_071897078.1 (87/96) MFS transporter

orf(-4) 75 WP_169344977.1 (85/97) DUF1427 family protein

orf(-3) 78 WP_095989583.1 (92/100) DUF1427 family protein

orf(-2) 283 WP_161666456.1 (83/92) endonuclease

orf(-1) 226 WP_164017081.1 (82/95) hypothetical protein

mxpA 2579  WP_084609656.1 (69/88) non-ribosomal peptide synthetase C-A-PCP-C-A-

PCP-C

mxpB 469 WP_169343210.1 (84/94), acyl--CoA ligase A
ApmAl, AmcH, Cfa5

mxpC 194 WP_043392319.1 (78/92), Unknown, coronafacic acid
ApmA2, AmcG, Cfad synthetase

mxpD 374 WP_164002924.1 (85/93), beta-ketoacyl-ACP synthase KS
ApmA3, AmcF, Cfa3

mxpE 174 WP_120205330.1 (79/93), beta-hydroxyacyl-ACP dehydratase DH
ApmA4, AmcE, Cfa2

mxpF 148 WP_043392327.1 (75/96), 4-hydroxybenzoyl-CoA thioesterase ~ TE
ApmA5, AmcD

mxpG 465 WP_073559291.1 (83/95), aminotransferase class I11-fold AMT
ApmA6, AmcC pyridoxal phosphate-dependent

enzyme

mxpH 89 WP_043392332.1 (79/97), ACP ACP
ApmA7, AmcB, Cfal

mxpl 153 0JT27517.1 (85/94) YbaK/prolyl-tRNA synthetase

mxpJ 282 WP_120625560.1 (77/92), aldolase
KtmA

mxpK 410 WP_002634949.1 (78/95), amino acid C-acyltransferase AMT
KtmB

mxpL 178 WP_073559295.1 (86/95), dehydratase DH

KtmC
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WP_120546462.1 (89/97)
WP_120601942.1 (81/94)
WP_120557531.1 (61/81)

WP_120557532.1 (67/86)
WP_120619789.1 (68/88)

WP_147439182.1 (60/85)
WP_120558049.1 (76/91)

MBL fold metallo-hydrolase

MBL fold metallo-hydrolase

CPBP family intramembrane
metalloprotease

aspartyl/asparaginyl beta-hydroxylase
domain-containing protein

FkbM family methyltransferase

MFS transporter

hypothetical protein

aSizes are given in amino acids; ® Accesson numbers and percentage of identity/similarity are given in parentheses.

381.7477 \-

388.7557

4 5 3] Time [min]

Figure 21. The comparison of secondary metabolome of MCy9003 wild-type and the mutant strain with

disrupted mxpA gene from BGC-39A. Base peak chromatogram (BPC) of WT strain is shown in red, whereas

BPC of the MCy9003/mxpAA mutant strain is shown in blue. The peaks corresponding to the respective exact

masses are marked. However, myxopentacin peaks are often overlapping with other compounds therefore it might

appear as their production is not changed or is even increased in the mutant strain. The myxopentacin production

in both strains is better shown in Figure 22.
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Figure 22. Myxopentacin production in MCy9003 and MCy9003/mxpAA strains. EICs of m/z 381.7477
(£0.02) (red), m/z 388.7557 (£0.02) (yellow), m/z 457.29 (+£0.02) (green) and m/z 464.3 (£0.02) (blue) are shown

(chromatograms adapted from DataAnalysis (available from Bruker Daltonics)).
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The inactivation mutant MCy9003/mxpAA was prepared by a transformation of a plasmid
bearing 1 kb-homology to the first A domain of mxpA gene into MCy9003 wild-type strain.
The plasmid pCR2.1-001inact39A01 (Table S1- 2) was incorporated into the genome through
homologous recombination, which disrupted the modular NRPS MxpA. Triplicates of mutant
strain and wild type were cultivated in production medium in parallel, their culture broths were
extracted and subjected to LC-MS analysis. No myxopentacins were detected in crude extracts
of a mutant strain MCy9003/mxpAA in contrast to the wild-type strain (Figure 21, Figure 22).
The transcription of MxpA was therefore successfully interrupted and it can be concluded that
this NRPS protein plays an essential role in myxopentacin biosynthesis and is least partly
responsible for its assembly as explained in Section 2.3.4.3. A summary of the proposed
biosyntheses of cispentacin and pseudoarginine moieties is presented in Figure 23. More
detailed information on their biosynthesis and the possible myxopentacin building block

assembly strategies are presented below.
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Figure 23. A summary of the biosynthesis of cispentacin and pseudoarginine moieties. The assembly of
pseudoarginine and valine are proposed in Figure 27, whereas the biosynthesis of cispentacin and pseudoarginine
are explained in more detail in Figure 24 and Figure 25, respectively. Two ER domains, necessary for the

biosynthesis of the building blocks, are not located in the myxopentacin BGC.

2.3.4.1 The biosynthesis of cispentacin moiety

The proposal for the biosynthesis of cispentacin moiety (Figure 24) is based on the in silico

protein analysis [135, 181, 186]. Recent publications [135, 181] propose cispentacin
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biosynthesis on the basis of comparison to coronafacic acid (CFA), a polyketide component of
the phytotoxin coronatine, a virulence factor of the plant pathogen Pseudomonas syringae
[186]. The heterologous expression and gene disruption experiments in amipurimycin BGC
confirmed the involvement of a cluster of genes in the biosynthesis of cispentacin moiety [135,
181]. However, no in vitro function of any protein hypothetically involved was shown.
According to the hypothesis by Romo et al., amcA-amcH genes encoded in amipurimycin BGC
are proposed for its biosynthesis [181] (Figure 23). The necessary starting components are

suggested to originate from primary metabolism.
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acetyl-CoA
Cfa1 p 6 0 acetyl-CoA
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Figure 24. The suggested biosynthesis of the cispentacin moiety in myxopentacins according to the
hypothesis by Romo et al.. Building blocks are derived from primary metabolism, from acetyl-CoA [135, 181].
An ACP MxpH loads a malonyl-CoA moiety. The CoA activated succinate semialdehyde is condensed onto
malonylated-ACP by MxpD, a KS protein. A hypothetical protein MxpC cyclizes an acyl chain into a cyclopentane
ring. A dehydratase MxpE removes a hydroxyl group and an unknown ER domain reduces the newly formed
double bond. An aminotransferase MxpG installs amino group and a TE MxpF releases formed cispentacin moiety
from MxpH ACP.

A versatile acetyl-CoA is transformed by an acetyl-CoA carboxylase into a malonyl-CoA or
enters the citric acid cycle and exits as an a-ketoglutarate [135, 181]. After the dissociation of
CO: from a-ketoglutarate, a succinate semialdehyde is formed [181], which is further activated
by an acyl-CoA ligase AmcH. A malonyl-CoA moiety is selected by an AT domain and loaded
onto ACP AmcB. A KS protein AmcF catalyzes the condensation of an activated succinate
semialdehyde and a thiolated malonyl-CoA moiety. A hypothetical protein AmcG was
proposed to cyclize the ACP-attached acyl chain into a cyclopentane ring. A dehydratase AmcE
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removes the hydroxyl group and a double bond is formed. In amipurimycin biosynthesis, Romo
et al. [181] reports on the presence of 3-oxoacyl-(ACP) reductase (KR) AmcA in the BGC and
proposes that AmcA is responsible for saturation of formed double bond but no experimental
proof exists [181]. AmcC encodes an aminotransferase that exchanges a keto group with an
amino group on the scaffold of the cyclopentane ring. A TE AmcD releases the final product —

a cispentacin moiety (Figure 24).

Based on the above presented hypothesis [181], paralells can be drawn for the biosynthesis of
cispentacin moiety present in myxopentacins. Proteins encoded by mxpB-mxpH genes are
homologous to AmcB-AmcH from amipurimycin BGC (Table 5). However, no homolog of 3-
oxoacyl-(ACP) reductase (KR) AmcA [181] that would saturate the double bond of the
intermediate is found directly in MXP gene cluster but there are many homologs encoded in the
rest of the genome that could fullfil the task.

Table 5. Similarities of protein homologs responsible for the biosynthesis of the cispentacin moiety

Protein from MXP BGC Protein homolog (Identity/Similarity)

AmcH (42/68)

MxpB
Cfab (39/68)
AmcG (19/53)

MxpC
Cfa4 (25/54)
AmcF (50/72)

MxpD

Cfa3 (46/71)
AMCE (56/78)

MxpE
Cfa2 (49/74)
MxpF AmcD (49/74)
MxpG AmcC (58/83)
AmcB (48/81)
MxpH

Cfal (42/72)

2.3.4.2 The biosynthesis of pseudoarginine moiety

In addition to the above described cispentacin moiety, myxopentacins contain a pseudoarginine
moiety (Figure 25), another rare feature among NPs, found also in arphamenines and
ketomemicins [136]. The biosynthesis of a pseudopeptide moiety was elucidated in vitro and is
in ketomemicin biosynthesis catalyzed by KtmA, KtmB, KtmC and KtmF enzymes [136].
Three protein homologs corresponding to KtmA-KtmC are present in myxopentacin BGC and
were named MxpJ-MxpL (Table 4). MxpJ, KtmA homolog (57 % identity), shows significant
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homology to CitE family enzymes. CitE is a B-subunit of the bacterial ATP-independent citrate
lyase that otherwise consists of a, B and y subunits [187]. A citryl-S-ACP, CitE, catalyzes a
retro-aldol reaction from citryl-ACP to oxaloacetate and acetyl-ACP [136], while other similar
lyases like L-malyl-CoA lyase/p-methylmalyl-CoA lyase [188] utilize acyl-CoA thioesters as
substrates [136]. MxpK, KtmB homolog (59 % identity), shares characteristics with PLP-
dependent amino acid Ca-acyltransferases, catalyzing C-C bond formation between the a-
carbon of an amino acid and the carbonyl carbon of an acyl-CoA thioester, followed by
decarboxylation to generate an a-0xoamine structure [136]. PLP-dependent amino acid Ca-
acyltransferases are important enzymes in various processes such as threonine degradation,
heme, biotin and sphingolipid biosynthesis [136]. MxpL, KtmC homolog (63 % identity),
shows homology to MaoC dehydratases. Those are classified into a thioesterase/thiol ester
dehydrase-isomerase superfamily with characteristic Hotdog fold. In E. coli, MaoC protein
contains an N-terminal short-chain dehydrogenase domain that is known to catalyze
dehydrogenation of a variety of aliphatic and aromatic aldehydes using NADP as a cofactor.
The C-terminal is assumed to be responsible for its enoyl-CoA hydratase activity [189].
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Figure 25. A proposed mechanism for the biosynthesis of the pseudoarginine moiety. After deamination of 2-
aminobutyric acid to 2-oxobutyric acid or 2-aminovaleric acid to 2-oxovaleric acid, MxpJ catalyzes the reaction
between malonyl-CoA and 2-oxocarboxylic acid to yield (1). A dehydratase MxpL catalyzes the removal of water,
which results in the formation of the double bond in (2). MxpK, an arginine Ca-acyltransferase, condenses L-Arg
to (2) and meanwhile removes CoA and forms (3). After the action of an unknown ER domain, the pseudoarginine

moiety found in myxopentacins is biosynthesized.

On the basis of the in vitro experiments on ketomemicins, we are able to propose possible

biosynthesis of a pseudoarginine moiety found in myxopentacins. MxpJ is speculated to
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catalyze the reaction between malonyl-CoA and 2-oxobutyric or 2-oxopentanoic acid, which
results in (1) (Figure 25). The 2-oxobutyric or 2-oxopentanoic acid could originate from 2-
aminobutyric and 2-aminovaleric acids (an isomer of valine), respectively, after a deamination
reaction common in protein degradation [190]. The reaction product (1) is further transformed
by a dehydratase MxpL and results in loss of water and (2) (Figure 25). MxpK catalyzes C-C
bond formation between L-Arg and (2), removing CoA moiety and CO>. The product of that
reaction resembles a pseudoarginine moiety (3) present in myxopentacins. The only necessary
step still missing is the reduction of the double bond, which is usually catalyzed by an enoyl
reductase enzyme such as NAD(P)H-dependent reductase KtmF (H340 08821) from
ketomemicin biosynthesis [136]. No KtmF homologs are present in the BGC-39A but there are
4 homologs encoded in the genome of producer strain MCy9003.

2.3.4.3 The assembly of myxopentacins

The building block sequence in myxopentacins of type A and B partly differs but all the family
members isolated so far share a common part: two subsequent cispentacin moieties, a
pseudoarginine moiety and a valine. Moreover, all the building blocks in myxopentacins are

bound via peptide bonds (Figure 26).

myxopentacin-762 .
type A RS -

myxopentacin-913
type B

Figure 26. Myxopentacins type A and B contain pseudoarginine moiety and valine

As the inactivation of mxpA, encoding a NRPS with domain sequence of C-A1-PCP-C-A2-
PCP-C, resulted in abolished production of myxopentacins of both types (Figure 22), we can
propose that MxpA is essential for the myxopentacin biosynthesis. The selectivity of A domain
is determined by its amino acid sequence in certain positions [72]. According to the prediction
tools incorporated into antiSMASH program, Leu, lle or Val are selected by Al domain and
Cha (B-cyclohexyl-L-alanine), Val or Ile by A2 domain. Due to common pseudopeptide moiety

and the terminal valine residue in both types of myxopentacins (Figure 26), we suggest that the
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MxpA module 1 selects the 2-aminobutyric acid-originating part of pseudoarginine moiety,

which is condensed with valine incorporated by module 2 (Figure 27).
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Figure 27. The proposed partial assembly of myxopentacin building blocks on NRPS MxpA. The module 1
could select the 2-aminobutyric acid-originating part of pseudoarginine moiety and further condense it with valine,
selected by module 2. The polymerization of cispentacin moieties and 2-aminobutyric acid or alanine building
blocks in type A myxopentacins is not yet understood, neither the release mechanism. R denotes the remaining of

the myxopentacin molecule.

The assembly of cispentacin moieties, and alanine or 2-aminobutyric acid found in
myxopentacins type A, to pseudoarginine moiety is not yet understood (Figure 26). It might be
catalyzed by some unknown enzyme other than modular NRPS or by another BGC encoded in
the MCy9003 genome. The latter possibility could be evaluated after the heterologous
expression of myxopentacin BGC in host strain. Importantly, the role of other BGCs, such as
BGC-1, BGC-12 and BGC-35B that interfered in myxopentacin production yields (Table 3), in
this biosynthesis is unclear. An enzyme such as KtmD, a homolog of peptide ligase PGM1
[191] with an ATP-grasp domain [192], responsible for the peptide bond formation between
the amidino amino acid and pseudodipeptide in the final step of ketomemicin biosynthesis [136]
that would somehow explain the assembly of myxopentacin building blocks, does not exist in
the genome of MCy9003.

The partial assembly proposal suggests that only pseudoarginine moiety and valine are selected
and tethered by NRPS MxpA. However, the final product contains not only two but 6 or 7
moieties (Figure 26) and is therefore too large to be assembled strictly noniteratively. Moreover,
the myxopentacins are a much larger family of compounds and consist of many more variants

[178] that could change our opinion about biosynthesis once known. The biosynthesis could
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also be at least partly iterative. The iterative NRPS mechanism was reported in case of
pyrrolamide antibiotics: congocidine, distamycin and new analog, revealing that
amidohydrolase Pya25 is necessary for the polymerization of pyrrole moieties [193]. The
congocidine consist of two 3-aminopropionamidine and two 4-aminopyrrole-2-carboxylate
parts (Figure 28A). After the analysis of the culture extract, the acetylated 4-aminopyrrole-2-
carboxylic acid was detected. Consequently authors proposed that the 4-acetamido-pyrrole-2-
carboxylic acid attaches to both PCP domains Pyal9 and Pya21 but only the precursor attached
to Pya21 can be deacetylated by an amidohydrolase Pya25 prior to condensation with the intact

acetoamidopyrrole residue (Figure 28B) [193, 194].
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Figure 28. The iterative mechanism of congocidine biosynthesis. A) The precursors 3-aminopropionamidine
and 4-aminopyrrole-2-carboxylic acid used for congocidine biosynthesis. B) The proposed congocidine assembly
mechanism. The acetylated 4-aminopyrrole-2-carboxylic acid attaches to both PCP domains in Pyal9 and Pya21.
It remains intact when attached to Pyal9 before condensation with deacetylated precursor from Pya2l. The

deacetylation is catalyzed by an amidohydrolase Pya25.

If an acetylated cispentacin moiety is detected and if a responsible N-acetyltransferase would
be found, the assembly mechanism similar to pyrrolamide’s could be assessed. However, no N-
acetyltransferase was detected in the myxopentacin BGC. The 4-aminopyrrole-2-carboxylic
acid from congocidine biosynthesis originates from fructose-6-phosphate and the acetyl group
is installed by GImU, encoding a fused N-acetylglucosamine-1-phosphate uridyltransferase and
glucosamine-1-phosphate acetyltransferase from primary metabolism [194]. There are a
hydrolase (Orf(-7)), an amidohydrolase (Orf(-6)) and two MBL fold metallo-hydrolases (Orf1,
Orf2) present next to myxopentacin biosynthetic genes (Table 4). However, their role in

myxopentacin polymerization cannot be proposed without further experiments.

2.3.4.4 The gene cluster borders of myxopentacin
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As no other inactivation, gene knock-outs or heterologous expression mutants were prepared,
except for the inactivation of mxpA gene, nothing certain can be said about the cluster borders.
The orf(-8), orf(-1) and orf2 genes (Table 4) encode hypothetical proteins, whereas orf(-4) and
orf(-3) belong among DUF1427 family proteins. The latter contain domains with unknown
function and are probably not involved in biosynthesis process. Two MFS transporters encoded
by orf(-5) and orf6 are present, one on each side of the biosynthetic genes (Table 4). They
belong into the family of macrolide efflux protein A (MefA) [195] and might be multidrug
resistance (MDR) transporters, the drug/H* antiporters (DHAs) that mediate the efflux of a
variety of drugs and toxic compounds through the membranes, conferring resistance to these
compounds [196]. They could be involved in the transport of myxopentacin out of the cell. The
amidohydrolase (orf(-6)) mentioned above (Table 4) might play a role in myxopentacin
assembly. The involvement of hydrolase and MBL fold metallo-hydrolases in myxopentacin
biosynthetic pathway is unknown. Orf3 belongs to family of intramembrane metalloproteases,
proteolytically removing the C-terminal three residues of certain prenylated proteins. Orf4 is
predicted to be an aspartyl/asparaginyl B-hydroxylase and Orf5 a methyltransferase. Orf(-2),
encoded upstream of MxpA, belongs to an endonuclease/exonuclease/phosphatase family. The
family includes Mg?*-dependent endonucleases and many phosphatases involved in cell-cycle
regulation intracellular signaling [197]. Orf(-2) is therefore believed not to be involved in
myxopentacin biosynthesis. Orf(-1) is recognized to be a hypothetical protein with no domain
detection. Search for Orf(-1) and Orf(-2) in other myxobacterial genomes revealed that they are
always found right next to each other and might therefore be in vicinity of the myxopentacin
BGC only by chance. The genes downstream of MxpL, except for orfl and orf2 genes in some
cases, were not found in the BGC vicinity in other myxobacterial strains described in Section
2.3.5. The genome information about the other strains harbouring myxopentacin biosynthetic
genes revealed that only orf(-6) gene, encoding an amidohydrolase is present in all of them (see

below).
2.3.5 Other myxobacterial strains harbour parts of MXP gene cluster

The genome collection of novel myxobacterial strains isolated in this group offers the
possibility to search for the investigated BGC in other strains although they were not found to
be producers of myxopentacins. We were interested in whether any of the strains contain
biosynthetic genes for cispentacin or pseudoarginine moieties. After a thorough analysis, a trend
as summed up in Table 6 was observed.

Table 6. Pseudoarginine and cispentacin biosynthetic genes-containing myxobacterial BGCs
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Strain Mxpl KtmF NRPS A dom"?'” Orientation ~ Figure 29
homolog selectivity
MCy9003P bgc39a Yes No C-A;-PCP-C-A,-PCP-C >
b A;—Leu
MCy10644 Yes No C-A1-PCP-C-A,-PCP-C A, Cha > Group A
MCy11578° Yes No C-A1-PCP-C-A,-PCP-C >
MCy8383 bgca7 Yes Yes C-A;-PCP-C-A,-PCP-C A, Leu >2¢<
MCy8375 bgc8 Yes Yes C-A;-PCP-C-A,-PCP-C A, Leu >2¢< Group B
MCy8337 bgc23 Yes Yes No info? 2 >2¢<
MCy10585 bgcl6 No Yes C-A:1-PCP-C 2>
MCy9280 bgc6 No Yes C-A:1-PCP-C 2>
MCy9171 bgcd No Yes C-A:1-PCP-C 2>
MCy8401 bgc44 No Yes C-A1-PCP-C 2>
MCy8396 bgc67 No Yes C-A:1-PCP-C A;—Leu > Group C
MCy8286 bgc7 No Yes C-A;-PCP-C >
MCy8278 bgc55 No Yes No info? >
MCy5730 bgc64 No Yes C-A;-PCP-C >
MCy10653 bgc18 No Yes C-A:1-PCP-C >>-
MCy9101 Yes / / 1>/ /

@The genomes of analyzed bacteria are assembled in contigs, which can split the BGCs of interest

5The confirmed myxopentacin producers

B-cyclohexyl-L-alanine

A Cystobacter sp. strain MCy9101 contained biosynthetic genes encoding only enzymes for
biosynthesis of a cispentacin moiety. In this BGC an additional gene was observed, namely
zinc-binding dehydrogenase (WP_108069954.1 (89/98)), that could act as the original missing
ER domain in cispentacin moiety biosynthesis (Figure 24). However, no homology with
proposed AmcA from amipurimycin BGC [181] was detected. In 14 other strains, three major

differences among found BGC were observed (Figure 29).

1. NRPS contains 2 modules in C-A-PCP-C-A-PCP-C sequence only when encoded in
different operon than cispentacin and/or pseudoarginine part. In case all three parts are
encoded in the same operon, an NRPS gene contains only one module in C-A-PCP-C
sequence

2. The pseudoarginine biosynthetic part differs according to the content of an additional
ER domain containing protein, a KtmF homolog

3. The cispentacin biosynthetic part differs according to the content of Mxpl prolyl-tRNA

synthetase

DNA sequence, stretching from orf(-8) to orf7, encompassing mxpA-mxpL genes, in MCy9003
(Table 4) is in 96.8 % and 99.5 % identical in the genomes of MCy10644 and MCy11578,
respectively. Two representatives of the group B, MCy8375 and MCy8383, chosen since their
mxpA sequence is fully assembled (Table 6), both share 62 % identity to mxpA-mxpl (NRPS
and cispentacin part) and 82 % to mxpJ-mxpL - pseudoarginine part (Figure 29). Regarding the
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genes surrounding the MXP biosynthetic genes, orf(-8)-orf(-3) and orfl genes are present in all
three strain but not in proximity of myxopentacin BGC. The latter is also true for orf2, however,
this gene is present only in MCy8383 strain. The group C representatives, MCy9280,
MCy10653 and MCy10585, show 39-40 % identity to mxpA, 48-50 % to mxpB-mxpH
cispentacin biosynthetic genes and 79-82 % to mxpJ-mxpL pseudoarginine biosynthetic genes

(Figure 29). Only the amidohydrolase, encoded by orf(-6) gene, is present in all three strains.
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Figure 29. The orientation of MXP and MXP-like BGCs in MCy9003 and other myxobacterial strains. A.
The investigated BGC from strain MCy9003 contains two adenylation domains and Mxpl but no KtmF homolog
with ER domain. B. The BGC is arranged in two operons. The genes responsible for pseudoarginine moiety
biosynthesis have reverse orientation and additionally contain a KtmF homolog. C. All biosynthetic genes are
organized in one operon. A pseudoarginine biosynthetic part has an additional KtmF homolog, the cispentacin
biosynthetic genes are short for Mxpl and the NRPS gene has only one A domain but a pair of PCP and C domains.
Additionally, the identity percentage of a selected region of the MXP-like BGCs to either NRPS and/or cispentacin,
or pseudoarginine biosynthetic genes of MCy9003’s MXP BGC is shown for each group.

The BGC arrangement as shown in Figure 29B seems to be characteristic for myxobacteria
from genus Archangium [43] as the analyzed strains were novel isolates of Archangium
violaceum, A. gephyra and Archangium sp.. The BGC arrangement from Figure 29C seems to
be less restrained to one genus and is therefore found in few members of Myxococcaceae
family, namely Myxococcus sp., Pyxidicoccus sp. and other novel isolate Cystobacterineae sp.
not yet classified into a beloning family or genus. The search for KtmF homologs found in
BGCs in groups B and C results in up to 13 BLAST hits in MCy9003, whereas there are only



52 | Connecting BGC:s to their products: Cystobacterineae sp. MCy9003

4 BLAST hits when looking for protein homologs of KtmF from Streptomyces mobaraensis.
The strains containing myxopentacin-like BGCs from groups B and C (Figure 29) were not
detected as myxopentacin alternative producers. However, no LC-MS data of crude extracts
was available for strains MCy8383, MCy8375 and MCy8337 (Group B). They might be even
better myxopentacins producers, due to different operon arrangement and direct presence of
KtmF homolog in the BGC but that cannot be confirmed at the moment. Although, it could also
be possible that the myxopentacin BGC is not expressed in WT when cultivated in selected
growth conditions, as observed on the example of myxoglucamide (Section 2.3.7). The MS-MS
spectra of MCy10644 and MCy9003 crude extracts were subjected for Global Natural Product
Social Molecular Networking (GNPS) [156]. The derivatives of myxopentacins type A and type
B (Figure 18, Figure 19) were clustered separately under selected parameters (Figure S1- 5).
However, none of those molecular masses were found in MS-MS spectra of MCy10585,
MCy9280 and MCy10653 (Group C). As most probably not only the known biosynthetic genes
(mxpA-mxpL) are responsible for the myxopentacin biosynthesis and assembly, it cannot be
said for sure if the B and C BGCs are complete and capable of producing a secondary metabolite

without further experiments.
2.3.6 Potential biological activity of myxopentacins

Additionally, the MXP BGC contains Mxpl that encodes a prolyl-tRNA synthetase from
YbaK/EbsC family, found in MCy9003 genome in two copies in total. An aminoacyl-tRNA
synthetases catalyze an essential process of the amino acids attachment to the 3' termini of
cognate tRNAs and ensure the accuracy of genetic information transfer from DNA to protein.
Due to their importance in organisms, the antibiotics selectively targeting them are being
developed [198]. Cispentacin is a weak inhibitor of C albicans’ prolyl-tRNA synthetase [199,
200], therefore Mxpl probably acts as a resistance protein and protects MCy9003 against the
produced compound. A synthetic cispentacin derivative icofungipen, tested in clinical trials in
phase 11 [200], is an isoleucyl-tRNA synthetase inhibitor in C. albicans [201]. On the other
hand, NPs related to ketomemicin and myxopentacins, arphamenines are known as specific
inhibitors of aminopeptidase B and enhance immune responses [202]. Due to structure
similarity (Figure 30), myxopentacins could also have protease inhibitory properties but were
not tested for such activity.
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Figure 30. A list of NPs with features found also in myxopentacin family

2.3.7 Discovery of myxoglucamides

The discovery of myxoglucamide came in connection with the quest after myxopentacin BGC.
Due to rare features in myxopentacin structure, its biosynthetic genes were hard to predict. Two
myxobacterial alternative producers MCy11578 and MCy10644 with accessible genome
sequences were available. Strain MCy11578 shares a very high identity with MCy9003 but
more differences can be found when compared to MCy10644. In total 14 common BGCs were
identified between the three strains as candidates for myxopentacin BGCs, among them also
BGC-18. A plasmid with two strong constitutive promoters Ptn5, both directed towards the
homology region, constructed to upregulate genes in both directions, was integrated into the
MCy9003 genome via homologous recombination (Figure 31). The production profile of
mutant strain MCy9003/pSB2tn5Kan001bgc18 (Table S1- 3: M172) showed significant
differences; three new peaks with exact masses 1- 631.3795 [M+H]*, 2- 645.3955 [M+H]" and
3- 659.4112 [M+H]" appeared (Figure 32). The large-scale cultivation of this mutant strain
enabled isolation of four derivatives from peaks 2 and 3. The compound production yield from
peak 1 was too low to be isolated. The structures of novel derivatives were elucidated (Figure
33) in 2018 by Alexander Popoff as well as the other structural features like stereochemistry
[178].
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Figure 31. The promoter integration into BGC-18 of MCy9003. The two Ptn5 promoters are marked with
orange arrows and were integrated to upregulate mxgH and mxgl gene expression. The catalytic domains for the
genes mxgA-mxgS are shown in purple. The integrated plasmid pSB2tn5Kan001bgc18, harbouring two Ptn5
promoters, the homology arm 001bgc18 (green), origins of replication (blue) and selection markers for ampicillin

and kanamycin, is marked with the black line.
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Figure 32. The production profile of WT strain and mutant strain with upregulated BGC-18. The base peak
chromatograms (BPC) of wild type and mutant strain M172 (Table S1- 3) crude extracts show increase of 3 peaks.
The peak numbers correspond to molecular masses: 1- 631.3795 m/z [M+H]*; 2 - 645.3955 m/z [M+H]*; 3 -
659.4112 m/z [M+H]*. Only peaks 2 and 3 were produced in sufficient amounts for isolation and structure

elucidation. The analysis confirmed that these compounds are most likely unknown structures.
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Figure 33. Myxoglucamides

2.3.8 Biosynthesis of myxoglucamides

OH
o o OH

myxoglucamide-645
Exact Mass: 644,388

myxoglucamide-647
Exact Mass: 646,404

Myxoglucamides are hybrid PKS type | and NRPS secondary metabolites of MCy9003. The

myxoglucamide biosynthetic genes are listed in Table 7 and the proposed biosynthesis is

presented in Figure 34. First, the catalytic domains were analyzed. The alignments ACP, PCP,

C, DH and KS domains are presented in Figure S1- 7 to Figure S1- 11.

Table 7. Annotated genes found in the myxoglucamide BGC-18

Gene Size*  Protein homologP® Proposed function Catalytic domains
mxgA 393 WP_081468166.1 (78/94) efflux RND transporter periplasmic
adaptor subunit
mxgB 1048  WP_013374292.1 (88/98) efflux RND transporter permease
subunit
mxgC 420 WP_145679605.1 (58/82) glycosyltransferase GT
mxgD 492 WP_120584626.1 (66/81) unknown
mxgE 745 WP_043394394.1 (71/88) S9 family peptidase
mxgF 368 WP_169345882.1 (87/97) aldo/keto reductase
mxgG 464 WP_120613650.1 (87/97) cytochrome P450 Ox
mxgH 455 WP_120613649.1 (73/87) monoxygenase/C-domain C
(hypothetical protein)
mxgl 1509  WP_015347655.1 (63/84) PKS/NRPS FAAL; ACP; LCy;
Ox
mxgJ 1082 WP_015347653.1 (58/82) non-ribosomal peptide synthetase LC.; A; PCP
mxgK 2242  WP_120613648.1 (81/92) polyketide synthase KS; AT; KR; DH;
ACP; E
mxgL 490 WP_120643780.1 (77/90) non-ribosomal peptide synthetase COM; PC,
mxgM 827 WP_120643780.1 (83/93) non-ribosomal peptide synthetase A; PCP; TE
mxgN 877 WP_120615411.1 (76/90) luciferase-like monooygenase class  PC.; Ox
flavin-dependent oxidoreductase
mxgO 235 WP_052518234.1 (76/92) lipase
mxgP 209 WP_164016063.1 (77/89) CoA pyrophosphatase
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mxgQ 297 WP_141640493.1 (86/97) undecaprenyl-diphosphate
phosphatase
mxgR 156 WP_120205724.1 (90/96) unknown
mxgS 415 WP_121718591.1 (85/96) glycosyltransferase GT

aSjzes are given in amino acids; PAccession numbers and percentage of identity/similarity are given in parentheses.

The backbone assembly is assumed to start with Mxgl, an NRPS, with 4 biosynthetically
relevant domains, namely fatty acid AMP-ligase (FAAL), ACP, C and Ox domains (Figure 34).
As there are no existing genes in the BGC-18 to actually build the methylpentadecenoic (iso
15:0) or methylhexadecenoid acid (iso 16:0) selected by FAAL domain in Mxgl, they probably
originate from primary metabolism [203]. The selected fatty acid is transferred to ACP. The
remaining condensation and oxidation domains in Mxgl are a part of module 1, which continues
with neighbouring MxgJ protein containing an unfunctional C domain, followed by an A
domain, predicted to select glutamine (Figure 34) [72]. Module 1 incorporates an unknown
amino acid (more in Section 2.3.8.1), which is after a tailoring step transformed into an a-vinyl
moiety (Figure 34). This tailoring step could be catalyzed by an oxidation domain (Mxgl-Ox),
an o-ketoglutarate-dependent taurine dioxygenase (TauD) from TfdA family reported to be

involved in the biosynthesis of some natural products like fungal meroterpenoids [204].

MxgK comprises a full PKS module with a terminal E domain. Such E domain arrangement is
unusual since they catalyze the transformation of L-amino acids to b-amino acids [68] and are
usually located in NPRS modules. A sequence analysis of the AT domain reveals a distinct
motif "QTALTQ...GHSVGE...HAFH"’ matching with sequence requirements for malonyl-
CoA selectivity [83]. The module 2 encodes as well DH and KR catalytic domains. The MxgK-
DH domain was compared to known and functional erythromycin dehydratase [86]. Many of
the amino acid residues in the presumably conserved DH domain motifs deviate from the
expected residues (Figure S1- 8), therefore it was found to be likely non-functional. The MxgK-
KR contains the NADP-binding motif GGxGxxG and has additional conserved residues
Ser1299, Tyrl312 and Aspl1316 (Figure S1- 9), aligning to Ser146, Tyr159 and Lys163 from
tropinone reductase-11 (TR-I1), respectively [205], which suggests that the domain is functional.
The ACP domain, bearing the intermediate acyl-peptidyl chain with now three building blocks:
a fatty acid, an unknown amino acid with a PKS part, is followed by an epimerization domain.
The stereochemical assignment reveals that the amino acid containing an a-vinyl moiety,
incorporated into myxoglucamide by MxgJ and MxgK, is D- configured [178], which confirms
the functionality of E domain. This E domain is assumed to act on the a-carbon of the a-vinyl
moiety [178]. However, the conserved His-motif HHxxxDG characteristic for C and E domains

was found mutated into HAxxxDG in this E domain, which could also mean that the domain is
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not functional and the observed D- configuration of the a-vinyl moiety is catalyzed by a different
mechanism. However, the sequence of HVxxxDG was found in E domains of MtbF from
mycobactin biosynthesis, which is located in the C-terminal of the protein and is proposed to
act as a TE domain [206]. The protein BLAST of the E domain-containing MxpK found
homologs in a few strains of - and y-proteobacteria but were not connected to any known NP,
The location of the E domain in this case is definitely unusual since it could be, according to its

function, located just after the module 1.
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Figure 34. Putative biosynthesis of myxoglucamides. PKS genes, as well as stand-alone Ox domain from
tailoring enzymes, are coloured grey. The NRPS domains present in the BGC are coloured blue. The R represents
the side chain of an unknown amino acid. MxgN, a flavin-dependent monooxygenase, could catalyze the
transformation of the hydroxyl group to the keto group in myxoglucamide derivatives. The hydroxyl group
addition to the fatty acid could be catalyzed by a cytochrome P450 MxgG. The attachment of the glucose moiety
is probably catalyzed by MxgC glycosyltransferase.

MxgL and MxgM comprise another NRPS module (Figure 34). MxgL has a communication
(COM) domain and a PC_ domain designated as L-acceptor but has D-peptidyl-S-T donor
selectivity. The module continues with A, PCP and TE domains encoded in MxgM. The A
domain, predicted to select valine, incorporates L-aminobutyric acid on the C-terminal part of
myxoglucamide. The following MxgN has an unfunctional °C, domain (Figure S1- 10) and a

flavin-dependent monooxygenase domain.
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Additionally, MxgH contains a functional condensation domain. Tailoring enzymes present in
the BGC-18 are MxgG cytochrome P450, MxgF aldo/keto reductase and two
glycosyltransferases, MxgC and MxgS (Table 7). First, a flavin-dependent monooxygenase
MxgN could be involved in the a-carbon oxidation [159, 207], and could catalyze the
transformation of the hydroxyl group to the keto group in myxoglucamide derivatives (Figure
34). Second, the cytochrome P450 MxgG could oxidize the fatty acid in myxoglucamide since
cytochrome P450 enzymes in Candida tropicalis also catalyze the corresponding
transformation of fatty acids [208]. MxgG might add the hydroxyl group at C-4 or C-5 position
of fatty acid in myxoglucamide 645 and 647 or myxoglucamide 659 and 661, respectively
(Figure 33). The timing of that reaction is unknown. Last, the final secondary metabolite
contains a glucose moiety attached to a hydroxyl group of the fatty acid chain. Two
glycosyltransferases MxgC and MxgS are present in the MXG BGC but no knock-out or
inactivation mutants were prepared to confirm which of them catalyzes the reaction. The MxgC
is a glycosyltransferase family 1 protein and shares 31 % identity with GtfB, a UDP-glucose
transferase from vancomycin biosynthesis [209]. Best BLAST hits are found in Azospirillum
brasilense, a nitrogen fixing and plant growth promoting bacteria [210]. On the other hand, the
glycosyltransferase MxgS is more likely involved in cell wall biosynthesis and might be
important for the myxobacteria in general also because the best BLAST hits were found in
Corallococcus sp.. The proposed glycosyltransferase attaching the glucose moiety could
therefore be MxgC since it was additionally found in other myxobacterial strains with partial
myxoglucamide BGCs (Section 2.3.11). The specific function and importance of MxgF, MxgH
and other genes in BGC for the biosynthesis of myxoglucamide is still unknown.

2.3.8.1 The a-vinyl group

The biosynthesis of myxoglucamides can be predicted in silico with a thorough analysis of
biosynthetic genes and the final chemical structure (Figure 33). An extraordinary feature such
as an a-vinyl group in 4-amino-2-hydroxyhex-5-enoic acid is present in the final
myxoglucamide structure. Due to the rare occurrence in NPs, its origin and biosynthesis are of
interest. Examples of NPs containing such feature are rhizobitoxine from symbiotic bacteria
Rhizobium japonicum, Bradyrhizobium elkanii [211] and a plant pathogen Pseudomonas
andropogonis [212], the fungal metabolite D-vinylglycine [212], aminoethoxyvinylglycine
(AVG) from Streptomyces sp. NRRL 5331 [213] and methoxyvinylglycine (MVG) from
Pseudomonas aeruginosa [214].
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Some information about the origin of the a-vinylglycine component in biosynthetic pathways
of rhizobitoxine, AVG and MVG is available. The a-vinylglycine amino acid in rhizobitoxine
and AVG is derived from homoserine (Figure 35A) [211, 213]. However, the in vitro
reconsitution of MVG biosynthesis has shown that L-glutamic acid is necessary for the
formation of the a-vinylglycine (Figure 35A) [214]. Based on that, the feeding experiments of
the myxoglucamide producer with isotope labelled L-glutamic acid, L-glutamine and L-aspartic
acid, a precursor of L-homoserine [211], were conducted but no incorporation was observed
(Figure 35B) [178].
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Figure 35. The precursors for a-vinylglycine containing NPs. A) Aspartic acid is a precursor of homoserine,

which is incorporated into rhizobitoxine and aminoethoxyvinylglycine. On the other hand, the a-vinylglycine from
methoxyvinylglycine is derived from glutamic acid. B) Feeding of isotope labelled aspartic acid and glutamic acid

showed no incorporation in the myxoglucamide scaffold.

The origin of the a-vinyl group in myxoglucamide so remains elusive. For that reason, the
protein homologs of enzymes involved in metabolic pathway encompassing L-aspartate, L-
homoserine and L-threonine were sought after in MCy9003 (Figure S1- 12). The protein
homologs of aspartate kinase/homoserine dehydrogenase and aspartate semialdehyde
dehydrogenase from M. xanthus that usually catalyze the metabolism of L-aspartic acid to L-
homoserine were found encoded in the genome of MCy9003, each in two copies. Further, we
found one protein homolog of homoserine kinase and two of threonine synthase. The metabolic
pathway from L-homoserine to L-threonine is therefore possible. The conversion of threonine
to homoserine does not occur in primary metabolism of living organisms. However, the
secondary metabolism is mostly unpredictable and might contain enzymes that can 59atalyse
the transformation of threonine to homoserine, and therefore this possibility cannot be excluded.
The feeding experiments of the isotope labelled L-threonine and L-homoserine should be
conducted, and depending on the result obtained, the selected genes encoding the metabolic

pathway from L-homoserine to L-threonine would require inactivation to evaluate their
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involvement in the biosynthesis of myxoglucamide. Additionally, proteins such as MxgD and
MxgR (see below) encoded in myxoglucamide BGC might play a role in biochemical
transformation of the potential precursor of the selected amino acid before its modification into

an a-vinyl group. Their role is though unknown.
2.3.9 Other genes encoded in the myxoglucamide BGC

The mxgA and mxgB encode an efflux RND transporter, a member of the resistance-nodulation-
cell division family (RND) [215], that could likely serve to transport the myxoglucamide out
of the bacterial cell. The mxgD and mxgR gene encode hypothetical proteins with no predicted
function. The MxgE is a prolyl oligopeptidase PreP predicted to specifically hydrolyze
oligopeptides with less than 30 amino acids [216]. The MxgF is an oxidoreductase from
aldo/keto reductase family. Those enzymes catalyze aldehyde or ketone reduction [217]. The
mxgO gene is predicted to encode a pimeloyl-ACP methyl ester carboxylesterase involved in
biotin metabolism. The mxgP gene encodes a CoA pyrophosphatase that hydrolyzes the
pyrophosphate moiety of coenzyme A [218]. Lastly, the mxgQ gene encodes an undecaprenyl
phosphate, a key lipid intermediate involved in the synthesis of various bacterial cell polymers
[219], which is also a protein target of bacitracin [220]. The direct involvement of above

mentioned enzyme in the myxoglucamide biosynthesis has not been explored.
2.3.10 The myxoglucamide biological activity

Myxoglucamides share some similarities with biologically active ieodoglucomides A, B and C
(Figure 36), secondary metabolites of marine-derived Bacillus licheniformis strain 091IDYM23
[221, 222].
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Figure 36. leodoglucamides A-C

leodoglucomide A and B exhibit moderate in vitro antimicrobial activity, while iecodoglucomide
B additionally shows cytotoxic activity against lung cancer and stomach cancer cell lines [221].

leodoglucomide C exhibited good antibiotic properties against Gram-positive and Gram-
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negative bacteria as well as antifungal activity against some plant pathogenic fungi [222]. Their
BGC is unknown since the genome sequence of producer strain 091IDYM23 is not available.
Furthermore, the a-vinyl group in aminoethoxyvinylglycine [213] is reported to have
irreversible inhibitory activity against the 1-aminocyclopropane-1-carboxylate synthase
involved in the biosynthesis of the senescence hormone ethylene in plants [213, 214]. The same
mode of action was reported for rhizobitoxine [214]. On the other hand, methoxyvinylglycine
inhibits the growth of bacteria, including Bacillus subtilis, Escherichia coli, phytopathogen
Erwinia amylovora, and the human pathogen Staphylococcus aureus [214]. Myxoglucamides
with a-vinyl group are based on the chemical structure expected to have some inhibitory
biological activities against yet unrevealed target. They show no antimicrobial properties but
have moderate cytotoxic activity against HCT 116 cell line (Table 8).

Table 8. Bioactivity testing results for glycolipopeptides

myxoglucamide-645 | myxoglucamide-647 | myxoglucamide-659 | myxoglucamide-661
Cell type Concentration [g/ml]
KB 3.1 ICsp >111 n.d. 111 n.d.
HCT 116 ICsp 100 4.15 100 85.13

n.d. — nor determined

2.3.11 Alternative producers of myxoglucamide

Myxoglucamide gene cluster, activated in MCy9003, is present in strains MCy11578 and
MCy10644 as well but the myxoglucamides cannot be detected in crude extracts of these wild-
type strains. The BGC with partial similarity to MXG BGC is found in genomes of Pyxidicoccus
sp. MCy8408 and Cystobacterineae MCy10597, including only mxgC, mxgG, mxgH, mxgK,
mxgL, mxgM and mxgN genes (Table 7). No additional information is known about those BGCs
and it can be hypothesized that they would most probably be producing different secondary

metabolites or only part of myxoglucamide molecule.
2.4 Conclusion

Two novel myxobacterial natural products, myxopentacins and myxoglucamides, were
identified in Cystobacterineae strain MCy9003 wusing genome mining approach.
Myxopentacins were discovered through overexpression of BGC-12 and BGC-1 in the
MCy9003 genome that might have an effect on their regulation, however, their effect on
myxopentacin biosynthesis cannot be excluded. Myxopentacin production was successfully
correlated to BGC-39A after the inactivation of NRPS encoding mxpA gene via a plasmid

insertion. Myxopentacins are a family of many compounds, most of them still unknown,
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containing rare cispentacin and pseudoarginine moieties. Cispentacin biosynthesis is explained
based on a phytotoxin coronatine component coronafacic acid and gene knock-out experiments
of amipurimycin biosynthetic genes. Cispentacin itself exhibited antifungal activities and is
proposed to be a prolyl-tRNA synthetase inhibitor. A pseudopeptide moiety is found in other
natural products, namely ketomemicins and arphamenines, recognized as protease and
aminopeptidase B inhibitors, respectively. The assembly of myxopentacin’s building blocks
could be directed by (amido)hydrolases present in the BGC but no further proof is provided.
No biological activity against a standard testing panel, covering Gram-negative and positive
bacteria as well as fungi, was observed. On the other hand, the myxoglucamides were
discovered after the simultaneous double promoter insertion in front of mxgH and mxgl genes
via homologous recombination. Three target masses were visibly increased in the mutant strain
M172. The isolated compounds are glycolipopeptides with a rare a-vinyl group.
Myxoglucamide biosynthesis is proposed but the identity of incorporated amino acids, the exact
function of each oxidation domain and a responsible glycosyltransferase are not yet confirmed.
They exhibit moderate cytotoxicity but no antibacterial or antifungal biological activities were
detected. In cooperation with Alexander Popoff, we discovered two novel myxobacterial
natural products with rare features using genome mining approach. Even though their
antibacterial biological activities are not determined yet, their biosynthesis raises many

questions and will enlighten us when understood.
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Table S1- 1. Oligonucleotides used in that study

Primer 5°-Sequence-3’ Restr. sites Construct
tn5-HindI-F ATATAAAGCTTGCCCTTTGGACAGCAAG .
HindllI
CGAAC SB2tn5Kan
tn5-R ATATAGAATTCATGCTGTACCTCCTTAT  _ P
CCTGTCTCTTGATC
001bgc18-Ndel-F ATATATCATATGAGCCCCAACCTGATCG |\
CG
001bgcl8-EcoRI-R  TATATGAATTCTTGCCTCCGGTGGTGAT pSB2tn5Kan001bgel8
EcoRlI
GCA
00L-inact-nrps39A-F  GTGTCGGGCGCTCGGTC / .
001-inact-nrps39A-R  CACGGATCTTCACCTGGAGGTC / PCR2.1 00Tinact39A0l
001nrps12-Ndel-F  ATATACATATGGTGCCGGTGCCCC Ndel
001nrps12-EcoRI-R  ATATAGAATTCGAGAGGTCGTTCCTCGC pSBtn5Kan001nrps12
EcoRI
CACAC
00L-inactnrps12F  ACGAGTCGCTGCGCACG ] pCR2.1 001 inact-
001-inact-nrps12R CAGCAGCCGCGTGTAATGC / nrps12
001nrpsl-Ndel-F ATATACATATGAAGCCCTCCGTTGCCGC  Ndel
ATATAGAATTCAGAGACGATGAGGGTG ECOR] pSBtn5Kan001nrpsl
001nrpsl-EcoRI-R CCCTC
00L-inact-nrpsLF CAGCTCTTCCAGCATCAGACG ] pCR2.1 001-inact-
001-inact-nrps1R CAGCTCTTCCAGCATCAGACG / nrpsl
001nrpstlpks33- ATATACATATGTCCACCGCGCGC Ndel
Ndel-F SBtn5Kan001nrps33
001nrpst1pks33- ATATAGAATTCAGACGATCAGCGTCGC P P
EcoRlI
EcoRI-R CTC
ATATACATATGGATGGGAACATCGCTTC
001nrps34B-Ndel-F  TC
ATATAGAATTCAGGTGGCCGATGTTCGT  _ pSBIn5Kan001nrps34s
001nrps34B-EcoRI-R C
001-inact-
nrpst1pks39B-F GAGCTGATGGACGCCGAGC / pCR2.1 001-inact-
001-inact- nrpstlpks39B
pStLke39B-R GAGCGCTGGGCCCAGTAGC /
001nrps35BGrsT-
Ndolt ATATACATATGGTGGCCCAACCCTGG  Ndel oo oer
001nrps35BGIST-  ATATAGAATTCGTGCACAGCTCGCCTGA EcoRI  GrsT
EcoRI-R C

001bgc25-Ndel-F

ATACATATGGCCGCGGAGTCGTCCAC Ndel

001bgc25-EcoRI-R TATATGAATTCTCCAGCACGGCGCACAG  EcoRl pSBtn5Kan001bgc25
C

Primer 5°-Sequence-3’ Usage

M13-21F TGTAAAACGACGGCCAGT

M13-24R CGGATAACAATTTCACACAGG For general plasmid integration verifications

vanseq-F CATTCGTAACGCCAAGGTCTTC

g001-12F CTCCCACTCGACATGAA Alignment on the genome, outside of

g001-12R GTCGAAGACATCGGTGTTGTA 001nrps12 homology

g001-1F CTCCACCAACATCCATTGGAG Alignment on the genome, outside of

g001-1R GAGCGAGTGTCCGCAG 001nrps1 homology

g001-bgc18-F GTCGATCTGCCAGAAGAGA Alignment on the genome, outside of

g001-bgc18-R CGACGATGCGCAATTCATG 001bgc18 homology
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g001-33F CTTCCTTTATTCCACGTTGATCG Alignment on the genome, outside of
g001-33R CAGCCGATGAGGAGCTG 001nrpstlpks33 homology

g001-34B-F CTTGAATAAGCGGCCTGTC Alignment on the genome, outside of
g001-34B-R GAATCTGCCGGTGCTTGAG 001nrps34B homology

0001-35BGrsT-F  GACCTTCTAGCACGTTCACT Alignment on the genome, outside of
g001-35BGrsT-R GAAGAGGCAGCCGAAGAAG 001nrps35BGrsT homology

g001-bgc25-F AATGATGGTTCTCCAGGTTCTC Alignment on the genome, outside of
g001-bgc25-R TTCTGTGTGTTCGCGACGAT 001bgc25 homology

PCR21R ATAGGGCGAATTGGGCCCT Reverse primer on the backbone of pCR2.1

vector

G001-inactl12Fo2
G001-inactlFo2

G001-inact39A01
G001-inact39Bo2

CTGGTTCCACTCCACCAGCAC
GTGGCTCAGGGCGAAGAGA
CCATCTCCAGCGCGATGAC
GATGTTCGGGTACGCATGCAG

Aligning on the genome located in front of
pCR2.1-000inact-based plasmids

Table S1- 2. Genetic constructs used in that study

Plasmid name Details Reference

pCR2.1-TOPO ori(pUC), ori(f1), kanamycin resistance (kanR), ampicilin TOPO
resistance (ampR) cloning kit

pSBtn5Kan ori(pUC), ori(fl), kanR, ampR, Ptn5 — for gene activation by  [158]
single homologous recombination, homology arm is inserted
through Ndel and EcoRI restriction sites

pSB2tn5Kan ori(pUC), ori(fl), kanR, ampR, Ptn5 (2x) - pSBtn5Kan This study
vector with additional tn5 promoter, for activation of genes
in both directions, homology arm is inserted through Ndel
and EcoRl restriction sites

pSB2tn5Kan001bgcl8 for activation of mxgH and mxgl genes; 1.2 kb fragment from  This study
the start of mxgl gene is cloned into pSB2tn5Kan

pCR2.1 00linact39A01 1 kb homology from the first A domain of mxpA gene cloned  This study
into pCR2.1

pSBtn5Kan001nrps12 1.2 kb fragment from the start of MCy9003_22370 gene This study
cloned into pSBtn5Kan

pCR2.1 00linact-nrpsl12 1.1 kb fragment starting at the second C domain in This study

(02) MCy9003_22370 gene cloned into pCR2.1 vector in reverse
orientation

pSBtn5Kan001nrpsl 1 kb fragment from the start of MCy9003_00740 gene This study
cloned into pSBtn5Kan

pCR2.1 001-inact-nrpsl 1.1 kb fragment comprising E domain from the second This study
module of MCy9003_00740 gene cloned into pCR2.1

pFPVan001nrps35BGrsT 1.1 kb fragment starting with MCy9003_ 80190 gene cloned  This study
into pFPVan

pSBtn5Kan001nrps33 1 kb fragment from the start of MCy9003_77130 gene This study
cloned into pSBtn5Kan

pSBtn5Kan001nrps34B 1.1 kb fragment from the start of MCy9003_78330 gene This study
cloned into pSBtn5Kan

pCR2.1 00linactnrps39B 1 kb fragment comprising first AT domain in This study
MCy9003 82470 gene cloned into pCR2.1 vector in reverse
orientation

pSBtn5Kan001bgc25 0.75 kb fragment from the start of the MCy9003 57920 gene  This study

cloned into pSBtn5Kan
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Table S1- 3. Myxobacterial strains used or prepared in this study

Organism Genotype or usage purpose Reference
Cystobacterineae sp. SBAr001 45 biosynthetic gene clusters MCy9003
Cystobacterineae sp. SBCy024  alternative producer of myxopentacin MCy10644
Myxococcus sp. SBMx268 alternative producer of myxopentacin MCy11578
M23-M25 MCy9003/pSBtn5Kan001nrps12 This study
M37 MCy9003/pCR2.1 001linact-nrps12 This study
M41-M42, M67 MCy9003/pSBtn5Kan001nrpsl This study
M58, M59 MCy9003/pFPVan001nrps35BGrsT This study
M108-M112 MCy9003/pSBtn5Kan001nrps33 This study
M115-M117 MCy9003/pSBtn5Kan001nrps34B This study
M127, M128, M130 MCy9003/pCR2.1 001inact-nrpsl This study
M137, M138 MCy9003/pCR2.1 00linactnrps39B This study
M172-M175 MCy9003/pSB2tn5Kan 001bgc18; myxoglucamide This study
producer
M208 MCy9003/pSBtn5Kan001bgc25; chloromyxamide This study
producer
M215 MCy9003/pCR2.1 001inact39A01; Amyxopentacins This study
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Figure S1- 1. Plane structures of peptides 501, 487 and 472 isolated from MCy9003 mutant strains. The

upregulation of biosynthetic genes encoded in BGC-33 and 34B (M108 and M115: Table S1- 3) resulted in
production of peptides 501 and 487, and peptide 472, respectively. More peptides were produced by those two

mutant strains but the structure elucidation of peptides 619, 691, 917 and 743 did not succeed due to their poor

solubility [178]. According to the A domain selectivity predictions found in the respective BGCs, none of the

above shown peptides are complete.
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Figure S1- 2. The secondary metabolome of WT strain and mutant strain with upregulated BGC-12. The
base peak chromatograms (BPC) of wild type (red) and mutant strain MCy9003/pSBtn5Kan001nrps12 (blue)
crude extracts show increase of 11 numbered peaks. The peak numbers correspond to target masses: 1- 290.6950
m/z [M+2H]?*; 2- 296.6952 m/z [M+2H]?*; 3- 311.7003 m/z [M+2H]?*; 4- 381.7477 m/z [M+2H]?*; 5- 388.7557
m/z [M+2H]?*; 6- 403.7608 m/z [M+2H]?*; 7- 395.7636 m/z [M+2H]?*; 8- 407.7636 m/z [M+2H]?*; 9- 648.4336
m/z [M+H]*; 10- 460.2383 m/z [M+H]*; 11- 522.3126 m/z [M+2H]%*.

35 4.0 ‘ i5 5'0 5'..5 .I é_s 70 Tme [min]
Figure S1- 3. The secondary metabolome of WT strain and mutant strain with upregulated BGC-1. The base
peak chromatograms (BPC) of wild type (red) and mutant strain MCy9003/pSBtn5Kan-001nrpsl (blue) crude
extracts show increase of numbered 8 peaks. The peak numbers correspond to target masses: 1- 457.29 m/z
[M+2H]2*; 2- 677.42 m/z [M+H]*; 3- 464.3 m/z [M+2H]?*; 4- 512.83 m/z [M+2H]?*; 5- 443.27 m/z [M+2H]?*; 6-
568.37 m/z [M+2H]?*; 7- 554.35 m/z [M+2H]?*; 8- 522.32 m/z [M+2H]?*.
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Figure S1- 4. The production of myxopentacins in MCy9003 and alternative producers MCy10644 and
MCy11578. EICs of m/z 381.7477 (£0.02) (red), m/z 388.7557 (£0.02) (yellow), m/z 457.29 (+0.02) (green) and
m/z 464.3 (£0.02) (blue) are shown (chromatograms adapted from DataAnalysis (available from Bruker

Daltonics)).
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Figure S1- 5. GNPS molecular networking for MCy9003, MCy10585 and MCy10653 strains. Confirmed
myxopentacin producer MCy9003 was compared with two myxobacterial strains with different arrangement of
myxopentacin biosynthetic genes (Table 6: Group C; Figure 29). Marked grey are molecular masses found in
medium crude extract, blue are molecular masses found only for MCy9003 strain and purple denotes shared
molecular masses between all three analyzed strains. White are molecular masses found in MCy10585 and
MCy10653, either only in one or in both. The LC-MS peaks of compounds with molecular masses shown in cluster
2 were increased after the upregulation of BGC-12 (Figure S1- 2), while the cluster 1 contains some increased
when upregulating BGC-1 (Figure S1- 3). Only the parameters that were modified will be listed: Precursor lon

Mass Tolerance: 0.05 Da; Fragment lon Mass Tolerance: 0.1 Da; Min Pairs Cos: 0.75; Minimum Cluster Size: 1.
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1. 2VSQ:A|PDBID | CHAIN |SEQUENCE 'Y IHEEIINIIENDIG! W : .
i Y 1. GImC-PCP2 DENG G'H S N
———— [VLIGGID/H]SL |
2. MxpA mogu:“ =J|:|I—H= S %g. 2.MxpAmodule 1  HEENGIGIH! S I
3. MxpA modute 2 S 3.MxpAmodule2 HING GH S I
4, MxpA module 3 [ENHT SIMD GW ' '

Figure S1- 6. The alignment of C and PCP domains from MxpA with key residues for catalytic activity. The
C domains in NRPS modules of myxopentacin were compared to amino acid sequence SrfA-C from PDB: 2VSQ
[223] with thoroughly annotated core motives for each of the domains. The core motif in C domains is HHXXXDG
[224] and [I/L]GG[D/H]SL in PCP domains [225]. The key residue is marked with an asterix (*).

*
1. GImC-ACP1 KIDQ G FIDSWIG A

. GXDs |
2. Mxgl - ACP A AIBGIED SV H A
3. MxgK - ACP FIEL GGD SV QA
4. GImC-PCP2 FIDIEG G H S oE A
__[VLIGG[D/H]sL |
5. Mxg| - PCP FIDEE G GH S N
6.MxgM-PCP  F ANNG G'H S I A|

Figure S1- 7. The alignment of ACP and PCP domains of myxoglucamide BGC with key residues for
catalytic activity. The core motif in ACP domains is GXDS [88] and [I/L]JGG[D/H]SL in PCP domains [225].
The key residue is marked with an asterix (*).

) | GYXYGPXF ln.mmm.u._mmu._.: RJ
1. 3EL6:A| PDBID | CHAIN | SEQUENCE  [HIVINVE'GG - [GYEYIGIPS F IDIAMIAIQ EEP F AW EEVEIMIR S TIG
2. MxgK - DH HRINEG TP THMP HMEDIENG PRW DIR TSIGENP FIGY| INTKQIK RMN

Figure S1- 8. The alignment of DH domain from MxgK with erythromycin dehydratase. Erythromycin
dehydratase was found in PDB under accession code 3EL6 [226]. The conserved motifs are listed in orange boxes.

The deviation of some residues suggests that the domain is not functional.

0. TR NADP-binding motif Ser146 Tyr159 L 0N )
( ﬁﬁi‘ﬁlﬂﬁ ) @ .\@ @J, Lys163
1.GIMC-KR TIGG T GT-GS- YSSMAGEMFGNAGQANYAAANT
2. MxgK TIGG FGGINGHNS CS?.S WVGRIBEGQVDYTAGNA
v '
Ser1299 Tyr1312 Asn1316

Figure S1- 9. The catalytic sites of myxoglucamide KR domain. The conserved motifs and amino acid residues
forming catalytic triad of tropinone reductase-11 (TR-11) (PDB: 2AE2) [205] are listed in orange boxes. Note that
TR-11 belongs among classical SDRs that contain the catalytic Lys163 residue, which is often exchanged by Asn
residue in modular KR domains from the complex SDR family [84, 85]. The Lys to Asn exchange retains the
domains activity [85]. The important amino acid residues from TR-II were found in KR domain of globomycin
BGC and then aligned with myxoglucamide MxgK, containing a KR domain.
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2. MxgH - C SFHHA'I GDGHIMG
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Figure S1- 10. The alignment of C domains of myxoglucamide BGC with key residues for catalytic activity.
The C domain in NRPS modules of myxoglucamide were compared to amino acid sequence SrfA-C from PDB:
2VSQ [223] with thoroughly annotated core motives for each of the domains. The key residue is marked with an
asterix (*). There is no functional C domain in MxgJ and MxgN proteins [224].

160 170 180 190 200 210 220
1. EryA1 - KS1 ASPTGVFVGL | PQEYG-PRLAEGGEGVEGYLMTGTTT-—--SVASGRIAYTLGLEGPA | SVDTACSSSLVAVHLAC
2. LovB - KS GTSTAVYVGVMTHDYETVSTRDL-ES IPTYSATGVAV——--SVASNR | SYF FDWHGP SMT IDTACSSSLVAVHLAV
3. ng[v( -KS G-P I GVFAGAGANGYLLHHLVPAGRLVGTASAFQTLLHNKNDHLSTRVAYKLDLKGP SVSVQTACSTSLVAVVLAS
2;0 2;510 2|50 2.60 2?‘0 2!.30 2?0 390
1. EryA1 - KS1 QSLRRGESSLAMAGGVTVMPTPGMLVDF SRMNS LAPDGRCKAF SAGANGF GMAEGAGML LLERLSDARRNGHPVLA
2. LovB - KS QQLRTGQS SMA | AAGANL 1 LGPMTFVLESKL SMLSPSGRSRMWDAGADGYARGEAVCSVVLKTLSQALRDGDTIEC
3. MxgK - KS QALLSHQCDMALAGGVTLTVPQRTGYLHNERG | GSPDGHCRAFDAKAQGTVAS SGAGVVL LKRLSDALADGDT | HA
310 320 330 340 350 360 370 380
1. EryA1 - KS1 VLRGTAVNSDGASN-GL SAPNGRAQVRV | QQALAESGLG--=-=PAD | DAVEAHGTGTRLGDP | EARALFEAY -——-
2. LovB - KS VIRETGVYNQDGRTT-G | TMPNHSAQEAL | KATYAQAGLD I TKAEDRCQF FEAHGTGTPAGDPQEAEA I ATAF FGHE
3. MxgK - KS VIRGGALNNDGAAKVGYTAPGVDGQADV | ALAQALAGVT--~~PDSLSYVEAHGTGTALGDP | EVKALTQAF -———
390 400 410 420 430 440 450
1.EryA1-KS1  ——--—- GRDREQPLHLGSVKSNLGH GVAGY | KMVLAMRAGTLPRTLHASERSKE | DWSSGA I SLLDEPEPWP
2. LovB - KS QVARSDGNERAPLFVGSAKTVVGH TAGLAGLMKAS FAVRHGV IPPNLLFDK I SPRVAPFYKNLR | PTEATQWP
3. MxgK - KS ~—-RRQTQRSGFCALGSVKTNLGHLDTAAG | AGL IKTALSLEHRRLPASLHFETPNPELDLARSPF FVNARLRDWE
460 470 480 490 500 510 520 530
1. EryA1 - KS1 A--GARPRRAGVSSFG| SGTNAHAT | EEAPQVWEGE ————-———— RVEAGDVVAPWVL SASSAEGLRAQAARLAAH
2. LovB - KS ALPPGQPRRASVNSFGFGGTNAHA | | EEYMEPEQNQLRVSNNEDCPPMTGVLSLPLVLSAKSQRS LK | MME EMLQF
3. MxgK - KS ~=-GPSPRRAGVSAFGLGGTNAHVVLEEAPARA--—==~~-———~ PSGPSRPFQLLMLSARSDAAL EAMTTRLAEH

Figure S1- 11. The important catalytic residues of KS domains. The active sites T209, C211, S315, H346,
K379, N381, H384, Q386, N455, H457 from non-iterative EryAl and iterative LovB KS domain [82] are marked
with the orange rectangles. Additionally marked is the residue where a difference in MxgK-KS domains is
observed. The Q386 residue is believed to enhance the basicity of H384 [82]. As negatively charged Glu (E)
residue can be found in its place in iterative KS (LovB), presence of other negatively charged amino acid Asp (D)

should not change the catalytic environment and therefore the MxgK-KS is proposed to be functional.
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Figure S1- 12. The aspartic acid, homoserine and threonine metabolism
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3 Characterization of the biosynthesis of the antibiotic globomycin

active against LspA

3.1 Introduction

Globomycin is an antimicrobial compound, effective against Gram-negative bacteria [227],
discovered in 1977 in Japan [228]. It is produced by a few Streptomyces strains [228], namely
S. halstedii 13912, Streptoverticillium cinnamoneum 15037, S. neohygroscopicus subsp.
globomyceticus 15631, S. hagronensis 17834, Streptomyces hygroscopicus SF-1902 [229] and
Streptomyces hagronensis strain 360, NRRL 15064 [230]. A cyclic depsipeptide consists of six
building blocks: L-serine, L-allo-threonine, glycine, N-methylleucine, L-allo-isoleucine and 3-
hydroxy-2-methylnonanoic acid, with L-allo-threonine, L-allo-isoleucine and 3-hydroxy-2-
methylnonanoic acid at the time of discovery being novel components of NPs [231]. Its total
synthesis was achieved in 2000 [232] but globomycin biosynthetic machinery is not described
in the literature. Globomycin is known to inhibit signal peptidase Il LspA, a key enzyme
involved in post-translational modifications of lipoproteins in many pathogenic bacteria but has
no equivalent in humans [139], which makes it a potential drug target. Although LspA is not
essential for viability of some bacteria such as a methicillin-resistant Staphylococcus aureus
(MRSA), it is vital for survival of that bacterium in human blood [140].

B-cradle 2
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Figure 37. Structures of LspA from methicillin-resistant S. aureus (MRSA) in complex with globomycin and
myxovirescin. The views into the binding pocket containing globomycin (a) and myxovirescin (c). A superpose
of both antibiotics in the binding pocket is shown in b. The figure was taken from the publication by Olatunji et
al. in 2020 [140].

The globomycin binding to the LspA from MRSA was shown with a complex structure [140].
The antibiotic sterically blocks the LspA active site, which leads to the accumulation of



Characterization of the biosynthesis of the antibiotic globomycin active against LspA | 73

prolipoprotein [233] and compromises the integrity of the bacterial cell envelope. The same
mode of action is characteristic of the antibiotic myxovirescin produced by Myxococcus xanthus
DK1622 [54]. Even though myxovirescin is of PKS origin [234] and globomycin of NRPS
origin, they both contain a lipophilic part, important for insertion into the membrane where the
LspA target protein is located (Figure 37) [140].

Globomycin is special for its exclusive Gram-negative biological activity [228] but it was
shown that its derivatives with longer alkyl side chain have improved Gram-negative activity
and additionally show moderate activity against Gram-positive bacteria including methicillin-
resistant Staphylococcus aureus (MRSA) [227]. The natural analog SF-1902 As is produced by
Streptomyces hygroscopicus SF-1902 as a minor component [235] while a synthetic analog was

prepared by total synthesis [227] (Figure 38).

\i NH OH NH OH NH OH
""H
OH

globomycin SF-1902 Ag
1a 1b

Figure 38. The structure of globomycin and its derivatives. The derivatives of globomycin (1a): SF-1905 As
(1b) and a synthetic derivative (1c) exhibit improved Gram-negative activity, while a synthetic derivative (1c)
shows additional antibacterial activity against Gram-positive bacteria [227]. They differ only in the length of the
fatty acid chain. The fatty acid chain of 1b and 1c have additional two and four carbon atoms, respectively, more

than the globomycin’s.

3.2. Materials and methods
3.2.1 Cultivation of Streptomyces hagronensis

Streptomyces hagronensis strain 360, NRRL 15064 [236] was used to produce globomycin.
Spores were generated on ISP2 medium (1 % malt extract, 0.4 % yeast extract, 0.4 % glucose,
1.8 % agar, dH20O, pH 7.3) agar plates at 30 °C for 10-14 days, and were preserved in 20 %
glycerol at —80 °C. For globomycin production, a 1 % spore inoculum was prepared in SHG-V
medium (1 % glycerol, 1 % Bacto™ peptone, 1 % Bacto™ yeast extract, dH>O, pH 7.0),
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cultivated at 28 °C, at 220 rpm for 3 days [236]. The seed culture was further inoculated (5 %)
into SOYF6 medium (4.5 % glycerol, 2 % Bacto™ beef extract, 1 % soy flour (Hensel), 0.2 %
CaCOg, dH20, pH 6.0 adjusted with KOH; adapted from [228]) and incubated at 26 °C, at 220
rpm for 5 days. Smaller-scale globomycin production was done in 20 mL or 50 mL medium in
100 mL round Erlenmeyer flasks or in 300 mL baffled Erlenmeyer flasks, respectively. For
genetic modification purposes, the susceptibility of S. hagronensis to different antibiotics was
determined. Bacterium is resistant to nalidixic acid (25 pg mL?) and still grows on
erythromycin (25 pg mL™), spectinomycin (25 pg mL™) and kanamycin (50 pg mL™). It is
sensitive to apramycin (25 ug mL™1), streptomycin (50 pg mL™) and thiostrepton (30 ug mL™2).

3.2.2 Extraction and quantification of globomycin

To 500 pL of culture broth of S. hagronensis, 1 mL of methanol was added. The sample was
rotated for 1 h and then centrifuged at 15000 rpm for 10 min at 15 °C. An UHPLC system
UltiMate 3000 LC (Dionex) with 1.7 um Acquity UPLC BEH C-18 Column (2.1 mm x 100
mm) coupled with an electrospray ionization (ESI) source linked to an amaZon speed MS
(Bruker Daltonics; 3D ion trap)) was used for quantification. Separation of a 1 uL sample was
achieved using a linear gradient (56-57 % B in 7.5 min) from (A) ultrapure water + 0.1 % FA
to (B) acetonitrile + 0.1 % FA at flow rate of 0.600 mL min™ at 45 °C. For precise mass
determination (HRMS) samples were measured on a UHPLC coupled to maXis 4G MS system
(Bruker Daltonics; Q-ToF). Separation of a 1 uL sample, with 1.7 um Acquity UPLC BEHC-
18 Column (2.1 mm x 50 mm), was achieved using a linear gradient (5-95 % B in 6 min) from
(A) ultrapure water + 0.1 % FA to (B) acetonitrile + 0.1 % FA at a flow rate of 0.600 mL min
1 at 45 °C. Absorption spectra (200-600 nm) were recorded by a diode array detector. Mass
spectra were acquired in centroid mode ranging from 200 to 2000 m/z (amaZon) or from 150

to 2500 m/z (maXis 4G) in positive ionization mode with auto MS-MS fragmentations.
3.2.3 Globomycin purification

After the completion of fermentation, 5 % XAD-16 resin was added to the culture broth and
left shaking on rotary shaker for a day. The culture broth was centrifuged at 8300 x g for 10
min at RT and DCM was added to the cell pellet with XAD-16. The DCM extract was
concentrated on a rotary evaporator (Rotavapor R210, Biichi) at 50 °C at reduced pressure and
washed once with 500 mL 0.05 M HCI and 2 % NaHCO3 and twice with 200 mL of brine
followed by drying with Na>SO4 [237]. The organic phase was dried, fractionated on silica by

flash chromatography using a linear gradient from 0 to 100 % B using (A) hexane + 0.1 %
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formic acid (FA) and (B) 80 % EtOAc, 20 % MeOH + 0.1 % FA. Fractions containing
globomycin were subjected to flash chromatography once again, this time using (A) EtOAc +
0.1 % FA and (B) MeOH + 0.1 % FA with a linear gradient from 1 % to 20 % B. Obtained
samples were purified using preparative LC-MS (Dionex Ultimate 3000 coupled with Bruker
High capacity trap mass spectrometer). Separation of the sample was carried out on a 5 um
EVO C18 100 A LC column (250 mm x 10.0 mm, Kinetex) using a linear gradient (5-95 % B
in 31 min) from (A) ultrapure water + 0.1 % FA to (B) acetonitrile + 0.1 % FAand ona 5 pum
Biphenyl 100 A LC column (250 mm x 10.0 mm, Kinetex) with a linear gradient of 42-43 %

B in 22 min at a flow rate of 5 mL min and 45 °C.
3.2.4 Sequencing of S. hagronensis genome and assembly of globomycin BGC

Genomic DNA of Streptomyces hagronensis strain 360, NRRL 15064 [236] was isolated using
phenol/chloroform according to the standard protocol [160] and was sent for Illumina
sequencing. The sequencing reads were assembled by Nestor Zaburannyi into 87 contigs. The
encoded proteins were compared to the BLAST database (Table 9), which uncovered the
genome similarity to bacterial strain Streptomyces sp. DvalAA-43 with partial genome
sequence. Due to different contigs from S. sp. DvalAA-43 the NRPS gene of globomycin was
elongated. As the globomycin BGC was still not complete, S. hagronensis cells were sent to
PacBio sequencing. The received sequencing reads were again assembled by Nestor Zaburannyi

and completed the sought BGC.
3.2.5 Conjugation of S. hagronensis

The vectors pKC1132, pKC1139 and pSET152 were used for intergeneric conjugation between
E. coli and S. hagronensis. Methylation-deficient strain E. coli ET12567/pUZ8002 was used as
the E. coli donor strain. Its overnight culture was reinoculated (5 %) into 20 mL fresh 2TY
medium containing Cm (10 pug ml?), Kn (25 pg ml), Apr (50 pg ml?) antibiotics. After
cultivation at 37 °C the ODegoo = 0.4 was reached and the culture was washed twice and finally
resuspended in 1 mL. Spores of S. hagronensis, previously stored at -80 °C (approx. CFU =
108), were washed twice with 2TY medium and centrifuged for 5 min at 6000 rpm. Spores
resuspended in 0.5 mL 2TY medium are incubated 10 min at 52 °C and 5 min on ice. A total of
400 pL of spores and 1 mL of the E. coli donor strain is sufficient for 4 reactions. The 350 pL
of conjugation mixture is spread on well dried GYM MgCI agar plates (0.4 % glucose, 0.4 %
yeast extract, 1 % malt extract, 0.2 % CaCOs, 1.8 % agar, dH20, pH 7.2; 10 mM MgCI after

autoclaving; according to DSMZ). After 16 h, the plates were overlaid with nalidixic acid (25
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ng ml'h) and after an additional 8 h with apramycin (25 ng ml™). After 6-10 days at 30 °C, the

number of exconjugants was determined.
3.2.6 Construction of plasmids for genetic manipulation of S. hagronensis

Routine handling of nucleic acids, such as isolation of plasmid DNA, restriction endonuclease
digestions, DNA ligations, and other DNA manipulations, was performed according to standard
protocols [160]. E. coli DH10p (Invitrogen) was used as host for standard cloning experiments
and E. coli ET12567/pUZ8002 as a donor strain for bacterial transformation [27]. E. coli strains
were cultured in 2TY medium or on 2TY agar (1.6 % tryptone, 1 % yeast extract, 0.5 % NacCl,
(1.8 % agar), dH20) at 30-37 °C, (200 rpm) overnight. Antibiotics were used at the following
final concentrations: 50 ug ml* apramycin, 25 ug mi* kanamycin, 10 pg ml* chloramphenicol.
Transformation of E. coli strains was achieved via electroporation in 0.1 cm-wide cuvettes at
1350 V, 200 Q, 25 pF. Plasmid DNA was purified by standard alkaline lysis [160] or by using
the GeneJet Plasmid Miniprep Kit (Thermo Fisher Scientific). Restriction endonucleases,
alkaline phosphatase (FastAP) and T4 DNA ligase were obtained from Thermo Fisher
Scientific. Oligonucleotides used for PCR and sequencing were obtained from Sigma-Aldrich
and are listed in Table S2- 1-Table S2- 2. PCR reactions were carried out in Mastercycler® pro
(Eppendorf) using Phusion™ High-Fidelity or Tag DNA polymerase (Thermo Fisher
Scientific) according to the manufacturer’s protocol. For Taq: Initial denaturation (2 min, 95
°C); 30 cycles of denaturation (30 s, 95 °C), annealing (30 s, -5 °C of lower primer's Trm) and
elongation (based on PCR product length 1 kb/min, 72 °C); and final extension (10 min, 72 °C).
For Phusion™: Initial denaturation (2 min, 98 °C); 30 cycles of denaturation (15 s, 98 °C),
annealing (30 s, Tm of the lower primer) and elongation (based on PCR product length 0.5
kb/min, 72 °C); and final extension (10 min, 72 °C). PCR products or DNA fragments from
restriction digests were purified by agarose gel electrophoresis and isolated using NucleoSpin
Gel and PCR Clean up kit (Macherey-Nagel). The PCR products were cloned into suitable
plasmids pCR2.1 and pCK1132, selected by restriction analysis and sequenced using
sequencing primers (Table S2- 2). Details on the construction of all plasmids used and

generated in this study are given in Table S2- 3.
3.2.7 Disruption and overexpression of globomycin biosynthetic genes

Plasmid pKC1132 is a suicide vector for Streptomyces containing oriT RK2 for conjugation
from E. coli to Streptomyces, here used for generating S. hagronensis mutants with disrupted
selected genes. Firstly, the 0.84-kb DNA fragment containing n-MT domain from GImC was
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amplified by PCR with globo-inact-F and globo-inact-R primer pair, adenylated and ligated
into pCR2.1. The sequencing confirmed plasmid pCR2.1 inact-globol was digested with Pvull
and ligated into pKC1132 through the same restriction site, generating pKC1132 inact-globol.
Sequencing confirmed plasmid was used for conjugation of S. hagronensis. No exconjugants
were obtained, therefore a larger homology was selected. The 2.3-kb DNA fragment as well
containing n-MT domain from GImC was amplified by PCR with inact-globo-HindlIlI-F and
inact-globo-EcoRV-R primer pair. The HindllI/EcoRV digested DNA fragment was ligated
into pKC1132 plasmid to generate pKC1132 inact-globo2.3. The plasmid was sequencing
confirmed using PKC1132-F, PKC1132-R and check-inact-globo-R primers. The former was
conjugated into S. hagronensis and incorporated into the genome via homologous
recombination. Similarly, the 2.1-kb DNA fragment from GImF was PCR amplified and cloned
in between Hindlll/EcoRV sites into pKC1132 plasmid, generating pKC1132 SHG-inactA8.
The plasmid sequence correctness was confirmed with PKC1132-F, PKC1132-R, check-
inactA8-F and check-inactA8-R primers. Conjugation and secondary metabolite production
profile comparison with WT strain followed. Used and prepared bacterial strain are described
in Table S2- 4.

3.3 Results and discussion
3.3.1 Analysis of globomycin biosynthetic gene cluster

To verify that the assembled globomycin BGC is responsible for globomycin biosynthesis, the
glmC gene encoding a NRPS was inactivated. A plasmid pKC1132inact-globo2.3 was inserted
via homologous recombination to disrupt the NRPS gene since the NRPS catalyzes peptide
biosynthesis as an assembly-line similarly to modular PKS system [68]. The disruption was
successful and yielded 17 exconjugants of which 8 sporulated. Four mutant strains and the wild-
type strain were analysed for globomycin production. All S. hagronensis pKC1132inact-
globo2.3 strains failed to produce globomycin as shown in Figure 39. The genes from

globomycin BGC cluster are presented in Table 9.
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A) S. hagronensis WT

B) S. hagronensis/gimCA

EIC m/z 656.5 (+0.5)

34 36 38 40

'Il'imel [min]

Figure 39. The inactivation of globomycin BGC. EIC chromatograms for m/z 656.50 (+£0.2) represent

globomycin production in S. hagronensis WT (A) and lack of it in S. hagronensis/pKC1132inact-globo2.3 strain

with disrupted gmC gene encoding for NRPS (B).

Table 9. The annotated genes found in globomycin BGC

Gene Size*  Protein homolog® Proposed function Catalytic domains
orf(-7) 305 WP_093538839.1 (98/99) DUF4232 domain-containing
protein
orf(-6) 408 WP_093538840.1 (100/100)  ParA family protein
orf(-5) 408 WP_093538841.1 (98/98) ParB/RepB/Spo0J family
partition protein
orf(-4) 358 SCD30600.1 (99/99) bifunctional DNA
primase/polymerase, N-terminal
orf(-3) 513 WP_093538842.1 (100/100)  DNA primase
orf(-2) 128 WP_093538843.1 (100/100) transcription factor
orf(-1) 323 WP_107405752.1 (98/99) alpha/beta fold hydrolase
gimA 198 WP_093538844.1 (99/99) TetR/AcrR family
transcriptional regulator
glmB 186 WP_093538866.1 (99/100) signal peptidase Il
gimC 8938  WP_141718495.1 (99/99) amino acid adenylation domain- ~ KS-AT-ACP-KS-AT-
containing protein, partial DH-KR-ACP-C-A-
NMT-PCP-C-A-PCP-
C-A-PCP-C-A-PCP-
C-A-PCP-TE
glmD 470 WP_093539563.1 (99/100) PLP-dependent aminotransferase AMT
family protein
glmE 207 WP_093539562.1 (98/100) AraC family transcriptional
regulator
glmF 1008  WP_107405771.1 (98/99) non-ribosomal peptide A-PCP
synthetase
glmG 274 WP_093539561.1 (100/100)  mycofactocin-coupled SDR KR
family oxidoreductase
glmH 253 WP_093539560.1 (99/100) thioesterase TEII
giml 128 WP_093539559.1 (99/100) ketosteroid isomerase
glmJ 211 WP_093539558.1 (99/100) 4'-phosphopantetheiny!l ACPS
transferase superfamily protein
orfl 396 WP_141718395.1 (99/100) hypothetical protein
orf2 247 WP_093539556.1 (97/97) hypothetical protein
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orf3 545 WP_093539555.1 (99/100) GH3 auxin-responsive promoter
family protein

orf4 780 WP_093539554.1 (99/100) phosphotransferase

orfs 262 WP_093539553.1 (100/100)  hypothetical protein

aSizes are given in amino acids; PAccession numbers and percentage of identity/similarity are given in parentheses.

3.3.1.1 The core globomycin structure and its biosynthesis

The biosynthesis of globomycin is assumed to start with GImC, a hybrid PKS/NRPS, containing
7 modules (Figure 40). The first two modules are modular PKS (type 1) and the remaining 5
modules are of NRPS type. All the domains found in the biosynthetic gene cluster were

analyzed in order to get a better idea about the biosynthesis.
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Figure 40. Globomycin biosynthetic gene cluster and the biosynthesis proposal. Genes glmA to glmJ stretch
over 37 kb DNA. The module 1 is assumed to load a heptanoyl-CoA moiety from primary metabolism onto ACP1.
Module 2 selects methylmalonyl-CoA, the KR reduces the keto group to hydroxyl group, yielding 3-hydroxy-2-
methylnonanoyl-ACP. The DH domain is not functional. Module 3 selects L-leucine, the n-MT domain methylates
the amino group and so N-methylleucine is incorporated into the growing chain. Module 4 incorporates L-allo-
isoleucine, module 5 L-serine, module 6 with an unfunctional A domain accepts L-allo-threonine selected by
module 8 and condenses it into the growing chain. Lastly, module 7 selects glycine. The TE domain in module 7
catalyzes intermolecular capture by one of the —OH groups in the acyl-peptidyl chain, releasing a cyclic

depsipeptide globomycin [68]. The incorporated L-allo-threonine in globomycin is marked with a dashed curve.

First, two KS domains are present in modules 1 and 2. The putative active sites T209, C221,
S315, H346, K379, N381, H381, H384, Q386, N455 and H457 are well characterized in EryAl
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KS1 domain [82]. The residues C211, H346, K379, H384 are universally conserved but T209,
S315, N381, Q386, N455 and H457 are only conserved within either an iterative or a non-
iterative KS domain subgroup. The alignment of GImC-KS1 and GImC-KS2 domains to a non-
iterative EryAl and an iterative LovB KS domains had shown differences in T209, C211, S315
and Q386 residues, in one or both domains. The GImC-KS1 contains mutations of residues
T209A, C211Q, S315M and Q386E?, while in GImC-KS2 the only difference observed is
Ser315 residue exchange to Thr (Figure 41).

190 200 210 220 230 240

1. LovB - KS TGVAVSVASNR|SYFFDWHGPSMT IDTACISSSLVAVHLAVGQLRTGQSSMA | AAGANL LGP
2. EryAl - K51 TGTTTSVASGR IAYTLGLEGPA I SVDTAICISSSLVAVHLACOSLRRGESSLAMAGGVTVMPTP

(S )

3. GImC module 1 PGNQRGI IANRISYVLGLRGPSLTVDAGQASSLATVHMACESLRSGESTLALAGGVHLNLVP
4. GImC module 2 TGNEGSVASGR |AYTLGLEGPAVSVDTACISSSLVA|HLAVQSLRKGECAMALAGGVTVMATP
250 260 270 280 290 300 310

1. LovB - KS MTFVLESKLSMLSPSGRSRMWDAGADGYARGEAVCSVVLKTLSQALRDGDTIECVIRETGVN
2. EryAl -KS1 GMLVDFSRMNSLAPDGRCKAFSAGANGFGMAEGAGMLLLERLSDARRNGHPVLAVLRGTAVN
3. GImC module 1 EPAFGMAGLGALSPDGRCHTFDARANGYVRGEGGAVVVLKPLSHALRDGDRVYCVVRGSAVN
4. GImC module 2 RTLVEFSRRRGLSPDGRCRAFAESAQGTGFSEGSGLLLLEPLSRARANGHRVVAVIRGSATN

20 330 340 350 360 370
1. LovB - KS QDGRTTGITMPNHSAQEAL |KATYAQAGLD I TKAEDRCQFFEAHGTGTPAGDPQEAEAIATA
2. EryAl - KS1 SDGASNGLSAPNGRAQVRV IQQALAESGL----GPADIDAVEAHGTGTRLGDP IEARALFEA
- [
3. GImC module 1 NDGGGDGLMVPSRSGQEEVVRLAQQRAG| ----GPDQVQYVELHGTGTKVGDPVEAAALGAYV
4. GImC module 2 QDGASNGL|TAPHGPSQERVIRSALGDANL----APGDVDV IEAHGTGTVLGDP IEAQALLNT
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Figure 41. The important catalytic residues of KS domains. The active sites T209, C211, S315, H346, K379,
N381, H384, Q386, N455, H457 from non-iterative EryAl and iterative LovB KS domain [82] are marked with
the orange rectangles. Additionally marked are the residues where a difference in either of the globomycin KS

domains is observed.

At the position 386, a non-iterative KS contains GlIn (Q) residue and an iterative KS Glu (E),
the same as in GIMC-KS2 and GImC-KS1, respectively. The Ser315 is characteristic for a non-
iterative KS and Thr (T) for an iterative KS from LovB. The latter is found also in GImC-KS2,
whereas GImC-KS1 contains Met (M) in that position. The T209 and C211 residues in a non-
iterative EryAl KS are present at the same positions as in an iterative LovB and GImC-KS2.
However, T209 and C211 residues in GImC-KS1 are exchanged by Ala (A) and GIn (Q),
respectively. GImC-KS2 domain seems perfectly functional but its KS domain-type is hard to
assign since T315 hints on an iterative mechanism, whereas Q386 on the non-iterative.

Moreover, the active sites in GImC-KS1 show many differences: the Glu (E) in place of Q386

L EryA1 KS1 domain numbering
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hints on iterative mechanism, while A209, Q211 and M315 appear to be mutations that restrict
its catalytic activity. The main role of C211 is to provide an exceptionally nucleophilic active
site for anchoring the growing polyketide chain before the decarboxylative Claisen
condensation takes place [82]. The GlIn is about 5000-fold less reactive than Cys [238], which
hints on GImC-KSL1 inability for the intermolecular translocation of the growing polyketide
chain [82]. However, the GImMC-KS1 domain as a part of a loading module is not required and
does not need to be functional. Second, the AT domains are predicted to be involved in (25)-
methylmalonyl-CoA selectivity [83]. According to the globomycin chemical structure, we
propose that GImC-AT1 loads an odd-chain heptanoic acid (or nonanoic acid in SF-1905 As),
obtained from the pool of primary metabolites [239], and the GImC-AT2 selects
methylmalonyl-CoA as predicted. Third, the KR domain in module 2 (GImC-KR) contains a
NADP-binding motif GGxGxxG (not shown) and the active site YxxxN (Figure S2- 1) [84]. It
also contains conserved residues Tyr2616, Ser2603 and Asn2620 in the active site (Figure S2-
1) [85], aligning to Tyrl59, Serl46 and Lys163 from tropinone reductase-1l (TR-I1I),
respectively [205], all proving its functionality. It is proposed to convert the intermediate 2-
methyl-3-oxononanoyl-ACP to 3-hydroxy-2-methylnonanoyl-ACP (Figure 40). Additionally,
the GImC-KR domain is predicted to produce a carbon centre with D-configuration [85].
Fourth, the GImC-DH domain lacks the whole LPFXW motif (Figure S2- 2). The highly
conserved surface residue Phe227 from LPFxW motif is, together with an invariant Arg275
from erythromycin dehydratase, believed to help with the formation of an ACP docking site
[86]. The Arg2241 is present but the “Phe227” residue is not. Therefore, the globomycin DH
domain cannot interact with ACP and is because of that not functional [86], which also explains
the retained hydroxyl group in 3-hydroxy-2-methylnonanoic acid part of the globomycin
structure. Fifth, the adenylation domain in module 3 (A3) is specific for L-leucine and the
following n-MT domain methylates its amino group, resulting in N-methylleucine building
block. The A4 domain incorporates L-allo-isoleucine and A5 domain L-serine. The prediction
of A6 for the selection of hydrophobic aromatic amino acid like Phe, Tyr or Trp is unreliable.
The A domain analysis reveals the absence of amino acids in core motif A5 and mutation
K7492T highly conserved in core motif A10 (Figure S2- 3) [72]. The A6 domain is therefore
unable to select any amino acid into an elongating acyl chain. Module 7 is predicted to
incorporate L-glycine which fits to the structure. Sixth, all the NRPS modules (3-8) have
functional PCP domains containing Ser residue in the core motif [I/L]JGG[D/H]SL [225].
Suprisingly, the PKS type I module 2 contains a functional PCP domain instead of the expected
ACP domain (Figure S2- 4). Last, the TE domain positioned at the end of module 7 catalyzes
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intermolecular capture by one of the —OH groups in the polyketide-peptidyl chain, generating
a cyclic depsipeptide [68]. If the A6 domain is unfunctional as assumed, the globomycin cannot
be produced. However, GImF protein contains A domain (module 8) that is predicted to select
threonine. The module 8 lacks a condensation domain [224] (Figure S2- 5) but its A domain
appears essential for globomycin biosynthesis since it could select the missing L-allo-threonine
[240]. The GImF NRPS protein could then work in trans and transfer activated amino acid to
C domain of module 6 (Figure 40). For that reason, an inactivation mutant S.
hagronensis/gimFA, with interrupted glmF gene achieved by a plasmid insertion via a
homologous region, was prepared (Table S2- 4). The mutant strain and WT strain were
cultivated in parallel. Crude extracts were measured via LC-MS and analyzed. The globomycin
production was significantly decreased to 13 % in the mutant strain, when compared to the WT
strain production, but not completely abolished (Figure S2- 6). As the strain allows homologous
recombination only with homologies longer than 2 kb, the clean inactivation mutant was hard
to prepare. Gene disruptions with >2-kb homology region are efficient in multidomain PKS- or
NRPS-encoding genes such as gimC. However, in shorter genes the major part of the gene is
still retained and in case of S. hagronensis/gimFA this could potentially lead to partially
preserved activity. Moreover, the WT conjugation efficiency was low as only 2 exconjugants
were obtained. However, the substantial drop in production shows that the glmF gene is most
likely involved in the biosynthesis.

The correctness of incorporated amino acid on GImC is probably assured by a type Il TE GImH
since the incorrect amino acids selected by A, domain cannot be processed by Cn domain,
consequently the peptide bond cannot be formed. Such module is stalled until the incorrect
amino acid is hydrolyzed [241]. There are plenty of examples of NRPSs not following the rules
of “textbook” modular biosynthesis, e.g. iterative and non-linear biosynthetic strategies (see
Discussion). The modular NRPSs encoded in bacterial genomes constantly evolve, subject to
the “optimization objective”, to give bacteria an advantage in competition with all the other
microorganisms present in their natural habitat [28]. In some cases the catalytic domains are
inactive such as ER domain in epothilone [70], KS and DH domains in globomycin (Figure 40)
and A domain in cystobactamide BGC [55]. A high flexibility of NRPS protein was observed
in case of myxochromides, where an entire module is skipped [242]. The incorporation of L-
allo-threonine into an intermediate acyl-peptidyl chain assembling on GImC NRPS by the
proposed mechanism would as well demand certain flexibility of a main NRPS protein in order
to provide spatial access to the GImF protein. Taken together, the building block assembly of

globomycin appears mainly linear with a non-linear component.
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3.3.1.2 The origin of building block L-allo-isoleucine and L-allo-threonine

The biosynthesis of L-allo-isoleucine from L-isoleucine requires two enzymes, namely a
pyridoxal 5'-phosphate (PLP)-linked aminotransferase and an unprecedented isomerase acting
synergistically [243]. Enzyme pairs DsaD/DsaE from the desotamide and MfnO/MfnH from
the marformycin biosynthetic pathway were shown to be responsible for the biosynthesis of L-
allo-isoleucine present in respective natural products [243]. Only one branched-chain amino
acid aminotransferase (NRRL15064_48630) homologous to DsaD (identity 52 %; similarity 65
%) and MfnO (identity 49 %; similarity 65 %) was found in the genome of S. hagronensis in
contig 14 outside of globomycin BGC. On the other hand, DsaE and MfnH enzymes belong to
the nuclear transport factor 2 (NTF2) superfamily with members including A°-3-ketosteroid
isomerases and share 53 % and 39 % identity and 63 % and 55 % similarity to the homolog
GIml found in globomycin gene cluster [243]. The L-allo-threonine could originate from the
interconversion of L-allo-threonine and glycine by L-allo-threonine aldolase [244]. The
responsible enzyme is not found in the globomycin BGC but is present elsewhere in S.
hagronensis genome, therefore the L-allo-threonine selected by A8 domain is probably taken
from the pool of primary metabolites.

3.3.1.3 The signal peptidase 11

In globomycin BGC, GImB encodes a signal peptidase Il. The LspA homolog is involved in
post-translational modifications of lipoproteins in many pathogenic bacteria [139]. Globomycin
and myxovirescin act by sterically blocking the LspA active site, which results in accumulation
of prolipoprotein [233] and compromises the integrity of the bacterial cell envelope. In
myxovirescin producer strain Myxococcus xanthus, four ISpA genes are present. LspAl and
LspA2 serve as housekeeping proteins but only one of them is necessary for the viability of the
bacterial cell [245]. LspA3 and LspA4 are located in the myxovirescin BGC and are proposed
to play a role in myxovirescin resistance and regulation [245]. In Streptomyces hagronensis,
two LspA homologs are present, here named GImB and LspShg. They share 42 % identity and
73 % similarity. GImB is located in the globomycin BGC and is most alike LspA4
(MXAN_3930) with 26 % identity and 62 % similarity. Due to its location, it is proposed to act
as a self-resistance protein. On the other hand, LspShg is located elsewhere in the genome, is
the most alike LspA2 (MXAN_0369) with 28 % identity and 54 % similarity and most probably
serves as a housekeeping protein. The protein identity between M. xanthus and S. hagronensis
is rather low, which is also due to the fact that the bacteria belong to different phyla. Both

protein sequences originating from S. hagronensis were compared to the LspA from Bacillus
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subtilis [246] and LspA from MRSA [140] and were found to contain all 14 highly conserved
residues characteristic for signal peptidases 1. However, the mutual comparison of the GImB
and LspShg sequences does not elucidate why would one act as a housekeeping protein and the
other as a self-resistance protein, neither if they increase the bacterial resistance towards
globomycin. The gene knock-out study, as conducted for the myxovirescin producer M. xanthus
[245], or the protein expression in globomycin-susceptible bacteria, followed by testing of the
minimal inhibitory concentrations (MICs), would be required.

3.3.1.4 Other genes encoded in the globomycin biosynthetic gene cluster

GImA is a TetR/AcrR family transcriptional regulator potentially involved in the negative
regulation of globomycin production [247]. Gene glmD is predicted to encode a DNA-binding
transcriptional regulator from MocR family which contains a PLP-dependent aminotransferase
domain. MocR-TFs are a subfamily of GntR family of bacterial transcriptional factors involved
in the regulation of various biological processes [248, 249]. These proteins catalyze the
reversible transfer of an amino group from the amino acid substrate to an acceptor a-keto acid.
They require pyridoxal 5°-phosphate (PLP) as a cofactor to catalyze this reaction.
Transamination reactions are of central importance in amino acid metabolism and linked to
carbohydrate and fat metabolism [250]. In Streptomyces strains only few members of GntR
family are known but their role is mostly unknown [250]. WhiH encodes a sporulation
transcription factor [251] and DevA a developmental factor [252] in Streptomyces coelicolor,
PdxR from Streptomyces venezuelae is involved directly in the regulation of pyridoxal
phosphate synthesis [253]. Some of known MocR-TFs are involved in central biosynthetic
pathways, while others regulate the catabolism of compounds that bacteria come across only in
particular circumstances [248] but are not reported to be directly involved in antibiotic
biosynthesis. The GImE protein contains type 1 glutamine amidotransferase (GATasel)-like
domain, also found in transcriptional regulators, and belongs to the DJ-1/Pfpl family with a
member Pfpl, an intracellular cysteine protease which may hydrolyze small peptides to provide
a nutritional source. For example, a member of ThiJ/DJ-1/Pfpl family in Saccharomyces
cerevisiae, Hsp31 protein plays an indispensable role in regulation of redox homeostasis [254].
The protein GImE might have a role in bacteria in general but might not have an effect on
globomycin production. The glmG gene encodes a classical mycofactocin-coupled SDR family
oxidoreductase [84]. The reactions catalyzed within the SDR family include isomerization,
decarboxylation, epimerization, C=N bond reduction, dehydratase activity, dehalogenation,

enoyl-CoA reduction, and carbonyl-alcohol oxidoreduction. The role of GImG for the



Characterization of the biosynthesis of the antibiotic globomycin active against LspA | 85

biosynthesis of globomycin is not clear. The GImJ is one of two ACPSs in S. hagronensis,
necessary for activation of PKS and NRPS biosynthetic genes [68], belonging to the 4'-
phosphopantetheinyl transferase superfamily.

3.3.1.5 Gene cluster borders

The orf(-7) encodes a hypothetical protein. The orf(-6) and orf(-5) encode ParA family protein
and ParB/RepB/Spo0J family partition protein, respectively, known to participate in
segregation of newly replicated chromosomes in bacterial cells [255]. The DNA replication
requires as well DNA polymerase and DNA primase [256] encoded by orf(-4) and orf(-3) genes.
Orf(-4) is a N-terminal domain of bifunctional DNA primase/polymerase and Orf(-3) a C-
terminal of DNA primase. As transcriptional regulators play a pivotal role in DNA replication
[257], Orf(-2) encoding an unspecified transcription factor could be involved as well. The Orf(-
4)-0rf(-2) protein homologs were found also upstream, in the vicinity of a butyrolactone BGC,
similarly followed by a GImA homolog, a TetR/AcrR family transcriptional regulator, and are
therefore believed not to be involved in the globomycin biosynthesis. However, the
butyrolactone is essential for Streptomyces development and streptomycin production in S.
griseus [258], and may regulate the transcriptional expression of globomycin biosynthetic
genes. The Orf(-1) an a/P fold hydrolase predicted to be dienelactone hydrolase [259] and is
assumed to be redundant for the globomycin biosynthesis. Downstream of GImJ, five genes
(orfl-orf5) encoding for homologs of SepM-SepQ are observed. They were previously reported
to be found in proximity of biosynthetic genes of septacidin but were not involved in its
biosynthesis [260]. We assume the same in this case. Comparing the genes located outside of
GImA-GImJ to the NCBI Nucleotide collection database, does not return any relevant

information concerning the boundaries of the globomycin BGC.
3.3.2 Yield improvement attempts

Streptomyces hagronensis strain 360 was primarily described as producer of U-56,407
antibiotic [236] but produces globomycin as well. Reported strain used for fermentation of
globomycin, Streptomyces halstedii No. 13912, produced 10 mg L™ [237]. Globomycin yield
was initially improved by optimization of bioreactor production medium published together
with globomycin discovery [228]. The production medium here required 1 % feather meal for
the nitrogen source but was in this laboratory exchanged for fish meal, corn steep solids, corn
steep liquor or soy flour. The production of all the media variants in parallel showed that best
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and most efficient production was achieved when medium contained soy flour (SOYF) (Figure
42).

BPC +All MS
Intens. .

8 globomycin
x10
A) S. hagronensis WT — 2
SOYF6 medium 1
0
B) S. hagronensis WT — 2
FISH6 medium 1

C) S. hagronensis WT — 2
CSL6 medium 1
0

D) S. hagronensis WT —
€SS6 medium 1

350 400  Time [min]

Figure 42. The comparison of globomycin production in selected media. The globomycin peak with a
molecular mass 656.56 m/z [M+H]" is visible at 3.8 min in BPC chromatograms. In media other than SOYF6 (A),
smaller production (B, C) or peak overlay (C, D) is observed. The information about the production yields is
depicted in Figure 43.
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Figure 43. Globomycin production of S. hagronensis wild-type (WT) strain in different media. The SOYF6
medium shows best production yields compared to FISH6 (45 %), CSL6 (72 %) and CSSL6 (22 %) media. The
globomycin calibration curve is shown in Figure S2- 7. The average globomycin production yields are depicted

with the orange line.
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As the only information about pH was the value after sterilization [228], the pH range was
tested from 6.0 to 8.0. The best production was achieved in case of pH 6.0, therefore medium
SOYF6 was used for production of globomycin [140].The globomycin yield in SOYF6 medium
is 13.5 + 1.5 pg/ml (Figure 43), while the production yields achieved in FISH6, CSL6 and CSS6
media reach 45 %, 72 % and 22 %, respectively, compared to SOYF6 medium (Figure 43).
Since the aim was purification of several milligrams, sufficient for crystallography studies and
bioactivity testing, performed by the research group of Prof. Martin Caffrey [140], the highest

possible globomycin yield was desired.
3.4 Conclusions

The S. hagronensis whole-genome sequence was obtained. The putative globomycin BGC was
identified and the conjugation method was established. The inactivation mutant S.
hagronensis/gimCA produced no globomycin, therefore the identified BGC was confirmed. The
biosynthetic genes were analyzed in silico and the biosynthesis pathway was proposed. The
NRPS module 8 in GImF is assumed to provide L-allo-threonine to the GImC in trans. Two
copies of a signal peptidase Il are present in the genome. Due to their location in the genome,
GImB is might encode a self-resistance protein and LspShg a housekeeping protein. After a
simple medium optimization attempt, SOYF6 was chosen as best globomycin production

medium.
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Table S2- 1. List of primers used in this study

Primer 5’-Sequence-3’ R.sites  Construct
globo-inact-F GGACATCTACGACTCCGTCTACGC / pCR2.1 inact-
globo-inact-R TCCTGGCCCCAGACCAGTT / globo
inact-globo-HindlIl-F TATAAGCTTCCACGCTGGTGGAGTCCTTC  Hindlll

CAG pKC1132 inact-
inact-globo-EcoRV-R ATATAGATATCGTGCCTCCAGGCTGTCG  EcoRV  globo2.3

AGGTC
SHG-inactA8-HindlllI-F  ATAAAGCTTCTTCGGCGGGTGTCACGGT HindlIlI

CTG pKC1132 SHG-

SHG-inactA8-EcoORV-R  TATATGATATCGACCCGTCCGGAATCCC  EcoRV  inactA8
GAATTC
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Table S2- 2. List of sequencing and other primers

Primer 5’-Sequence-3’ Usage

M13-21F TGTAAAACGACGGCCAGT For general plasmid integration
M13-24R CGGATAACAATTTCACACAGG verifications
check-inact-globo-F AGTGCCTCCAGGCTGTCGA Orientation of inact-globo
PKC1132-R ATGCTTCCGGCTCGTATGTTGTGTG fragment in BKC1132 inact.
PKC1132-F CGATTAAGTTGGGTAACGCCAGG

check-inact-globo-R CCGAACAGGTCGGCGAATG globo

PKC1132-F CGATTAAGTTGGGTAACGCCAGG - .
PKC1132-R ATGCTTCCGGCTCGTATGTTGTGTG v enfication of pKC1132 inact-
check-inact-globo-R CCGAACAGGTCGGCGAATG globo2.3 plasmid

PKC1132-F CGATTAAGTTGGGTAACGCCAGG

PKC1132-R ATGCTTCCGGCTCGTATGTTGTGTG Verification of pKC1132 SHG-

check-inactA8-F
check-inactA8-R

CAGGACTTCGGCGGCCTCGC
GGTGAGCCTGCTGAACACGG

inactA8 plasmid

Table S2- 3. Genetic constructs used in that study

Plasmid name Details Reference

pCR2.1 TA cloning vector; kan', amp' Thermo
Scientific

pKC1132 aac(3)IV lacZo oriTrke; Suicide vector for Streptomyces [261]

pCR2.1 inact-globol

pKC1132 inact-globol

pKC1132 inact-
globo2.3
pKC1132 SHG-
inactA8

containing oriT RK2 for conjugation from E. coli to Streptomyces
0.84 kb homology from 3™ module (nMT domain) in GImC cloned  This study

into pCR2.1

Homology from pCR2.1 inact-globo was transferred into This study

pKC1132 vector

2.3-kb DNA fragment containing GImC nMT domain was cloned  This study

into pKC1132 plasmid

2.071 kb DNA fragment (gImF: 58 —2110 bp) was cloned into This study

pKC1132 plasmid

Table S2- 4. Bacterial strains used or prepared in that study

Organism Genotype or usage purpose Reference

Escherichia coli

DH10p F-endA1 recAl galE15 galK16 upG rpsL AlacX74 Invitrogen
®80lacZAM15 araD139 A(ara-leu)7697 mcrA A(mrr-
hsdRMS-mcrBC) A~

ET12567/pUZ8002 F dam13::Tn9, dcm6, hsdM, hsdR, recF143::Tnll, [27, 262]
galK2, galT22, aral4, lacY1, xyl5, leuB6, thil, tonA31,
rpsL136, hisG4, tsx78, mtll glnV44 puZ8002

Streptomyces hagronesis strain 360, Globomycin producer; WT [236]

NRRL 15064

S. hagronensis/pKC1132inact- Inactivation of gimC This study

globo2.3

S. hagronensis/pKC1132inactA8 Inactivation of glmF This study
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Tyr100 Asn118 Ser146 Tyr159 Lys163
U "] L "
1. 2AE2:A | PDBI JCHAIN|SEQUENCE M\_YKIAKDYT-YS-SINFIMY-S-AHPFIKAisﬁ_FlSSISBAIAlPYIAIYBATKBm
2. GImC module ‘ TPEREAAVAER P _————I-TR-SAF-YSiIA’lIFENmANIAAMITFIIﬁI
Asn2561 Ser2603 Tyr2616  Asn2620

Figure S2- 1. The catalytic sites of globomycin KR domain. The alignment of GImC-module 2 and TR-I1 (PDB:
2AE?2) [205] was generated using Geneious Prime® 2020.0.5 [263].

?IO 130

Consensus
Identity

1. 3ELG6:A | PDBID | CHAIN | SEQUENCE
2. GImC module 2 - DH

Figure S2- 2. The alignment of DH domain from GImC module 2 with erythromycin dehydratase.
Erythromycin dehydratase was found in PDB under accesion code 3EL6 [226]. The conserved motifs are listed in
orange boxes.

1. GImCA3
2.GImC A4
3. GImC A5
4. GImC A6
5. GImC A7
6. GImF A8

1+

Figure S2- 3. The important amino acid residues for selectivity and functionality of A domains of
globomycin BGC. The amino acid denoted by X is in this case a missing amino acid residue. The GImC A6
domain is due to the K517T mutation predicted to be unfunctional [72].

*
1. GImC module 1 ACP KDQGFDSWVMGA|
__GXDS_|

N

. GImC module 2 PCP

. GImC module 3 PCP
. GImC module 4 PCP
. GIMC module 5 PCP
. GImC module 6 PCP
. GImC module 7 PCP
. GImF module 8 PCP

co~Noun AW

Figure S2- 4. The alignment of ACP and PCP domains of globomycin BGC with key residues for catalytic
activity. The core motif in ACP domains is GXDS [88] and [I/L]GG[D/H]SL in PCP domains [225]. The key
residue is marked with an asterix (*). Surprisingly, the module 2 contains PCP domain at the end of PKS-type
module.
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*
1.2VSQ:A| PDBID | CHAIN |SEQUENCE 'S Y IHIHIIIDIG'W C

k HHXXXDG J
2. GImC module 3 VIEHHIT AGDGWS
3. GImC module 4 [B"EFHH T AGDGWS
4. GImC module 5 IEHH I AGDGWS
5. GImC module 6 IMECHH T AGDGWS
6. GImC module 7 MCHHITAGDGWS
7. GImF module 8 PPRAGDIERRAC

Figure S2- 5. The alignment of C domains with key residues for catalytic activity. The C domains of
globomycin NRPS modules were compared to amino acid sequence SrfA-C from PDB (2VSQ) [223] with
thoroughly annotated core motives for each of the domains. The key residue is marked with an asterix (*). There

is no functional C domain in module 8 [224].
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Figure S2- 6. Globomycin production of S. hagronensis WT strain and S. hagronensis/gimFA mutant. The
globomycin production is greatly reduced in the mutant strain, with inactivated GImF NRPS protein, reaching only
13 % compared to the WT production. Decreased yields suggest the involvement of GImF in the globomycin

biosynthesis.
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Figure S2- 7. Globomycin calibration curve. The measured globomycin concentration points are 1 pg/ml, 5
pg/ml, 10 pg/ml and 20 pg/ml. The areas of EIC 656.56 (+0.2) are used as values for the standard curve

(y=7E+07x-9E+06). Low concentrations are chosen since the measured samples reach such concentration range.
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4 Fidaxomicin: Creating a platform for semi-synthesis

4.1 Introduction

Fidaxomicin (Figure 44) was first discovered in 1975 [29] and recognized as an inhibitor of
bacterial RNA polymerase (RNAP) [264]. In 1987, it was reported that fidaxomicin [29]
actually consisted of two compounds named lipiarmycin A3 and A4 in ratio 3:1 [265]. In the
literature, it appears as lipiarmycin A3 [29], tiacumicin B [80], clostomicin B1, difimicin, OPT-
80 and PAR-101 [141, 266]. It inhibits bacterial transcription by trapping an open-clamp state
of RNAP and so preventing interaction with promoter —10 and —35 elements [267]. Due to its
powerful and broad biological activity, much is known about the antibiotic. It exhibits
biological activity against some Staphylococcus aureus strains and other Gram-positive
bacteria, a good antiplaque activity against strains of cariogenic Streptococcus mutans. It shows
inhibition of bacteriophage growth in Bacillus subtilis, a good activity against different aerobic
bacteria but weaker activity against anaerobic bacteria. It is also active against Staphylococcus
epidermidis biofilms and on some drug-resistant strains of Mycobacterium tuberculosis. It is a
broad-spectrum antibiotic against Gram-positive pathogenic bacteria with the lowest minimal
inhibitory concentration (MIC) against diarrhea-associated Clostridium difficile [268]. In 2008,
it was rediscovered as an effective anti-tuberculosis agent [143] and was also shown to exhibit
good anticancer activities against human breast or cervical cancer cells below the cytotoxicity
threshold [144]. Fidaxomicin was developed as a drug against Clostridium difficile associated
infection (CDI) by Optimer Pharmaceuticals, Inc. and was approved by FDA in 2011 [142]
under trade name Dificid [141]. Clostridium difficile, a Gram-positive anaerobic bacterium, is
the causative agent of 20 % to 25 % of all cases of antibiotic-dependent diarrheas. Usual
treatment of these infections involves two broad-spectrum antibiotics: metronidazole and/or
vancomycin. Metronidazole is easily absorbed along the gastrointestinal tract, resulting in use
of huge doses of antibiotic and it is not as effective as vancomycin. However, they both promote
the development of vancomycin-resistant Enterococci and the risk of relapse is 15-35 % [141].
On the other hand, fidaxomicin shows good in vitro bioactivity in CDI treatment. It is orally
consumed, stays in the gastrointestinal tract, is only detectable in the blood in nM range and
shows a clinical cure almost identical to vancomycin (91.7 % to 90.6 %) but a lower rate of
recurrence of CDI (12.8 % compared to 25.3 %) [141]. Fidaxomicin acts bactericidal to C.
difficile, while vancomycin as bacteriostatic agent only inhibits its development. Besides, it
kills less non-pathogenic bacterial species in guts because of its selective activity against Gram-
positive bacteria [141]. After FDA approval, fidaxomicin was further developed against
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vancomycin-resistant Enterococci and as methicillin-resistant Staphylococcus aureus cure
[141]. Fidaxomicin belongs to the family of novel 18-membered macrocyclic glycosides and
contains an unsaturated macrolide core scaffold, modified D-noviose and D-rhamnose moieties,
and a dichorinated homo-orsellinic acid moiety [80, 92]. It is produced by Actinoplanes
deccanensis ATCC 21983 [29], Micromonospora echinospora subsp. armeniaca [269],
Dactylosporangium aurantiacum subsp. hamdenensis NRRL 18085 [270] and Catellatospora
sp. Bp3323-81 [143], with all bacterial species being members of the order Micromonosporales
[24]. The project is based on the collaboration with Prof. Gademann's research group from ETH
Zurich, specialized in semisynthesis of natural products. A marine natural product called
mangrolide A, produced by actinomycete similar to Actinoalloteichus spitensis from genus
Pseudonocardinales, contains an almost identical 18-membered polyketide ring structure as
found in fidaxomicin (Figure 44) but was claimed to have selectivity for Gram-negative bacteria
like Acinetobacter baumanii and E. coli [145]. However, its reported bioactivity could never be
reproduced [271]. Mangrolide A lacks any modification on the primary alcohol and has a
disaccharide attached at C-11. The moieties attached to fidaxomicin aglycone could therefore

have an influence on the biological activity.

fidaxomicin (1) / mangrolide A (2)

Figure 44. Structures of fidaxomicin and mangrolide A

Various novel derivatives could be prepared by attachment of structurally diverse fragments to
the fidaxomicin shunt products via semisynthesis, which are not accessible via semi-synthetic
modifications of the natural product (Figure 45). The starting material for such experiment
could be obtained by total synthesis since the procedures are already established for fidaxomicin
[92] as well as for its aglycone [146, 272]. However, the chemical synthesis’ yields are usually
low. An alternative approach to acquire fidaxomicin aglycone, and shunt products without
noviose or rhamnose moieties, is by gene knock-out of glycosyltransferases FdxG1 and FdxG2
from the fidaxomicin biosynthetic gene cluster as performed already by Xiao et al. in

Dactylosporangium aurantiacum subsp. hamdenensis [80]. The plan of my part of the project
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was therefore to prepare the gene knock-out mutants of glycosyltransferases in Actinoplanes
deccanensis (DSM 43806, ATCC 21983).

Cl

OH

Cl
OH semi-synthetic
modifications
T

fermentation of gene-
knockout mutants

Figure 45. The general idea for the project. Shunt products isolated from fermentation cultures of the mutant
strains AfdxG1l and AfdxG2 will be used for a semi-synthetic attachment of structurally diverse fragments to

generate novel derivatives, not available in nature, with potentially improved antibacterial activities.

4.2. Materials and methods
4.2.1 Cultivation of Actinoplanes deccanensis

Fidaxomicin producer Actinoplanes deccanensis is cultivated on ISP3 [273] or MS agar (2 %
soy flour, 2 % D-mannitol, 1.8 % agar; dH2>0) medium for 7-10 days at 30 °C. For pre-culture,
1 cm? agar piece is inoculated into 50 mL V-medium (0.3 % meat extract (Merck), 0.5 %
Bacto® tryptone, 0.5 % yeast extract (Sigma), 0.1 % sucrose (AppliChem Panreac), 0.4 %
calcium malate (ChemCruz); dH0) [29, 274], with media occupying 1/5 V Erlenmeyer flask,
for 3-5 days on 30 °C in rotary shaker at 200 rpm. Due to cell clump formation, baffled flasks
are recommended. 10 % pre-culture is reinoculated to fresh V-medium and incubated at 28 °C
in round Erlenmeyer flask for a day at 200 rpm [29]. 10 % of A. deccanensis vegetative culture
is inoculated into E-medium (0.4 % meat extract (Merck), 0.4 % Bacto® peptone, 0.1 % yeast
extract, 0.25 % NaCl, 1 % soybean flour (Sigma), 0.5 % CaCO3 (AppliChem Panreac), 0.9 V
dH20, pH 7.6; after autoclaving 0.1 V filtered 50 % glucose (w/v) was added) [29] in baffled
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Erlenmeyer flask for 6 days at 28 °C and 200 rpm. After 1-2 days, cellulose [138] to final
concentration of 20 g/L and 2 % Amberlite XAD-16 were added to the fermentation broth. For
storage purposes, A. deccanensis is cultivated in TSB (Tryptone Soy Broth) medium at 28 °C,
180 rpm for 2-3 days. After centrifugation, the cell pellet is resuspended in 50 % (w/v) glycerol
and stored at -80 °C. For genetic modification purposes, we determined the susceptibility of A.
deccanensis to different antibiotics. Bacterium is resistant to erythromycin (25 pg mL™Y),
kanamycin (50 pg mL™), spectinomycin (50 pg mL™); less abundant growth is observed on
erythromycin (50 pg mL?) and nalidixic acid (25 pug mL™). Bacterium is sensitive to
gentamycin (50 pg mL1), hygromycin (50 pg mL™), streptomycin (50 pg mL™) and apramycin
(50 ug mL).

4.2.1.1 Cultivation of Actinoplanes deccanensis AfdxG1 mutant

Mutant strain A. deccanensis AfdxG1l was cultivated in 4.8 L of E-medium with 4.8 g/L
cellulose. Strain was cultivated in 300 mL baffled flasks containing 50 mL medium with 5 %
inoculum prepared in V-medium as described above. Additional 500 mL baffled flasks
containing 100 mL medium with 5 % inoculum were also used for the cultivation for 7 days at
28 °C, 180-200 rpm. 4 % Amberlite XAD-16 was added and cultures continued shaking for 2
more days. Culture broth was centrifuged for 10 min at 6000 rpm. Mainly XAD-16 with some
remaining cells was used for extraction described in Section 4.2.2.

4.2.2 Extraction of fidaxomicin and shunt products

Upon completion of fermentation and incubation with XAD-16 resin, 50 mL culture broth was
centrifuged at high speed. Due to fidaxomicin insolubility in water [275], supernatant was
discarded. The pellet with XAD-16 was lyophilized and extracted with 1-butanol on magnetic
stirrer for 3 h and filtered through glass wool into a round bottom flask. Solvent was evaporated
on a rotary evaporator (Rotavapor R210, Biichi) at 50 °C at reduced pressure. Sample was
dissolved in 2.5 mL methanol, centrifuged at 15000 rpm for 10 min at 15 °C and measured in
dilutions for quantification purposes. The fermentation material of A. deccanensis AfdxG1 was
extracted with ethanol [80] and stirred on magnetic stirrer for few hours. The solvent, cells and
XAD-16 were centrifuged for 10 min at 6000 rpm. Liquid layer was filtered through glass wool
and dried on a rotary evaporator. Ethyl acetate and water were added. Ethyl acetate layer was
evaporated, crude extract remains were dissolved in methanol and dried under N2 flow. When
the crude extract was dried, 2 mL ultrapure water was added into 4 mL glass vial, vortexed,

frozen with liquid N2 and lyophilized. The vial was sent to collaborators at ETH Zirich to
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evaluate produced shunt products and for their purification. All following cultivations of mutant
strains and culture broth extractions were performed by Andrea Dorst (ETH Zurich), therefore

the extraction procedure was not optimized in this lab.
4.2.3 Quantification of fidaxomicin

An UHPLC system (UltiMate 3000 LC (Dionex) with 1.7 um Acquity UPLC BEH C-18
Column (2.1 mm x 100 mm) coupled with an electrospray ionization (ESI) source linked to an
amazon speed MS (Bruker Daltonics; 3D ion trap)) was used for quantification. Separation of
1 pl sample was achieved by a linear gradient (5-95 % B in 6.5 min) from (A) H.0 + 0.1 % FA
to (B) ACN + 0.1 % FA at a flow rate of 0.600 ml min™ at 45 °C. For precise mass determination
(HRMS) samples were measured on a UHPLC coupled to maXis 4G MS system (Bruker
Daltonics; Q-ToF). Separation of 1 pl sample, with 1.7 um Acquity UPLC BEH C-18 Column
(2.1 mm x 100 mm), was achieved by a linear gradient (5-95 % B in 6 min or 18 min) from (A)
H.0 + 0.1 % FA to (B) ACN + 0.1 % FA at a flow rate of 0.600 ml min™ at 45 °C. Absorption
spectra (200-600 nm) were recorded by a diode array detector. Mass spectra were acquired in
centroid mode ranging from 200 to 2000 m/z (amaZon) or from 150 to 2500 m/z (maXis 4G)

in positive ionization mode.
4.2.4 Sequencing of A. deccanensis genome

Genomic DNA of A. deccanensis was isolated using phenol/chloroform according to the
standard protocol [160] and was sent for Ilumina sequencing. The sequencing reads were
aligned with tiacumicin B gene cluster from Dactylosporangium aurantiacum subsp.
hamdenensis (NRRL 18085) [80] and also de novo assembled by Nestor Zaburannyi.

4.2.5 Construction of plasmids for genetic manipulation of A. deccanensis

Routine handling of nucleic acids, such as isolation of plasmid DNA, restriction endonuclease
digestions, DNA ligations, and other DNA manipulations, was performed according to standard
protocols [160]. E. coli DH10p (Invitrogen) was used as host for standard cloning experiments
and E. coli ET12567/pUZ8002 as a donor strain for bacterial transformation [27]. E. coli strains
were cultured in 2TY medium or on 2TY agar (1.6 % tryptone, 1 % yeast extract, 0.5 % NacCl,
(1.8 % agar), dH20) at 30-37 °C, (200 rpm) overnight. Antibiotics were used at the following
final concentrations: 50 pg ml apramycin, 25 ug mi kanamycin, 10 ug ml chloramphenicol.
Transformation of E. coli strains was achieved via electroporation in 0.1 cm-wide cuvettes at
1350 V, 200 Q, 25 pF. Plasmid DNA was purified by standard alkaline lysis [160] or by using
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the GenelJet Plasmid Miniprep Kit (Thermo Fisher Scientific). Restriction endonucleases,
alkaline phosphatase (FastAP) and T4 DNA ligase were obtained from Thermo Fisher
Scientific. Oligonucleotides used for PCR and sequencing were obtained from Sigma-Aldrich
and are listed in Table S3- 1. PCR reactions were carried out in Mastercycler® pro (Eppendorf)
using Phusion™ High-Fidelity or Taq DNA polymerase (Thermo Fisher Scientific) according
to the manufacturer’s protocol. For Taq: Initial denaturation (2 min, 95 °C); 30 cycles of
denaturation (30 s, 95 °C), annealing (30 s, -5 °C of lower primer's Tm) and elongation (based
on PCR product length 1 kb/min, 72 °C); and final extension (10 min, 72 °C). For Phusion™:
Initial denaturation (2 min, 98 °C); 30 cycles of denaturation (15 s, 98 °C), annealing (30 s, Tm
of the lower primer) and elongation (based on PCR product length 0.5 kb/min, 72 °C); and final
extension (10 min, 72 °C). PCR products or DNA fragments from restriction digests were
purified by agarose gel electrophoresis and isolated using NucleoSpin Gel and PCR Clean up
kit (Macherey-Nagel). The PCR products were cloned into suitable plasmids pCK1132 and
pSET152, selected by restriction analysis and sequenced using sequencing primers (Table S3-
1). Details on the construction of all plasmids used and generated in this study are given in
Table S3- 2.

4.2.6 Conjugation of mycelium Actinoplanes deccanensis

The vectors pKC1132 and pSET152 were used for intergeneric conjugation between E. coli and
A. deccanensis. The conjugation protocol reported for Actinoplanes friuliensis by Heinzelmann
[276] was used. Methylase-negative strain E. coli ET12567/pUZ8002 was used as the E. coli
donor strain. Its overnight culture was re-inoculated (5 %) into 20 mL fresh 2TY medium
containing Cm (10 pg mlt), Kn (25 pg mi™), Apr (50 pg mi?) antibiotics. After cultivation at
37 °C, the ODsoo = 0.4 was reached and the culture was washed twice and finally resuspended
in 1 mL. Actinoplanes deccanensis was inoculated from agar plate into 20 ml V-medium and
cultivated for 3-4 days at 30 °C, 180 rpm. One mL of homogenized culture was inoculated into
100 mL TSB into 500 ml baffled Erlenmeyer flask and cultivated for 4 days. Culture was diluted
in ratio 1:10 (50 ml TSB media, 5 mL culture) and incubated over-night. On the following
conjugation day, homogenized culture was diluted in ratio 1:5 (10 ml TSB, 2.5 ml mycelium)
and incubated at 180 rpm for 1 to maximum 5 hours. Each aliquot of 12.5 ml was centrifuged
for 10 min at 3500 rpm before usage and resuspended in 2 mL of TSB. Mixture of 200 pl A.
deccanensis mycelium and 250 pl E. coli was spread on well dried GYM MgClI; plate (0.4 %
glucose, 0.4 % yeast extract, 1 % malt extract, 0.2 % CaCOs3, 1.8 % agar, dH20, pH 7.2; 10 mM
MgCI after autoclaving; according to DSMZ). After 16 h, the plates were overlaid with
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spectinomycin (50 pg mi) according to the weight of the plate (30 g = 1 ml sterile water + 30
ul spectinomycin with concentration 50 pg ml) and after additional 8 h with apramycin (50
ng mlY). After 6-10 days at 30 °C, the number of exconjugants was determined.

4.2.7 Genetic modification of glycosyltransferases

Genes fdxG1 or/and fdxG2 encoding glycosyltransferases were deleted from the A. deccanensis
genome. The fdxGl gene (1392 bp) and fdxG2 gene (1416 bp), both containing
glycosyltransferase domain, were disrupted by allelic replacement through a double-crossover
event. A suicide plasmid pKC1132-KOfdxG1 (Table S3- 2) was constructed by insertion of
two PCR amplified DNA fragments, 1.1 kb and 0.94 kb in length, homologous to sequences
upstream and downstream of the core of the gene for glycosyltransferase FdxG1. Similarly,
pKC1132-KOfdxG2 was constructed with homology arms 1 kb in length. Left homologies were
cloned using Pstl, Xbal and the right ones using Xbal and EcCoRV restriction sites (Table S3-
1), yielding disrupted FdxG1 with only 66 amino acids and FdxG2 with 50. Resulting
sequencing confirmed plasmids, using PKC1132-F and PKC1132-R primers, were transformed
into E. coli ET12567/pUZ8002 to obtain a non-methylated plasmid, which was then introduced
into A. deccanensis via conjugation of mycelium. For the construction of a double mutant strain
with deleted both genes, strain A. deccanensis AfdxG1l was additionally transformed with
pKC1132-KOfdxG2 plasmid. Exconjugants were further repatched on SM Spec (25 pg mL™?)
Apr (50 pg mL 1) medium and subcultivated in V-medium without selection pressure. After a
few subcultivation steps, Apr-sensitive colony was isolated (secondary recombinant),
confirmed by colony PCR using checkG1F, checkG1R or checkG2F, checkG2R primers (Table
S3-1). All used and prepared bacterial strains are described in Table S3- 3.

4.3 Results and discussion
4.3.1 Fermentation and data analysis

The chemical formula of fidaxomicin is Cs2H74Cl201g and its molecular weight 1058.0406
g/mol. The observed mass on amaZon speed MS system is 1039.4225 [M-H.O+H]*, whereas
on maXis 4G MS system exact mass of 1056.4252 g/mol is detected. Fidaxomicin was
successfully produced in E-medium and its concentration determined with a calibration curve.

The best yields achieved were 237.5 + 8.1 mg/L.
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4.3.2 Biosynthetic gene cluster of fidaxomicin

Fidaxomicin BGC from Actinoplanes deccanensis in comparison to tiacumicin B BGC [80]
differs in gene arrangement and contains 6 additional genes but lacks four (Figure 46, Table
S3- 4). The gene arrangement was confirmed by a PCR using primers from Table S3- 1.
Fidaxomicin BGC begins with fdxJ gene and keeps the same gene order as in tiacumicin B
BGC until fdxN gene. An insertion of 2 genes with oxidoreductase function (fdxY1-Y2) and 3
genes with methylmalonyl-CoA mutase-associated function (fdxW1-W3) were observed in
between fdxN and fdxT2 genes. The fdxT2 gene is followed by fdxH gene encoding a
transposase, which is not present in tiacumicin BGC. Next, the sequence continues with fdxG1
up until fdxI gene. In the FDX gene cluster, no genes homologous to tiaR2, tiaS3, tiaT3 and
tiaT4 are observed (Figure 46). As both bacteria A. deccanensis and Dactylosporangium
aurantiacum subsp. hamdenensis produce the same antibiotic, the differences in biosynthetic
gene clusters therefore have no influence on the structure of the final natural products, which
cannot be said for production yield dependent on sufficient supply of precursor moieties. A part
of the pathway for biosynthesis and modifications of deoxysugar moieties was previously not
completely clarified [80] but due to the absence of TiaS3 homolog in A. deccanensis genome,
we can propose that only FdxS1 and FdxS4 GDP-b-mannose 4,6-dehydratases are necessary
for the biosynthesis. FdxS1 shares 88 % identity to TiaS1, while FdxS4 shares 60 % and 94 %
identity to TiaS3 and TiaS4, respectively. An ArsR family transcriptional regulator homolog
TiaR2, absent in fidaxomicin BGC, may function as a negative regulator in antibiotic
biosynthesis [80]. Both TiaT3 and TiaS4 are homologous to members of the ABC transporter
superfamily involved in the transport of a wide variety of different compounds but are not
observed in FDX gene cluster. However, there are genes marked orf3 and orf4 that could be
fidaxomicin's transporter systems (Figure 46). The additional six ORFs, named FdxY1-Y2,
FdxW1-W3 and FdxH by Li et al. [94], are present in FDX BGC. FdxY1 and FdxY?2 are most
likely not involved in fidaxomicin's biosynthesis, while FdxW1-W3 probably catalyze the
reversible isomerization of methylmalonyl-CoA to succinyl-CoA, providing a precursor moiety
[94]. The genome of Actinoplanes deccanensis ATCC 21983 strain was sequenced, assembled,
analysed for this work but the genome sequence of the same strain was unfortunately published
by Li et al. in 2019 [94].
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Figure 46. Fidaxomicin and tiacumicin B gene cluster arrangement with highlighted differences and
important proteins for the project. FdxR1 is a transcriptional activator, which upon overexpression significantly
improves production yield [94]. FdxG1 and FdxG2 are glycosyltransferases decorating the fidaxomicin aglycone.
FdxY1-Y2, FdxW1-W3 and FdxH are not present in tiacumicin B gene cluster. Only two GDP-mannose 4,6-
dehydratases, FdxS1 and FdxS4, are observed in BGC compared to tiacumicin B gene cluster that harbours an
additional GDP-mannose 4,6-dehydratase TiaS3.

4.3.3 Glycosyltransferase-deficient Actinoplanes deccanensis

Two glycosyltransferases are present in tiacumicin B biosynthetic gene cluster [80]. TiaG1 and
TiaG2 are responsible for the addition of modified D-noviose and D-rhamnose moieties on C-
11 and C-20 positions in the molecule, respectively (Section 1.4.2.1, Figure 12). The
glycosyltransferase homologs from A. deccanensis, FdXG1 and FdxG2, share 83 % identity
with its homolog TiaG1 and 88 % identity with TiaG2, respectively. The primary mutant strain
was prepared via A. deccanensis transformation of mycelium using the conjugation method
with a plasmid constructed in a way that homology arms dictated the desired gene deletion.
Upon successful incorporation of the pKC1132-KOfdxG1 and/or pKC1132-KOfdxG2 plasmid
via homologous recombination, the mutant strains were cultivated in the absence of the
selection marker, which caused the loss of the plasmid, converting the strain either into a mutant
with a gene deletion or back into the wild type. The mutant strains A. deccanensis AfdxG1 and
A. deccanensis AfdxG2 were prepared just like described above. On the other hand, A.
deccanensis AfdxG1AfdxG2 was prepared using A. deccanensis AfdxG1 mutant strain for the
deletion of the fdxG2 gene. All mutant strains were cultivated in the production medium,
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screened for the absence of fidaxomicin production and analyzed for the production of shunt

products.
4.3.3.1 Fermentation of A. deccanensis AfdxG1

According to Xiao et al. [80], five shunt products 3-7 (Figure 47) were expected to be present
in the crude extract of a mutant strain AfdxG1. They all lack a D-noviose moiety at C-11 and a
hydroxyl group at C-18 position, whose attachments are catalyzed by glycosyltransferase
FdxG1 and by cytochrome P450 FdxP1, respectively. It was reported that the TiaP1-catalyzed
C-18 hydroxylation is the last step in the biosynthesis of fidaxomicin and requires the substrate
with ‘left” sugar moiety at C-11, the ‘right’” sugar moiety at C-20 and the aromatic ring coupled
to C-4', preferably all fully decorated by tailoring enzymes [96].

Exact Mass: 810.31

Exact Mass: 402.28

Figure 47. Shunt products observed in D. aurantiacum subsp. hamdenensis AtiaGl mutant. The shunt

products were reported in a publication by Xiao et al. [80].

The A. deccanensis AfdxG1 mutant was cultivated as described in Section 4.2.1.1 but further
cultivations and purifications were done by Andrea Dorst from ETH Zirich. The UHPLC-MS
analysis revealed the presence of three derivatives: the denoviosylated fidaxomicin 7,
denoviosylated and demethylated compound 5 and traces of rhamnosylated aglycone 3 (Figure

48). The macrolides 4 and 6 were not detected.
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Figure 48. The UHPLC-MS analysis of crude extract of A. deccanensis AfdxG1 fermentation broth. UV
chromatogram at a detection wavelength of 270 nm is shown (chromatograms adapted from DataAnalysis
(available from Bruker Daltonics)). The marked target peak was found through EIC-search of [M-H,O+H]* of
expected exact masses: m/z 563.317 (£0.02), 401.267 (£0.02), 779.297 (+0.02), 385.277 (+0.02) and 793.307
(£0.02).

4.3.3.2 Fermentation of A. deccanensis AfdxG2

The fermentation of A. deccanensis AfdxG2 was performed using the same conditions as for
the wild-type strain. According to Xiao et al. [80], four shunt products 8-11 (Figure 49) were
expected to be present in the crude extract of a mutant strain AfdxG2, namely the
desrhamnosylated compound 11 with isobutyric ester attached to noviose and the
desrhamnosylated compounds with propionic ester 10, acetic ester 9 and hydrolyzed ester 8.

They all lack the p-rhamnose-orsellinate moiety and the C-18 hydroxyl group attached by

FdxP1 [96] as previously discussed.

Exact Mass: 620,36 Exact Mass: 648,39
Figure 49. Shunt products observed in D. aurantiacum subsp. hamdenensis AtiaG2 mutant. The shunt

products were reported in a publication by Xiao et al. [80].

The UHPLC-MS analysis of the A. deccanensis AfdxG2 crude extract by Andrea Dorst (ETH
Zurich) revealed all four derivatives but the compound with the desired isobutyric ester 11 was
present only in small amounts. The analysis of our crude extract showed the production of
compounds 8 and 11 (Figure 50). The differences in crude extracts are nothing unusual. The

fermentation yields of A. deccanensis wild-type strain are not strictly reproducible and they
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depend on the growth of bacterium in the production medium. Baffled flask used for
fermentation provide additional aeration required for actinobacteria but during the incubation
of rotary shakers some bacterial cells attach to the flask’s wall. Those bacterial cells are no
longer in production medium and have no access to nutrients, which influences the antibiotic

yields. Moreover, the upscaling of the fermentation process usually results in lower yields.
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Figure 50. The UHPLC-MS analysis of crude extract of A. deccanensis AfdxG2 fermentation broth. UV
chromatogram at a detection wavelength of 270 nm is shown (chromatograms adapted from DataAnalysis
(available from Bruker Daltonics)). The marked target peak was found through EIC-search of [M-H,O+H]* of
expected exact masses: m/z 561.347 (x0.02), 603.357 (£0.02), 617.367 (£0.02) and 631.387 (+0.02).

4.3.3.3 Fermentation of A. deccanensis AfdxG1AfdxG2

The mutant A. deccanensis AfdxG1AfdxG2 was prepared the first time in this study. According
to the functions of the deleted genes, compounds 4 and 6 (Figure 47) are expected to be present

in the crude extract.
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Figure 51. The UHPLC-MS analysis of crude extract of A. deccanensis AfdxG1AfdxG2 fermentation broth.
UV chromatogram at a detection wavelength of 270 nm is shown (chromatograms adapted from DataAnalysis
(available from Bruker Daltonics)). The marked target peak was found through EIC-search of [M-H,O+H]* of
expected exact masses: m/z 401.26853 (+0.02) and 385.277 (£0.02).

The UHPLC-MS analysis of the A. deccanensis AfdxG1AfdxG2 crude extract revealed presence

of only compound 4. The compound 6 was not detected (Figure 51).
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4.4 Conclusions

We successfully prepared two Actinoplanes deccanensis strains with deleted
glycosyltransferase FdxG1 or FdxG2 and a double knock-out mutant lacking both of the
enzymes. Our aim was a production of certain shunt products, if possible in high quantities.
The mutant strains were sent to the collaborators for cultivation and purification of desired
shunt products that would serve as substrates for semi-synthesis. The denoviosylated
fidaxomicin 7, denoviosylated and demethylated compound 5 were successfully purified from
the A. deccanensis AfdxG1 and all four derivatives (8-11) were found in A. deccanensis AfdxG2
(ETH Zdrich). The double mutant A. deccanensis AfdxG1AfdxG2 produces the macrolide 4.
However, those shunt products all lack C-18 hydroxyl group, which might affect the biological
activity of derivatives prepared by semi-synthesis. In hands of our collaborators, the production
yields of different shunt products isolated from A. deccanensis AfdxG2 reached 66-195 mg L.
Although the yields are quite high, the fermentation must be performed in small volumes since
the upscaling causes the decrease in production. However, the overexpression of the
transcriptional activator FdxR1 was shown to significantly improve fidaxomicin yield and is
expected to improve yield of shunt products 8-30-fold [94]. Up until now, a derivative 10 was
used for attachment of rhamnose bound to the orsellinic acid with alkenated hydroxyl groups
but more will be done in future. The semisynthetic modifications were mainly conducted on
fidaxomicin (1), such as selective modification on the hydroxyl groups, modification on the
phenol, chlorine substitutions, rhamnose-resorcylate cleavage and preparation of hybrid
antibiotics.
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Table S3- 1. List of primers used in this study

Primer 5’-Sequence-3’ Restriction sites  Construct
fdxG1-Pstl-LF ATACTGCAGGTGCCCTCTGTCGAGTAA  Pstl
GAGG
fdxGl-Xbal-LR ~ ATATATTCTAGAGTTGATCAGCCCGGT  Xbal PC1132fdxG1-left
GCTC
fdxG1-Xbal-RF ATATATTCTAGAGAGGACGGTTTCCGC  Xbal
GAAC
fdxG1-EcoRV-RR  ATATGATATCACCTGCGGCAAGCTGAT EcoRV PKC1132-KOfixG1
C
fdxG2-Pstl-LF ATACTGCAGGTCCTGCTCGACGACGTG  Pstl
fdxG2-Xbal-LR ATATATTCTAGACAGCAGCGGATTGAT  Xbal pKC1132fdxG2-left
CAGG
fdxG2-Xbal-RF ATATATTCTAGACTCATCCAACGCCGG  Xbal
CTG
fdxG2-EcoRV-RR ATATGATATCCGTCATCAGCTCCTCGA  EcoRV pKC1132-KOMdxG1
ACTTCAG
Primer 5’-Sequence-3’ Usage
gAD-F GTACCGGATCTCGGCGTGCT
gAD-R GATCGCCAGCGAGATCGTCTC
gAD-F1 CACCGCATCGGCATCTCG Gene cluster arrangement
gAD-R1 CGTAGCCGCCTCACCCATC
gAD-R2 GTGGTCGTCAGGAGCCGCTC
gAD-R3 GATCAGCATGCGGATCAGGTCG
PKC1132-F CGATTAAGTTGGGTAACGCCAGG Anneals before Pstl site in pKC1132
PKC1132-R ATGCTTCCGGCTCGTATGTTGTGTG  Anneals after EcoRV site in pKC1132
gfdxG1-LF CGGTGTTCTTCATCGTCACCE Screening of a plasmid orientation in
gfdxG1-RR CGATACCAGGECAAGTTCATCGTC first recombinants in combination with
gfdxG2-LF ACAGCACGTACGCCGTCGTC pKC1132-F or pkC1132-R primers
gfdxG2-RR CAATCGACGTGCGCGGAGTACT
checkG1F CTACAACATGGTCCGCAACTATC Sequencing of pKC1132-KOfdxG1 and
screening of A. deccanensis AfdxG1
checkG1R GTTCACGGCACTGACGAGGAC mutant
checkG2F GTGGATCCGAGCCTGCTGT Sequencing of pKC1132-KOfdxG2 and
screening of A. deccanensis AfdxG2 and
checkG2R CTTGCCGAACATCTCCGACGACGAC A. deccanensis AfdxG1AfdxG2 mutants
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Table S3- 2. Genetic constructs used in that study

Plasmid name Details Reference
pKC1132 aac(3)IV lacZo oriTrke; Suicide vector for Streptomyces [261]
containing oriT RK2 for conjugation from E. coli to
Streptomyces

pKC1132 KOfdxG1

pKC1132 KOfdxG2

Homologies 1.1 kb and 0.94 kb cloned in-frame containing ~ This study
first 63 bp and last 132 bp of gene fdxG1

Homologies of 1 kb cloned in-frame containing first 72 bp  This study
and last 75 bp of gene fdxG2

Table S3- 3. Bacterial strains used or prepared in that study

Organism

Genotype or usage purpose Reference

Escherichia coli

FendAl recAl galE15 galK16 upG rpsL AlacX74

DH10pB ®80lacZAM15 araD139 A(ara-leu)7697 mcrA A(mrr- Invitrogen
hsdRMS-mcrBC) A
F-dam13::Tn9, decm6, hsdM, hsdR, recF143::Tnll,
ET12567/pUZ8002 galK2, galT22, aral4, lacY1, xyl5, leuB6, thil, tonA31, [27, 262]
rpsL136, hisG4, tsx78, mtll glnV44 puZ8002
Actinoplanes deccanensis ATCC Fidaxomicin producer; WT [29]
21983
A. deccanensis AfdxG1 AfdxG1 This study
A. deccanensis AfdxG2 AfdxG2 This study
A. deccanensis AfdxG1 AfdxG1 AfdxG1 AfdxG2 This study

Table S3- 4. Protein homologs from fidaxomicin gene cluster with proposed functions

Gene Size2  Protein homolog® Proposed function

orf(-6) 348 WP_091298862.1 (97/99) hypothetical protein

orf(-5) 386 WP_091298811.1 (96/99) cytochrome P450

orf(-4) 159 WP_091298807.1 (99/100)  peptidylprolyl isomerase

orf(-3) 133 WP_018728983.1 (89/96) DNA-binding protein

orf(-2) 273 TWG21195.1 (84/96) metallophosphoesterase

orf(-1) 218 ASV46775.1 (73/86) 4'-phosphopantetheinyl transferase

fdxJ 408 AYWO03306.1 putative 3-hydroxybutyryl-CoA dehydrogenase
fdxK 450 AYWO03305.1 putative crotonyl CoA reductase

fdxL 478 AYWO03304.1 putative propionyl-CoA carboxylase
fdxP1 392 AYW03303.1 putative cytochrome P450 hydroxylase
fdxS5 440 AYW03302.1 putative sugar O-methyltransferase
fdxR1 912 AYW03301.1 putative LuxR class regulator

fdxM 495 AYW03300.1 putative tryptophan halogenase

fdxS6 379 AYW03299.1 putative O-acyltransferase

fdxP2 399 AYW03298.1 putative cytochrome P450

fdxAl 5254  AYW03297.1 putative modular polyketide synthase
fdxA2 3195 AYWO03296.1 putative modular polyketide synthase
fdxA3 1516 AYWO03295.1 putative modular polyketide synthase
fdxA4 3462  AYWO03294.1 putative modular polyketide synthase
fdxN 385 AYW03293.1 putative enoyl-CoA hydratase/isomerase
fdxY1 620 AYW03292.1 2-oxoacid:acceptor oxidoreductase subunit alpha



fdxY2
fdxw1
fdxw2
fdxw3
fdxT2
fdxH
fdxG1
fdxS1
fdxS2
fdxC

fdxD

fdxE
fdxF
fdxB
fdxG2
fdxS4
fdxT1
fdxl|
orfl
orf2
orf3
orf4
orfs
orf6
orf7

333
450
714
332
443
98

463
333
402
359

325

248
343
1715
417
344
528
783
274
192
387
223
369
231
587
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AYW03291.1
AYW03290.1
AYWO03289.1
AYWO03288.1
AYWO03287.1
AYWO03286.1
AYW03285.1
AYW03284.1
AYW03283.1
AYW03282.1

AYWO03281.1

AYW03280.1
AYW03279.1
AYW03278.1
AYW03277.1
AYW03276.1
AYW03275.1
AYW03274.1
SFE86170.1 (87/96)
WP_143234489.1 (87/95)
WP_097319205.1 (94/98)
SNY26207.1 (93/98)
WP_097319206.1 (83/92)
WP_097319207.1 (92/98)
WP_097319208.1 (89/97)

2-oxoacid:ferredoxin oxidoreductase subunit beta
methylmalonyl-CoA mutase

methylmalonyl-CoA mutase

methylmalonyl CoA mutase-associated GTPase MeaB
putative membrane antiporter

transposase

putative glycosyltransferase

putative GDP-D-mannose dehydratase

putative C-methyltransferase

putative branched-chain alpha keto acid dehydrogenase
E1 alpha subunit

putative transketolase central region

alpha-ketoacid dehydrogenase subunit beta
thioesterase

putative 3-oxoacyl-ACP synthase 111

putative iterative type I polyketide synthase
putative glycosyltransferase

GDP-mannose 4,6 dehydratase

putative membrane transport protein

putative ATP-dependent DNA helicase

S-adenosyl methyltransferase

hypothetical protein

ABC transporter permease

putative ABC transport system ATP-binding protein
hypothetical protein

DNA-binding response regulator

sensor histidine kinase

2 Sizes are given in amino acids; ® Accession numbers and percentage of identity/similarity are given in

parentheses.
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5 Biosynthetic engineering of enzymes involved in chelocardin

biosynthesis: Cyclization and C6 methylation reactions

5.1 Introduction

Considering the wide spread of antibiotic resistance among pathogens, the biosynthesis and its
regulation of medicinally still important antibiotics are studied in-depth, for either development
of new analogs or improvement of production yield, respectively. This work focuses on
chelocardin (CHD), a broad-spectrum atypical tetracycline, discovered in 1962, produced by a
Gram-positive bacterium Amycolatopsis sulphurea [277]. The biosynthetic pathway of CHD
was proposed based on other tetracyclines in 2013 [32]. Tetracyclines are aromatic polyketides
assembled by an iterative PKS type Il using simple building blocks from primary metabolism.
Their characteristic tetracyclic scaffold is cyclized by for that responsible enzymes and
subsequently decorated by tailoring enzymes with oxygenase, methyltransferase and
aminotransferase activities [99]. The cyclization of the poly-B-keto intermediate is believed to
be a critical step in the biosynthesis of natural products and a potential diversification point for
engineered biosynthesis [278]. Poly-B-keto intermediates are highly unstable and prone to
spontaneous cyclization [99], so the multienzyme PKS type Il is believed to provide an
adequate environment for directed and controlled cyclization [278]. The described first-ring
aromatases/cyclases reported in the biosynthesis of aromatic polyketides catalyze cyclization
either between C9-C14 or C7—C12 carbon atoms (Figure 52). They are further divided into two
classes: reducing PKS systems, where C9 ketoreductase (KR) is present, and non-reducing PKS
systems, lacking KR activity [99, 279]. The example for cyclization between C9-C14 is TcmN
from tetracenomycin biosynthesis, is carried out by a mono-domain aromatase/cyclases
(ARO/CYC) from non-reducing PKS system, which also catalyzes the second ring cyclization
between C7-C16 [278, 280]. On the other hand, the cyclization between C7—C12 is commonly
associated with the di-domain ARO/CYCs from reducing PKS systems such as BexL from
biosynthesis of anticancer agent BE-7585A (Figure 52) [278, 281]. However, C7-C12
cyclization may also be accomplished in non-reducing systems by mono-domain ARO/CYC
such as Zhul from biosynthesis of R1128 or di-domain ARO/CYCs such as CmmQ from
chromomycin biosynthesis (Figure 52) [278, 282]. In non-reducing systems, the di-domain
ARO/CYC cyclizes C7-C12 cyclization, followed by aromatization [281], while in reducing
systems, the timing of the first ring cyclization was not clear at first and was thought to occur
after C9 ketoreduction of the polyketide chain [283].
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Figure 52. Three classes of ARO/CYC in type Il PKS systems. In class 1 belong the monodomain ARO/CYCs
that promote C9-C14 and C7-C16 cyclization of an unreduced polyketide intermediate. The members of 2" class
are mono- and di-domain ARO/CY Cs that promote C7-C12 cyclization of an unreduced polyketide intermediate
as well. The 3" class contains di-domain ARO/CY Cs that act only after the C9-specific ketoreduction and promote
C7-C12 cyclization [284].

Later it was described that KR first regiospecifically cyclizes the linear poly-p-keto
intermediate between C12-C7, followed by C9 ketoreduction. A di-domain ARO/CYC then
catalyzes the dehydration of the C9 hydroxyl group, followed by aromatization of pre-cyclized
first ring (Figure 52) [281]. The second-ring (C) cyclization requires distinct enzymes such as
DpsY from anthracycline biosynthesis catalyzing cyclization between C5-C14, followed by
aromatization [278, 285]. The third ring (B) cyclization between C2-C15 occurs spontaneously,
while the fourth ring cyclization is still not clear due to many opposing observations in different
biosynthetic pathways. The studies of fourth-ring (A) cyclization propose the involvement of
specific enzyme like proposed for MtmX from mithramycin biosynthesis [286]. It was also
suggested to occur spontaneously in tetracycline biosynthesis due to the terminal amide moiety
[101, 287]. This hypothesis was later disproven since the presence of OxyH in the expression
construct was overlooked [288]. On the other hand, it was proposed by Pickens et al. that acyl-
CoA-ligase SsfL2, homologous to OxyH from the oxy gene cluster and ChdL from the chd gene
cluster, is involved in the formation of the fourth ring of the TC-like compound SF2527 [148],
which was tested in vitro and concluded that SsfL2 and OxyH directly adenylate the tricyclic
carboxylic acid to facilitate the final C1-C18 bond formation (Figure 53) [288]. Unrelated to
cyclization of chelocardin is well-characterized tailoring reaction of methylation of C6 position
[287]. The 6-methyl group in tetracyclines is not essential for its biological activity but 6-

desmethyl tetracycline exhibits better stability in basic conditions [289].
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Figure 53. The numbered acetate-primed decaketide chain and chemical structures of amidochelocardin,

chelocardin and oxytetracycline. The stereochemistry of chemical structures is shown as previously reported.

5.2 Materials and methods
5.2.1 Bacterial strains used in this study

Amycolatopsis sulphurea NRRL2822 (ARS Culture Collection) was used for the production of
CHD and as a source of DNA for microbiological manipulations. Streptomyces rimosus M4018
[290] was used as a source of DNA. Escherichia coli DH10p (Invitrogen) was used for standard
cloning procedures [160], E. coli ET12567 [262] and SCS110 (Stratagene) strains for isolation

of non-methylated plasmid DNA, suitable for transformation of A. sulphurea.
5.2.2 Media and cultivation conditions for A. sulphurea

Soya mannitol (MS) agar and tryptone soy broth (TSB) [27] with incubation at 30 °C were used
for sporulation and cultivation of actinobacteria in liquid medium, respectively. For CHD and
CHD analogues production, A. sulphurea was cultivated in CH-V seed medium (1.5 % soy
flour, 0.1 % vyeast extract, 1.5 % glucose, 0.5 % NaCl, 0.1 % CaCOs, pH 7.0) and CH-F2
production medium (2 % soy flour, 0.5 % yeast extract, 0.2 % CaCO3, 0.05 % citric acid, 5 %
glucose, pH 7.0) (adapted from [277, 291, 292]). Cultivations were performed in Falcon tubes
at 30 °C on a rotary shaker at 220 rpm for 36 h in seed medium with 15 % (v/v) used to inoculate
CH-F2 production medium and cultivated for further 7 days under the same conditions. For
transformation of A. sulphurea, S27M and R2L media were used [293]. Apramycin (Apr; 200
ug mL7Y), erythromycin (Erm; 20 ug mL™?) or kanamycin (Kan; 300 pg mL™) was used for
selection of A. sulphurea transformants on S27M. For further subcultivation of A. sulphurea
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transformants, MS was supplemented with Apr (400 pug mL™), Erm (20 pug mL™Y) or kanamycin
(400 pg mL™). For selection of E. coli transformants, ampicillin (Amp; 100 ug mL™?), Apr (50
ug mL1), Kan (25 pug mL™?) or chloramphenicol (Cm; 10 ug mL?) were added into LB medium.

5.2.3 Competent cell preparation and transformation of Amycolatopsis species

A. sulphurea spores from MS agar plates were inoculated into 5 mL of TSB medium and
incubated at 30 °C and 200 rpm for 48 h. After 48 h of incubation, 100 mL of fresh TSB medium
was inoculated with 1 % of pre-culture into a baffled 1 L Erlenmeyer flask and incubated again
at 30 °C and 200 rpm for another 48 h. The culture was then centrifuged at 5000 rpm for 15
min. Every 5 g of pellet was resuspended in 4 ml of 20 % glycerol. Aliquots of 500 ul were
stored at -20 °C. Transformation of A. sulphurea NRRL2822 was carried out by the protocol
for transformation of mycelium of A. mediterranei [293], using vectors pAB03 and pNV18
already described previously [32], described below. For transformation, the aliquot of
competent cells was thawed and washed three times in 1.5 ml TE buffer (10 mM Tris-HCI pH
8.0, 1 mM EDTA pH 8.0). Cells were centrifuged for 2 min at 5000 rpm. After the last
centrifugation, the mycelium was resuspended in 125 pl TE buffed and divided into aliquots of
50 ul, to which we added 31.3 pl of 4 M CsCl, 2 pl of thymus DNA (10 mg mL* calf thymus
DNA resuspended in TE, sheared to low viscosity, centrifuged, incubated at 100 °C for 20 min
and stored at -20 °C), 2 ul of plasmid DNA (isolated with the GeneJet Miniprep kit) and 100 pl
of 70 % PEG1000 in TE buffer [293]. Transformation mixture was homogenized and incubated
first at 30 °C for 40 min and later at 42 °C for 5 min. To each 0.2 ml of transformation mixture
2 ml of R2L medium was added and plated on S27M plates, which were previously dried for 2
h. After 16 h of incubation at 30 °C, the plates were overlaid with 1 ml of the antibiotic solution

in autoclaved distilled water and incubated at 30 °C for 10 days.
5.2.4 Sequencing of genomic DNA

Genomic DNA of A. sulphurea was isolated using phenol/chloroform according to the standard
protocol [160] and was sent for Illumina sequencing. The sequencing reads of chelocardin

biosynthetic gene cluster were assembled by Nestor Zaburannyi.
5.2.5 Construction of plasmids for genetic manipulation of A. sulphurea

Routine handling of nucleic acids, such as isolation of plasmid DNA, restriction endonuclease
digestions, DNA ligations, and other DNA manipulations, was performed according to standard

protocols [27, 160]. E. coli DH10B (Invitrogen) was used as host for standard cloning
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experiments. E. coli strains were cultured in 2TY medium or on 2TY agar (1.6 % tryptone, 1
% yeast extract, 0.5 % NaCl, (1.8 % agar), dH20) at 30-37 °C, at 200 rpm overnight.
Transformation of E. coli strains was achieved via electroporation in 0.1 cm-wide cuvettes at
1350 V, 200 Q, 25 pF. Plasmid DNA was purified by standard alkaline lysis [160] or by using
the GenelJet Plasmid Miniprep Kit (Thermo Fisher Scientific). Restriction endonucleases,
alkaline phosphatase (FastAP) and T4 DNA ligase were obtained from Thermo Fisher
Scientific. Oligonucleotides used for PCR and sequencing were obtained from Sigma-Aldrich
and are listed in Table S4- 1. PCR reactions were carried out in Mastercycler® pro (Eppendorf)
using Phusion™ High-Fidelity or Taqg DNA polymerase (Thermo Fisher Scientific) according
to the manufacturer’s protocol. For Taq: Initial denaturation (2 min, 95 °C); 30 cycles of
denaturation (30 s, 95 °C), annealing (30 s, -5 °C of lower primer's Tm) and elongation (based
on PCR product length 1 kb/min, 72 °C); and final extension (10 min, 72 °C). For Phusion™:
Initial denaturation (2 min, 98 °C); 30 cycles of denaturation (15 s, 98 °C), annealing (30 s, Tm
of the lower primer) and elongation (based on PCR product length 0.5 kb/min, 72 °C); and final
extension (10 min, 72 °C). PCR products or DNA fragments from restriction digests were
purified by agarose gel electrophoresis and isolated using NucleoSpin Gel and PCR Clean up
kit (Macherey-Nagel). The digested PCR products were cloned into suitable plasmids
pNV18Erm and pABO03, verified by restriction analysis and sequenced using sequencing
primers (Table S4- 1). Details on the construction of all plasmids and bacterial strains used and

generated in this study are given in Table S4- 2.
5.2.6 Genetic engineering of A. sulphurea
5.2.6.1 chdQI and chdMI gene disruption in A. sulphurea

A putative di-domain aromatase/cyclase and methyltransferase encoded by chdQI and chdMl
genes, respectively, were disrupted in order to assign their function in the chelocardin
biosynthetic pathway. First, the chdQI gene was disrupted by allelic replacement through a
double-crossover event. Plasmid pNV18chdQIErm was constructed by cloning ermE [294],
flanked by two DNA fragments, 1.1 kb in length, homologous to sequences upstream and
downstream of the core of the gene for a putative aromatase ChdQl. The ermE gene was
amplified by PCR using primers FSB01C and FSB02C (Table S4- 1), the 1.6-kb DNA fragment
was digested with EcoRI/Xbal and ligated into pNV18 to obtain pNV18Erm. The left arm of
homology was amplified by PCR using primers FSBO05 and FSB06 and digested with Spel/Sphl,
while the right arm by FSB03 and FSB04 primers and digested with EcoRI/Ndel. Both
homology arms were gradually ligated into appropriately digested pNV18Erm. Similarly, the
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homology arms were amplified on both sides of chdMlI (left: chdMI-KO-LF/chdMI-KO-LR, 1
kb; right: chdMI-KO-RF/chdMI-KO-RR, 1.1 kb) and cloned left and right of ermE gene in
pNV18Erm after digestion with Sphi/Xbal and Ndel/EcoRlI, respectively, generating
pNV18ErmKOchdMI. The resulting plasmids was transformed into E. coli ET12567 [262] to
obtain the non-methylated plasmid, which was then introduced into A. sulphurea. S27M plates
were overlaid with Erm after overnight incubation. Each transformant colony was further
repatched onto MS agar containing Erm and subcultivated. After few subcultivations on MS
plates or in liquid TSB medium, Erm-resistant/Kan-sensitive (Erm~/Kan®) colonies (secondary
recombinants) of A. sulphurea AchdQI and A. sulphurea AchdMI could be isolated and the
double-crossover confirmed by PCR.

5.2.6.2 Site-directed mutagenesis of chdQI, chdQlI, chdY and chdX in A. sulphurea

The site-directed mutagenesis approach was used to inactivate the catalytic residues of putative
aromatases/cyclases ChdQI and ChdQlla and putative cyclases ChdY and ChdX. Catalytic
residues of chdQl, chdQlI, chdY and chdX genes were independently replaced by Ala or Ser
using site-directed mutagenesis. The mutations were introduced using the double cross-over
approach to replace the target gene with the mutated gene. To mutate residue Arg72 in ChdQl,
0.7 kb wupstream and 0.7 kb downstream fragments were PCR amplified, using
chdQlalaLF/chdQlalaLR and chdQlalaRF/chdQlalaRR primer pairs (Table S4- 1),
respectively. Primers labeled with LR (left reverse) and RF (right forward) were designed to
anneal to the region containing the catalytic residue Arg72 and introduce the desired mutation.
Third PCR was performed with outer set of primers, chdQlalaLF and chdQlalaRR, using
previous two PCR products as template, which overlapped in the region where the mutation
was introduced, yielding 1.4 kb fragment. Resulting DNA fragment was digested with
Sphl/Spel and ligated into pNV18Erm to obtain pNV18ErmchdQlala. The latter was
transformed into E. coli SCS110 (Stratagene) to obtain the non-methylated plasmid, which was
then introduced into A. sulphurea. S27M plates were overlaid with Erm after overnight
incubation. Each transformant colony was further re-patched onto MS agar containing Erm and
subcultivated. After three or more subcultivations in TSB without antibiotic, Erm-sensitive
(Erm®) colonies (secondary recombinants) were isolated. To confirm that secondary
recombinants contain the introduced mutation and are not revertants to wild-type, colony PCR
using the outer pair of primers labeled with LF (left forward) and RR (right reverse) -
chdQlalaLF/chdQlalaRR was performed, followed by DNA sequencing. The same approach
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was used in all the following site-directed mutagenesis experiments unless otherwise indicated.

The details are presented in Table 10.

Table 10. Details on constructs for site-directed mutagenesis of chdQI, chdQlI, chdY and chdX genes

Mutation Fragment length ~ Primers Generated plasmid
chdQlalaLF, chdQlalaLR
chdQlalaRF, chdQlalaRR
chdQIH115ALF,
chdQIH115ALR
chdQIH115ARF,
chdQIH115ARR
chdQICalaLF, chdQICalaLR
chdQICalaRF, chdQICalaRR
chdQllalaLF, chdQllalaLR
chdQllalaRF, chdQllalaRR
chdQllICalaLF, chdQlICalaLR
chdQlICalaRF, chdQlICalaRR
chdYserLF, chdYserLR
chdYserRF, chdYserRR
chdXalaLF, chdXalaLR
chdXalaRF, chdXalaRR

ChdQI-Arg72Ala 1.424 kb pNV18ErmchdQlala

ChdQI-His115Ala  1.396 kb PNV18ErmchdQIH115A

ChdQI-Arg220Ala  1.384 kb pNV18ErmchdQICala

ChdQlI-Arg71Ala  1.427 kb pNV18ErmchdQllala
ChdQlI-Arg224Ala  1.374 kb pNV18ErmchdQlICala
ChdY-Gly176Ser 1.230 kb pNV18ErmchdYser

ChdX-Aspl26Ala  1.362 kb pNV18ErmchdXala

5.2.6.3 “In trans” expression of chdQl, chdQI-R72A and chdQI-R220A genes in A.
sulphurea AchdQl

For complementation of A. sulphurea AchdQI mutant, we constructed plasmids pAB03chdQl,
pAB03chdQlala (containing mutation Arg72Ala) and pAB03chdQICala (containing mutation
Arg220Ala) (Table S4- 2). Fragments with native chdQI gene, chdQlala gene with mutation
Arg72Ala and chdQICala gene with mutation Arg220Ala were PCR amplified using chdQIF
and chdQIR primers (Table S4- 1) while the templates were genomic DNA of A. sulphurea and
pNV18ErmchdQlala (ChdQI-R72A), pNV18ErmchdQlICala (ChdQI-R220A) plasmids,
respectively. Obtained PCR products were digested with Ndel/Xbal and separately ligated into
an integrative pABO03 plasmid, downstream of the Pactl promoter. Constructs were confirmed
by DNA sequencing and used to transform E. coli SCS110 and introduced into A. sulphurea
AchdQl strain.

5.2.6.4 “In trans” expression of wild-type chdQl, chdQll, chdY, chdOll-chdY and chdX

genes in A. sulphurea engineered strains

A. sulphurea engineered strains obtained through previously described site-directed
mutagenesis approach (Section 5.2.5.2) were in trans complemented with wild-type genes
chdQl, chdQll, chdY, chdOll-chdY and chdX from A. sulphurea via integrase-mediated
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chromosomal integration [295]. Gene for ChdQI (aromatase) was obtained as described above
and ligated into pABO03. Genes for ChdQII (aromatase), ChdY (cyclase), ChdOII-ChdY
(oxygenase-cyclase fusion) and ChdX (cyclase) were amplified by PCR using
chdQIIF/chdQIIR, chdYF/chdYR, chdOIIF/chdYR or chdXF/chdXR sets of primers (Table S4-
1), respectively, using genomic DNA of A. sulphurea as a template. PCR products were
digested with Ndel/Xbal and separately cloned into pABO3, resulting in pABO03chdQll,
pABO3chdY, pAB03chdOll-chdY and pABO03chdX, respectively. Constructs were confirmed
by sequencing, transformed into E. coli SCS110 and introduced into A. sulphurea via
transformation of its mycelium. Plasmid pAB03chdQI was used for expression of wild-type
gene chdQl in A. sulphurea ChdQI-H115A, plasmid pAB03chdQIl was integrated into
genomes of A. sulphurea ChdQII-R71A and A. sulphurea ChdQII-R224A, pAB03chdY and
pAB03chdOll-chdY separately into A. sulphurea ChdY-G176S, and pABO03chdX into A.
sulphurea ChdX-D126A.

5.2.6.5 Heterologous expression of oxyK, oxyN, oxyl and oxyDP in engineered strains of A.

sulphurea

Different A. sulphurea engineered strains were complemented in trans with genes from OTC
gene cluster encoding an aromatase/cyclase OxyK, a cyclase OxyN, a putative cyclase Oxyl
[296] from S. rimosus M4018 [290]. Genes oxyK, oxyN, oxyl and oxyDP were amplified by
PCR using oxyKFw/oxyKRv, oxyNFw/oxyNRv and oxylFw/oxyIRv primers (Table S4- 1),
respectively, digested with Ndel/Xbal and separately cloned into pABO3 vector, downstream of
the Pactl promoter, resulting in pAB03oxyK, pAB03oxyN and pAB03oxyl. Constructs were
confirmed by sequencing, transformed into E. coli SCS110 and introduced via transformation
of mycelium into engineered strains of A. sulphurea. Plasmid pAB03oxyK was integrated into
genome of strains A. sulphurea AchdQl, A. sulphurea ChdQI-H115A, A. sulphurea ChdQII-
R72A and A. sulphurea ChdQII-R224A, plasmid pAB03oxyN into A. sulphurea ChdY-G176S
and plasmid pAB03oxyl into A. sulphurea ChdX-D126A via integrase-mediated chromosomal
integration [295]. Genes for OxyD and OxyP were introduced through integration of
pABO3oxyDP [297] into A. sulphurea ChdX-D126A and A. sulphurea AchdMI mutant strains.

5.2.7 Extraction, isolation and quantification of CHD and derivatives

To confirm production of CHD, CDCHD and intermediate products, A. sulphurea culture broth
was acidified to pH 1-2 with 50 % TFA, followed by extraction with 2V of MeOH. The extract

was centrifuged and analyzed by LC-MS. All measurements were performed on a Dionex
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Ultimate 3000 LC system using a Luna C-18 (2) HST, 100 x 2.0 mm, 2.5 um column
(Phenomenex) coupled with an electrospray ionization (ESI) source linked to an amaZon speed
MS (Bruker Daltonics; 3D ion trap)). Separation of 1 pl sample was achieved by a linear
gradient from (A) H20 + 0.1 % FA to (B) ACN + 0.1 % FA at a flow rate of 500 pul min*! and
45 °C. For determination of exact mass of shunt products, UltiMate 3000 LC System witha 1.7
um Acquity UPLC BEH C-18 column (100 x 2 mm) was coupled to an ESI source and
hyphenated to maXis 4G MS system (Bruker Daltonics; Q-ToF). Separation of 1 pL sample
took place at 45 °C, at a flow rate 0.6 ml min of eluents ACN and ultrapure water, both with
0.1 % HPLC grade FA. A standardized HPLC linear gradient was used (5-95 % ACN in 17.5
min). Absorption spectra (200-600 nm) were recorded by a diode array detector. Capillary
voltage in the ESI source was set to 4.000 V and ESI source temperature was 200 °C. Dry gas
flow rate was 5 | min? at a nebulizer gas pressure of 1 bar. Mass spectra were acquired in
centroid mode ranging from 200 to 2000 m/z (amaZon) or from 150 to 2500 m/z (maXis 4G)

in positive ionization mode.
5.2.7.1 Isolation of CHD-369 shunt product

CHD-369 was isolated from A. sulphurea-ChdYG176S broth using flash chromatography and
semi-preparative HPLC method. Broth was acidified with HCI to pH 1-2 and CHD analogue
was extracted with ethyl acetate. The extract was evaporated, dissolved in methanol and
fractionated with Biotage Isolera system using a CHROMABOND Flash BT 40 SiOH
Cartridge. Separation of the sample was achieved isocratically with 91 % (A) CHCIz + 0,1 %
FA and 9 % (B) MeOH + 0,1 % FA after 16 min at a flow rate of 50 ml/min. UV spectra were
recorded by a diode array detector at 280 and 310 nm. Fractions, containing CHD analogue,
were evaporated, dissolved in MeOH and then loaded on a Biphenyl 100 A, 250 x 10.0 mm
column with 5 um particles (Kinetex, Phenomenex). A Dionex Ultimate 3000 UHPLC system
was used. Separation of 20 pL sample was achieved by a linear gradient from (A) H20 to (B)
ACN at a flow rate of 5 mL min™ and 45 °C. The gradient was increased from 50 % B to 95 %
B in 23 min followed by a 2 min step at 95 % B before equilibration to the initial conditions.

UV spectra were recorded by a diode array detector at 220 and 280 nm.
5.2.7.2 Isolation of CHD-398 shunt product

CHD-398 derivative was isolated from 50 mL culture broth of A. sulphurea AchdMI. The
culture broth was acidified with 2 mL 50 % TFA, to reach pH around 1-2, and extracted with

ethyl acetate. The extract was dried under N> and dissolved in methanol to be used for semi-
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prep HPLC purification. CHD389 derivative was separated on column Jupiter 4u Proteo 90 A,
250 x 10.0 mm (Phenomenex). Separation of each 20 pL of sample, with Dionex Ultimate 3000
UHPLC system, was achieved by a isocratic gradient from (A) H20 + 0.1 % FA to (B) ACN +
0.1 % FA at a flow rate of 5 ml min™ and 45 °C. A 31-minute gradient was set for 3 min to 10
% B, increased to 25 % in 5" minute and kept at 25 % B for 20 minutes. It reached 95 % B in
a minute, kept at the same solvent mixture for another 2 min, lowered to 10 % B in a minute

and kept there for 2 min. UV spectra were recorded by a DAD at 220 and 280 nm.
5.3 Results and discussion
5.3.1 Chelocardin biosynthetic gene cluster

Sequencing of the entire genome of A. sulphurea ATTC 27624 revealed that previously
published CHD biosynthetic gene cluster [32] lacked three putative genes in total, due to the
chimeric cosmid, which was originally sequenced. One of those, chdY gene encoding a putative
second ring cyclase, a homolog of OxyN in OTC biosynthesis [101], is essential for the CHD
biosynthesis. We have also corrected the original sequence of chdOlI gene, revealing even
higher similarity to a putative oxygenase OxyL involved in hydroxylation of the C4 and C12a
positions of the oxytetracycline scaffold [101]. ChdOIl and ChdY are encoded as a fusion
protein unlike separately encoded homologs OxyL and OxyN found in OTC biosynthetic gene
cluster, while chdL and chdOlIl form a fusion protein just as their homologs oxyH, oxyG. The
sequencing of A. sulphurea also revealed two regulatory genes, chdB and chdC, encoding SARP
and LuxR, respectively, whose homologs are also found to regulate OTC and CTC biosynthesis
[298, 299].

5.3.2 Revised biosynthesis of CHD

Although atypical TC, chelocardin can be directly compared to OTC since all oxy genes [101]
responsible for the generation of basic tetracyclic scaffold have homologs in CHD biosynthetic
gene cluster. Furthermore, 4-keto-anhydrotetracycline (4-keto-ATC) intermediate from OTC
biosynthesis resembles putative CHD intermediate, 4-keto-9-desmethyl-CHD (8, Figure 54),
differing only in the moiety at C2 position, due to incorporation of a different starter unit.
Tetracyclines are typically primed by an amide starter unit [101], which also makes an acetate-
primed chelocardin atypical. The polyketide skeleton of CHD is synthesized by a type Il
minimal polyketide synthase (minimal PKS) genes, consisting of ketosynthase a, ketosynthase
B and acyl carrier protein (ACP), designated as ChdP, ChdK and ChdS, respectively,
presumably catalyzing condensation of 10 malonate-derived building blocks into acetate-
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primed decaketide (1, Figure 54). As already suggested earlier, and it is the case in CHD
biosynthesis, the malonyl-CoA:ACP malonyltransferase, required for the transfer of the
extender unit malonyl-CoA to ACP in actinorhodin biosynthesis, was proposed to be shared
with fatty acid biosynthesis [300]. It is thought that the acyl chain is “protected” in a pocket
formed by the minimal PKS with a suitable environment for following enzymatic reactions
[284]. The initial folding of the growing polyketide chain is possibly directed by a ketoreductase
ChdT, OxyJ homolog [101], reducing the keto group at C9 (2-3, Figure 54). The parallels drawn
between CHD and OTC biosynthesis suggest CHD cyclization is directed by
aromatases/cyclases ChdQI, ChdQIl, ChdY and ChdX, first two being similar to OxyK and the
last two homologs to OxyN and Oxyl, respectively [101]. The protein homology comparisons
of the di-domain aromatases ChdQIl and ChdQII suggest that these two cyclase/aromatase
homologs are responsible for first ring (D) formation (4, Figure 54), while a monodomain
cyclase ChdY catalyzes the closure of the second ring (C). The formation of the third ring (B)
is assumed to be spontaneous (5, Figure 54), similarly to OTC biosynthesis. The last ring (A)
cyclization is proposed to be catalyzed by a putative cyclase ChdX (6, Figure 54) based on
chromomycin and mithramycin biosynthesis [282]. However, it is currently believed that an
important role in the cyclization of the last ring most probably has ChdL, an ATP-dependent
acyl-CoA ligase, since its homologs SsfL2 and OxyH function as a fourth ring cyclases in the
biosynthesis of tetracyclic SF2575 and oxytetracycline, respectively [288].
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Figure 54. Updated CHD biosynthetic pathway and gene annotation. The previously published biosynthesis

[32] was changed according to recents findings [104], including those described in this thesis.
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The generated tetracyclic scaffold further undergoes various post-PKS tailoring reactions, with
the last two steps being unique in CHD biosynthesis (Figure 54). ChdMI, OxyF homolog from
OTC biosynthesis [101], methylates C6 position in CHD intermediate (7, Figure 54), which is
followed by presumed double hydroxylation of ring A at C4/C12a (8, Figure 54) by oxygenase
pair ChdOIl and ChdOI, homologs of OxyL and OxyE, respectively [101]. Hydroxylation at
C4 is followed by transamination by ChdN (9, Figure 54) [104], a PLP-dependent
aminotransferase distantly related to OxyQ, responsible for the incorporation of an amino group
at C4 in OTC biosynthesis [101]. One of the last tailoring steps in CHD biosynthesis is likely
C9-methylation catalyzed by ChdMIl (10, Figure 54) [104], homologous to C9-

methyltransferases from chromomycin and mithramycin biosynthesis [282].
5.3.3 Study of the enzymes presumably involved in the cyclization of the CHD backbone

The cyclization reactions of CHD backbone was studied for various reasons. CHD has
promising clinical applications, therefore the knowledge on its biosynthesis might play an
important role in drug optimization. In contrast to OTC biosynthesis, two first ring
aromatase/cyclase candidate genes are present in CHD biosynthetic gene cluster, while in
typical tetracyclines only one aromatase/cyclase is required. We have recently identified a
putative second ring cyclase ChdY, which provided evidence on its importance in formation of
the CHD backbone and proved essential in our heterologous expression experiments, as
presented in this work. Furthermore, we also investigated importance of the putative fourth ring
cyclase ChdX, Oxyl homolog in OTC, considering contradictory observations reported in the

literature in different TC-like biosynthetic pathways.
5.3.3.1 Cyclization of the first ring

In CHD biosynthesis two di-domain proteins ChdQI and ChdQII share identity of 31 % and 58
%, respectively, to aromatase OxyK from OTC biosynthesis [101] (Figure S4- 1). These
enzymes are putatively involved in the aromatization of the first ring of an intermediate after
C9-specific ketoreduction thus promoting C7-C12 cyclization [284]. The deletion of chdQI
gene encoding a putative first ring aromatase ChdQl, through insertional mutagenesis by
replacement with ermE resistance cassette, resulted in decrease in CHD production to about 1
% of production yield compared to the yield of CHD in WT strain (Figure 55). The A. sulphurea
AchdQl strain was complemented with homologous oxyK gene, which failed to restore or
increase the CHD production (Figure 55). The aromatase OxyK, previously designated as
OtcD1 [301], was shown to play a crucial role in cyclization of the first ring of OTC but its
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disruption caused minimal PKS to synthesize polyketides with shorter chain lengths [301]. As
we expected that both aromatases ChdQI and ChdQII may play role in the cyclization of the
first ring, the obtained result raised a question of the experimental strategy that we used in the
chdQI gene replacement experiment. The protein structure of mutated ChdQI should change
due to the insertion of another nucleotide sequence (ermE insertion; see Section 5.2.5.1) and
could therefore spatially obstruct the catalytic environment inside the multienzyme PKS
complex [284].

2,5 -

2,0 -

CHD production (mg/mL)

0,5

0,0 T - ; - .
WT/pABO3 AchdQl/pABO3 AchdQlipABO3oxyK
strain

Figure 55. CHD production yields of ChdQI knock-out mutant (AchdQI/pABO03) and after complementation
experiment with OxyK (AchdQI/pAB030oxyK) was compared to A. sulphurea WT with integrated empty plasmid
pABO3 (WT/pABO3)

A precise site-directed mutagenesis was therefore carried out to generate strains with
inactivated CHD aromatases and cyclases, which would cause a minimal disturbance to the
entire CHD biosynthetic protein complex. This way, the structure of the mutated enzyme is
mostly preserved and only its catalytic function should be affected. On the other hand, the
selected catalytic sides have distinct importance for enzyme’s activity and in many cases do not
provide total inactivation as it was demonstrated in in vitro experiments for aromatases BexL
and StfQ from BE-7585A and steffimycin, respectively [281]. The catalytic residues of the
first-ring aromatases/cyclases from CHD biosynthetic pathway were modified based on in vitro
assays reported in the literature, which caused decreased aromatase activity [278, 281]. The
CHD aromatases were compared to homologs from biosynthetic pathways of other aromatic
polyketides such as Zhul from the biosynthetic pathway of R1128 family of polyketides [278]
and BexL from the biosynthesis of an anticancer agent BE-7585A [281]. Zhul is a mono-
domain aromatase/cyclase in a non-reducing PKS system catalyzing aldol condensation
between C7 and C12, cyclizing the first ring formation in R1128 biosynthesis [278]. The
mutation R66A completely abolished Zhul activity, while HL09A (corresponding to H115 in
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ChdQI) mutation caused 20-fold activity decrease in in vitro experiment [278]. On the other
hand, BexL is a di-domain aromatase/cyclase in a reducing PKS system also catalyzing C7—
C12 cyclization/aromatization, analogously to CHD aromatases ChdQI and ChdQIl. The
mutations in conserved residues in N-terminal domain caused a decrease in BexL activity in in
vitro experiment, namely mutations R66A and H190A decreased the activity to 48.8 % and 2.7
%, respectively [281]. Interestingly, it was shown that selected mutations in C-terminal domain,
for example R218A in BexL, had no effect on the enzyme’s activity [281]. For site-directed
mutagenesis of putative di-domain aromatases ChdQI and ChdQII, we chose to mutate residues
present in N- and C-terminal domain in both enzymes. In ChdQl, residues R72 and H115 in N-
terminal and R220 in C-terminal domain were selected (Figure 56, Figure 57, Figure 58).
Similarly, R71 in N-terminal and R224 in C-terminal were chosen in ChdQlI, each expected to

inactivate one of the catalytic domains (Figure 56, Figure 58).
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Figure 56. Protein alignment of N-terminal parts of aromatases ChdQI and ChdQII with homologs from
OTC, CTC and BE-7585A biosynthesis, OxyK, CtcF, and BexL, respectively (ChdQI residue R72 and ChdQIlI
R71 in red frame).
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Figure 57. Protein alignment of N-terminal parts of aromatases ChdQI and ChdQIl with homologs from
OTC, CTC and BE-7585A biosynthesis, OxyK, CtcF, and BexL respectively (ChdQI residue H115 in red frame).
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Figure 58. Protein alignment of C-terminal parts of aromatases ChdQI and ChdQI1 with homologs from

OTC, CTC and BE-7585A biosynthesis, OxyK, CtcF, and BexL respectively (ChdQlI residue R220 and ChdQll
R224 in red frame).

The strain A. sulphurea AchdQI produced only 1 % of CHD compared to the WT strain (Table
11). Firstly, we complemented the knock-out strain with pABO03, an empty plasmid, which
served as a negative control in case of any unspecific effect the plasmid might have on the CHD
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production. The complementation with heterologous gene oxyK did not restore the production
of CHD (Figure 55). Due to substantial decrease of CHD production (to 1 %), ChdQI appears
essential for chelocardin production. The ChdQl does not function as a first-ring
aromatase/cyclase, however, it probably assists in that process. A knock-out strain AchdQI was
further complemented with a native chdQI gene and two other genes bearing mutations in N-
and C-terminal domain. The former restored CHD production to 80 %, while the chdQI with
R72A and R220A site-specific mutation in ChdQI restored production to 36 % and 88 %
compared to the wild-type strain, respectively (Table 11). Based on these results, the N-terminal
domain seems more important for the activity of ChdQI than its C-terminal domain. The
catalytic importance inequality of cyclization domains was beforehand reported for aromatase
BexL [281].

Table 11. A summary of A. sulphurea engineered strains regarding first ring cyclization/aromatization, and

corresponding CHD vyields

Protein Mutation Comple.-mented Expression of Mutat(.ad CHD yield* Zhul® BexL®
with domain
/ AChdQl / < 1% / /
gene Chdal ChdQl / 80% / /
disrupted ChdQI-R72A  ChdQI-R72A  N-domain 36% 0% 48%
chdal byermE ChdQl-R220A ChdQI-R220A C-domain 88% / 100%
OxyK OxyK / <1% ! /
/ ChdQI-H115A N-domain 3% 5% 3%
H115A Chdal ChdQl* / 9% / /
OxyK OxyK © ! 2% ! !
/ ChdQIl-R71A  N-domain < 1% 0% 48%
R71A ChdQll ChdQll* / 6% / /
chdall OxyK OxyK ° / . 29% / /
/ ChdQll-R224A C-domain < 1% / 100%
R224A Chdall ChdQll® / 12% / /
OxyK OxyK ° / 17% / /
*compared to WT

aActivity of Zhul (mono-domain ARO/CYC in a non-reducing PKS system) with a mutation of the corresponding
residue [278].
bActivity of BexL (di-domain ARO/CYC in a reducing PKS system) with a mutation of the corresponding residue

[281].
°Engineered strains still express the mutated protein.

The subsequent experiments were carried out using the site-directed mutagenesis, where the
generated engineered strains contained only mutations in selected catalytic sites, which retained
the protein structure but inactivated them. Such approach would cause only minimal changes
to the entire CHD biosynthetic protein complex opposed to the gene knock-out, where a missing

protein would most probably cause its disturbance. The engineered strain would be further
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complemented with gene encoding a protein homolog and would therefore express the mutated
inactive catalytic protein and the native one, both having entirely native expression profile to
participate in the biosynthesis. The yields of CHD therefore would not be expected to reach
high values as observed in the example with the ChdQI knock-out mutant in Figure 55. A.
sulphurea ChdQI-H115A mutant produced less than 3 % of CHD compared to WT strain. The
complementation with a native chdQI gene increased production to around 9 %, whereas
heterologous expression of a homologous oxyK gene further reduced the CHD production to 2
% (Table 11).

The characterization of ChdQII was carried out using the site-directed mutagenesis approach.
The CHD production in both strains bearing R71A in N-terminal or R224A mutation in C-
terminal of ChdQII was less than 1 % (Table 11). Complementation of N- and C-terminal-
domain engineered strains with a native chdQII gene restored yield of CHD to 6 % and 12 %,
respectively, whereas the complementation with oxyK gene further increased the production to
29 % and 17 %, respectively (Table 11). In contrast to domains in ChdQIl, both catalytic
domains (N and C) seem to be equally important for ChdQII activity. The OxyK functionally
complements the activity of ChdQIll, therefore the ChdQIl is indeed the first-ring
aromatase/cyclase in CHD biosynthesis. However, it does not catalyze the first-ring
aromatization/cyclization independently since it requires a functional ChdQI since the mutation
of the latter reduces the yield of CHD as shown in Figure 55 and Table 11. Similarly, the
biosynthetic gene cluster of tetracycline SF2575 contains two OxyK homologs, SsfY1 and
SsfY3, but a putative aromatase SsfY3 cannot substitute for an inactivated first ring aromatase
SsfY1 [148]. The protein identities are shown in Figure S4- 1. Moreover, no shunt products
were detected in crude extracts of the engineered strains bearing mutations in either ChdQlI or

ChdQIlI enzymes as observed in the biosyntheses of oxytetracycline [101] or SF2575 [148].
5.3.3.2 Cyclization of the second ring

Due to the fact that the absence of a single enzyme in the multienzyme PKS complex might
influence the catalytic function of the entire PKS complex, site-directed mutagenesis approach,
where entire protein is maintained in its native form, was also applied for the characterization
of a putative second ring cyclase ChdY (Figure 54). The catalytic residue of ChdY was chosen
based on the reported disruption of daunomycin biosynthesis caused by a point mutation of
G191S in DpsY [285], which is homologous to ChdY (Figure 59).
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Figure 59. Protein alignment of cyclase ChdY with homologs from OTC, CTC and daunomycin
biosynthesis, OxyN and CtcD, respectively (ChdY residue G176 in red frame).

Analogously as in daunomycin, the mutation of G176S in ChdY decreases CHD production to
less than 0.3 % (Table 12), and thus practically inactivates catalytic activity of ChdY. The
mutant strain mainly produces a shunt product designated as CHD-369 with molecular mass
369.09 [M+H]" (Figure 60). The compound CHD-369 (C20H1607, Figure 61) was isolated and
its structure elucidated by HRMS and NMR analysis (Table S4- 3). It has an identical structure
as shunt product (SEK43) observed in daunomycin and jadomycin biosynthesis lacking DpsY
or Jadl homologs [302], respectively, and is probably a result of spontaneous cyclization
followed by the cyclization and aromatization of the first ring (Figure 61). On the other hand,
in the anthraquinone actinorhodin biosynthetic pathway a different shunt product mutactin was
isolated from S. coelicolor B40 mutant strain with “blocked” gene encoding a second ring
cyclase ActVIIl [303, 304] since actinorhodin’s nascent polyketide chain is shorter than the

chelocardin’s — other spontaneous cyclization pattern is expected to be observed (Figure 61).
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Figure 60. LC-MS analysis of culture extracts of A. sulphurea wild-type (A) and A. sulphurea/ChdY-G176S
strain (B). UV chromatograms at detection wavelength of 280 nm and EICs for m/z 412 (+0.5) and 369 (+0.5) are

shown (chromatograms adapted from DataAnalysis (available from Bruker Daltonics)).
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Figure 61. The polyketide derivatives upon the inactivation or absence of the second ring cyclases: ChdY,
Jadl and DspY, and ActVII in the biosynthetic pathways of chelocardin (CHD-369), jadomycin and daunorubicin
(SEK43) and actinorhodin (mutactin).

The A. sulphurea/ChdY-G176S strain was complemented with homologous OxyN, which
restored CHD production to 6 % (Table 12). The complementation with native ChdY and with
the whole fusion protein ChdOII-ChdY restored CHD production to 3 % and 5 %, respectively.
The highlighted box in Figure 62 shows increased production yields of complemented strains
but the overall yields are still very low, when compared to the parent strain. However, the
abolished CHD production in A. sulphurea/ChdY-G176S strain and structure of a shunt product
CHD-369 together with the result of OxyN complementation confirm that ChdY is indeed a
second-ring cyclase and is essential for the biosynthesis of CHD. Therefore, the heterologous
expression of CHD biosynthetic gene cluster in the absence of the second ring cyclase ChdY
would not be successful [305]. Complementation with a native ChdY partly restores CHD
production but complementation with a native fusion protein ChdOII-ChdY appears more

effective, which could be due to the presence of two functional ChdOII oxygenases.

Table 12. A summary of A. sulphurea engineered strains regarding second ring cyclization, and

corresponding CHD vyields

Protein Mutation Comple_mented Expression of Mutatl_ad CHD yield*
with domain
/ ChdY-G176S / <0.3%
Chdy a / 3%
Chdy G176 ChdY ’
ChdOlI-Y ChdOll-Y @ / 5%
OxyN OxyN? ! 6%

* compared to WT
@ Engineered strains still express the mutated protein.



126 | Biosynthetic engineering of enzymes involved in chelocardin biosynthesis

0,15

=
=]
1

01 4

) o o4
a -
—
—
—

0,05 -

=
=]
1

CHD production {mg/mL})

0.6 - ChdY-G176S/ pAB03  ChdY-G176S/ ChdY-G176S/ ChdY-G176S/

' pABO 3oxyN pABO3chdY pABO3chdOll-chdY
0.4 -
0.2

== £
0
WT/pABO3 ChdY-G176S/ ChdY-G176S/ ChdY-G176S/ ChdY-G1765/
pABO3 pABD3oxyN pABO3chdY pABO3chdOll-chdY

strain

Figure 62. CHD production in A. sulphurea/ChdY-G176S mutant before (ChdY-G176S/pAB03) and after
complementation experiments with genes for either OxyN (ChdY-G176S/pAB03oxyN), ChdY (ChdY-
G176S/pAB03chdY) or ChdOII-ChdY (ChdY-G176S/pAB03chdOll-chdY), compared to A. sulphurea WT with
integrated empty plasmid pAB03 (WT/pABO03)

5.3.3.3 Cyclization of the fourth ring

The cyclization of the fourth ring is in aclacinomycin and nogalamycin biosynthesis catalyzed
by small polyketide cyclases AknH [306] and SnoaL [307], respectively. The conversion of the
Nogalonic Acid Methyl Ester (NAME) intermediate, present in biosynthesis of both
anthracyclines, into nogalaviketone or auraviketone occurs via an intramolecular aldol
condensation (Figure 63), however, without the formation of a Schiff base intermediate or a
metal ion, as usual for the class | and class Il aldolases [306]. The catalytic residue Asp121 in
SnoalL acts as the catalytic base in the aldol condensation reaction that removes the proton,
leading to the enol(ate) intermediate [307]. The inactivation of Asp121 residue in AknH and
Aspl11 residue in SnoaL in in vitro experiment led to decreased [306] or abolished catalytic

activity [307], respectively.

(@) OCH3
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OH O OH O OH O OH O
nogalonic acid methyl ester nogalaviketone (C9-S)

auraviketone (C9-R)

Figure 63. AknH and SnoaL catalyze the closure of the fourth ring of nogalonic acid methyl ester (NAME).
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Figure 64. Protein alignment of cyclase ChdX with homologs. Close homologs from chromomycin and
oxytetracycline biosynthesis, CmmX and Oxyl, respectively, and more distant homologs from aclacinomycin and

nogalamycin biosynthesis, AknH and SnoaL, respectively (ChdX residue D126 in red frame), were chosen.

Moreover, the cyclization of the fourth ring was proposed to be cyclized by ChdX homologs,
MtmX (46 % identity) and CmmX (42 % identity) from mithramycin [308] and chromomycin
[282] biosyntheses, respectively, all belonging into nuclear transport factor 2 superfamily and
containing a SnoalL-like domain according to BLAST tool. There is no additional protein crystal
structures of fourth ring cyclases, or information about their catalytic activities, besides the
anthracycline polyketide cyclases AknH and SnoalL that share only 18 % and 20 % identity
with ChdX, respectively. The catalytic residue in a putative fourth ring cyclase ChdX from
CHD biosynthesis was therefore chosen based on AknH and SnoaL (Figure 64). The selected
mutation of residue D126A in ChdX reduced CHD production to 8 % compared to the wild-
type strain. Moreover, the complementation of the mutant strain with a native chdX gene

restored production to 32 % and complementation with oxyl gene to 39 % (Table 13).

Table 13. A summary of A. sulphurea engineered strains regarding fourth ring cyclization, and

corresponding CHD vyields

Complemented Mutated

Protein Mutation with Expression of domain CHD vyield
/ ChdX-D126A / 8%
ChdX a / 32%
ChdX  D126A ChdX o
Oxyl Oxyl ? / 39%
OxyDP OxyDP ? / < 3%

* compared to WT
@ Engineered strains still express the mutated protein.

The production in A. sulphurea/ChdX-D126A is not decreased as much as in other mutant
strains. The selected catalytic site mutation might not entirely inactivate the enzyme, some
activity might be still retained. Moreover, no shunt products were observed that would indicate
its essentiality for CHD biosynthesis. Importantly, Oxyl complements the missing activity of
ChdX, so we can conclude that these homologs have the same function. As CHD is primed by
an acetate moiety, resulting in an acetyl moiety at C2, it differs from typically malonamate-

primed tetracyclines with carboxyamido moiety at C2 position instead [101]. In 2009, Zhang
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and collaborators [287] proposed that Oxyl from OTC biosynthesis, sharing 64 % identity with
ChdX, is redundant for OTC biosynthesis since the carboxyamido starter unit would contribute
to the spontaneity of cyclization of the fourth ring [101, 287]. This proposal was in 2015
disproven by Tang and collaborators [288] since they found out that in S. coelicolor CH999
heterologously expressed pWJ83 plasmid harboured an additional oxyH gene, encoding an
acyl-CoA ligase, next to reported oxyABCDJKN genes [288], necessary for OTC biosynthesis.
The oxyH gene was later deleted from S. lividans K4-114/pWJ83 strain and so engineered strain
was not able to produce oxytetracycline [288]. We do not have experimental data on the
function of an acyl-CoA ligase ChdL from CHD biosynthesis, OxyH homolog, however, we
assume based on the findings from the literature stated above that it might be involved in the
cyclization of the last ring of the atypical TC [288]. Nevertheless, we complemented A.
sulphurea/ChdX-D126A mutant with pAB03oxyDP [297], creating a carboxyamido-primed
derivative to evaluate potential spontaneity of cyclization of the fourth ring. The heterologous
expression of OxyDP decreased A. sulphurea/ChdX-D126A’s production of chelocardins to
less than 3 % but the decrease of CHDs’ production upon heterologous expression of OxyD
and OxyP in A. sulphurea WT was previously reported [298].

Our experimental set up was unique in a way since all the experiments were carried out on the
native producer, which produced relatively high yield of CHD. Due to highly reactive keto
intermediates [99], spontaneous cyclization might be possible to some degree. However, in high
producer strains cyclases function as chaperones to help in directing nascent polyketide
intermediates into particular reaction channels and are in those systems pivotal [99]. On the
other hand, in in vitro and heterologous expression experiments the function of potential
auxiliary proteins cannot be evaluated to the same extent. The mutation of D126A in ChdX
caused the decrease of production to 8 %, which shows that ChdX has an important role in CHD
production, although the CHD production was not completely abolished. ChdX, Oxyl homolog,
might contribute to the last ring cyclization but we do not have any evidence. However,
according to the literature, an acyl-CoA ligase ChdL, OxyH homolog, could have an important
role in the cyclization of the last ring but this is not yet confirmed. Further characterization of
ChdL would be necessary before drawing any conclusions about the fourth-ring cyclization

mechanism in CHD biosynthesis.
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5.3.4 Evaluation of the selected approaches for characterization of enzymes presumably

involved in cyclization of CHD backbone

The yields of CHD after in trans complementation experiments were substantially lower in
strains with mutated catalytic sites in the target gene, when compared the in trans
complementation experiments in A. sulphurea AchdQI strain, which had chdQI deleted.
Complementation of the A. sulphurea AchdQI strain was very efficient, and resulted in CHD
yield almost comparable to the parent strain (Table 11). However, this was not the case, when
we complemented strains with mutated catalytic sites in ChdY and ChdX. The reason is most
probably the presence of two copies of the same gene under study: one functional, which was
introduced in the chromosome “in trans” and the second copy containing a single amino acid
mutation with significantly decreased activity. We can expect that both copies, the mutated and
the native one, can participate in the formation of the CHD’s multienzyme PKS complex. It is
likely that in our experiments this approach resulted in drastic reduction of CHD production
after complementation was completed (Table 11). Additionally, the integrative pAB03 plasmid
integrates into the attB site in the chromosome of A. sulphurea [295], located far away from the
CHD gene cluster. The in trans integrated genes are therefore translated elsewhere in the
genome, which might influence the efficiency and coordination of CHD PKS complex
formation and its activity. Moreover, the obtained results on CHD production in engineered
strains cannot be directly compared to the percentage of enzymes’ catalytic activity. The in
vitro approach as reported for BexL [281] or Zhul [278], and in vivo approach presented in this
study are methodically substantially different. The former is carried out in test tubes and
evaluates only one reaction step, compared to the latter that measures the performance of certain
enzymes in a complex biological system. Nevertheless, the mutation of all catalytic amino acid
residues selected based on the in vitro experiments for the characterization of ChdQl, ChdQl|,
ChdY and ChdX resulted in substantial decrease in CHD production (Table 11-Table 13).

5.3.5 6-desmethyl-CHDs

In heterologous expression study carried out by Zhang et al. [287], OxyF was shown to catalyze
C6-methylation of the oxytetracycline backbone. ChdMI from CHD biosynthetic gene cluster
shares 65 % identity with OxyF and was therefore assumed to have the same role in CHD
biosynthetic pathway. To characterize ChdMI, a knockout mutant A. sulphurea AchdMI was
engineered, which produced CHD-398 derivative with molecular mass 398.14 [M+H]" (Figure
65), corresponding to 6-desmethyl CHD. The CHD-398 was isolated and its structure elucidated
revealing the expected 6-desmethyl CHD (Table S4- 4, Figure S4- 7). Furthermore, we prepared
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the 6-desmethyl CDCHD derivative with a simple integration of pAB03oxyDP plasmid [297]
into A. sulphurea AchdMI genome, followed by selection of best producer strain. The A.
sulphurea AchdMI/pAB03oxyDP as predicted produced 6-desmethyl CDCHD, which
corresponds to the molecular mass 399.10 [M+H]* (Figure 65). In Figure 65, A. sulphurea
AchdMI appears to produce a derivative with molecular mass matching 6-desmethyl CDCHD
but it is only an isotope of 398.14 [M+H]". The biological activity of 6-desmethyl CHD (CHD-
398) was evaluated in biological assays against S. aureus Newman, E. faecium DSM-20477, E.
coli DSM-1116 with and without additives, either increasing the permeability of outer
membrane (PMBN: polymyxin B nonapeptide) and/or an efflux pump inhibitor (PABN:
phenylalanine arginyl -naphthylamide dihydrochloride), and P. aeruginosa PA14 AmexAB
with and without PMBN. Surprisingly, no biological activity against all the tested strains was

observed.
EIC EIC EIC
m/z 412 (+0.5) m/z 398 (+0.5) m/z 399 (+0.5)
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Figure 65. LC-MS analysis of culture extracts of A. sulphurea wild-type (A), A. sulphurea AchdMlI (B) and
A. sulphurea AchdMI complemented with pAB03oxyDP plasmid. EICs for m/z 412 (+0.5), 398 (+0.5) and 399

(20.5) are shown (chromatograms adapted from DataAnalysis (available from Bruker Daltonics)).

5.4 Conclusion

We have demonstrated that ChdQII functions as a first ring aromatase/cyclase since it can be
replaced by its homolog OxyK from OTC biosynthesis that was shown to function as a first
ring cyclase in heterologous expression experiment [287]. Interestingly, ChdQI sharing
homology to other aromatases/cyclases was proven essential for the biosynthesis of CHD,
however, we could not confirm clearly its function in the first ring cyclization. Furthermore, its
N-terminal domain demonstrated to be more important than the C-terminal domain, unlike in

ChdQIl, where both domains importantly contribute to its activity. Moreover, we could not
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detect any shunt products with chdQI or chdQII inactivated strains. The newly identified ChdY
is proposed to cyclize the second ring due to the isolated CHD-369 derivative, identical to
SEK43 observed in daunomycin and jadomycin biosynthesis lacking respective protein
homologs [302], and its identity to well-characterized OxyN [287]. We have shown that ChdX
cyclase is a functional homolog of Oxyl, however, it was not confirmed as a fourth ring cyclase
since no shunt products were observed in A. sulphurea/ChdX-D126A strain. We have not
characterized an acyl-CoA ligase ChdL, OxyH homolog, that is currently believed to be
involved in the cyclization of the last ring. All enzymes that were inactivated in this study are
functionally essential in the CHD biosynthetic pathway. Additionally, we have shown that

ChdMlI, OxyF homolog, is indeed C6-methyltransferase, methylating CHD at C6 position.



132 | Biosynthetic engineering of enzymes involved in chelocardin biosynthesis

5.5 Supplementary information
Tables of Tables

Table S4- 1. Sequences of oligonucleotide primers for PCR experiments used in this study!®

................................................................................................................................................ 132
Table S4- 2. Bacterial strains and constructs used and prepared in this study..............c........ 134
Table S4- 3. NMR data for compound CHD-369 in MeCN-ds + 0.05% TFA-d1.......c...c....... 135
Table S4- 4. NMR data for compound CHD-398 in methanol-da ............cccccoeoviviviicienenn, 138
Table of Figures

Figure S4- 1. The identity between ChdQI, ChdQII and homologs .........ccccccceviveiveiicieennenn, 135
Figure S4- 2. Structure 0f CHD-369 ..o 135
Figure S4- 3. 'H spectrum of CHD-369 acquired in MeCN-ds + 0.05% TFA-d; at 500 MHz
................................................................................................................................................ 136
Figure S4- 4. HSQC spectrum of CHD-369 acquired in MeCN-ds + 0.05% TFA-d; at 500/125
1Y/ 2RSSR 136
Figure S4- 5. COSY spectrum of CHD-369 acquired in MeCN-dz + 0.05% TFA-d; at 500 MHz
................................................................................................................................................ 137
Figure S4- 6. HMBC spectrum of CHD-369 acquired in MeCN-ds + 0.05% TFA-d; at 500/125
IVTHZ ettt s ettt b e bbb bt R Rt n e R a et et R et ne Rt eeneers 137
Figure S4- 7. Structure 0f CHD-398 .........coiiiiiie e 138
Figure S4- 8. *H spectrum of CHD-398 acquired in CD3OD at 500 MHz ............c.cccuune.... 139
Figure S4- 9. HSQC spectrum of CHD-398 acquired in CD30D at 500/125 MHz............... 139
Figure S4- 10. COSY spectrum of CHD-369 acquired in CD3OD at 500 MHz.................... 140
Figure S4- 11. HMBC spectrum of CHD-369 acquired in CD3OD at 500/125 MHz............ 140

Table S4- 1. Sequences of oligonucleotide primers for PCR experiments used in this study®

Primers 5'-Sequence-3'

FSB0O1C AGTCGAATTCGCACCATATGAGACCAAGCGCGTCCGGGTG
FSB02C CGACTCTAGAGGATCACTAGTTACCAGCCCGACCCGAGCACGC
FSBO3 CCGGGAATTCCGCGACATTCGACCCCGGC

FSB0O4 GACGCATATGGCCGGTTCGTCCGCATCTG

FSBO05 GCTCGACTAGTGGGTGTGACATGGGTTCTC

FSBO06 GTGACGCATGCGAAGCTGCACGAAATCATGC

chdQlalaLF TATATAGCATGCAAGAACTACGAGCGCAACGG
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chdQlalaLR
chdQlalaRF
chdQlalaRR
chdQIH115ALF
chdQIH115ALR
chdQIH115ARF
chdQIH115ARR
chdQlCalaLF
chdQlCalaLR
chdQlCalaRF
chdQlCalaRR
chdQllalaLF
chdQllalaLR
chdQllalaRF
chdQllalaRR
chdQlICalaLF
chdQlICalaLR
chdQlICalaRF
chdQlICalaRR
chdYserLF
chdYserLR
chdYserRF
chdYserRR
chdQIF
chdQIR
chdQIIF
chdQIIR
chdYF

chdYR
chdOlIF
oxyKFw
oxyKRv
oxyNFw
oxyNRv
chdXalaLF
chdXalaLR
chdXalaRF
chdXalaRR
chdXF

chdXR

oxyl Fw

oxyl Rv
chdMI-KO-LF
chdMI-KO-LR
chdMI-KO-RF
chdMI-KO-RR

CAGGTACGCGCGGGAGG
CTCCCGCGCGTACCTGG
TATATAACTAGTCTTCACGGACTCGTCTCGC
ATATATGCATGCTGTTGCGCAGGCTGTTCGA
GGAAGGCGGCCCGGGACTC
AGTCCCGGGCCGCCTTCCA
ATATATACTAGTACCACGCCGGGAGCG
TATATAGCATGCGCCCTCTTTCCCACACC
AAGCAGATGGCGACGAACCG
GGTTCGTCGCCATCTGCTTG
TATATAACTAGTCTGTCGACTGCGCTGGTG
TATATAGCATGCACGAGCTGTGGCAGGACG
GAGTTCCGCGAGCGAGGTCC
CTCGCTCGCGGAACTCGAC
TATATAACTAGTCTTGGCATGACGCAGCG
TATATAGCATGCCTCACGGAAAGGCACAGCC
GCACACCGCCACCGACAC
GTCGGTGGCGGTGTGCTTC
TATATAACTAGTTCGAACCAGGTCAGCTCGAC
TATATAGCATGCGCATCATCGACC
GCGTCGGTGCTGATGACCC
GGTCATCAGCACCGACGCG
TATATAACTAGTCGTCCAGCTGCAGCAGATAAC
TATATACATATGTCACACCCCGAGGC
TATATATCTAGACGTTCAGCGGGTTTCTGC
ATATACATATGCCCGCCGCAGC
TATATATCTAGATCAGGCATCGGTCGCCTC
ATATACATATGCGCATCATCGACCTGTC
TATATATCTAGACTAGTCCAGCAGGGCAACGG
ATATACATATGCCTGAGGACTCCGGC
TATATACATATGCCCGCACCCACATCC
ATATATTCTAGACTCAGGCGGCATGCG
TATATACATATGCGCATCATCGATCTGTCGA
ATATATCTAGACTACTCCTCCACCACCGCC
TATATAGCATGCTCCTTCACCGTGGAAACGAC
CAGCACGGCCACGCAGTCAC
GACTGCGTGGCCGTGCTGG
TATATAACTAGTTTCTCGTCGCAAGTGGTGG
ATATACATATGTCACAGGCGGTACAGGCA
TATATATCTAGATCAGTTCCTCGGCAGGTCG
TATATACATATGACCGCCCCGGAACAGC
ATATATTCTAGACTACTCGGGCCGCAGGTC
ATATAGCATGCGATCAACGGCGACTACCGG
ATATATATCTAGAGCGCGGTGAACTCCTACCTG
ATATACATATGAGCTCGCGGACTCGCA
ATATATGAATTCGTCCAAGGGTACGGACTTCAGG

el Restriction sites are underlined, introduced point-mutations are in bold
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Table S4- 2. Bacterial strains and constructs used and prepared in this study

Strain or plasmid

Relevant characteristics

Reference or source

Escherichia coli

DH10p FendA1l recAl galE15 galK16 upG rpsL AlacX74 Invitrogen
®80lacZAM15 araD139 A(ara-leu)7697 mcrA A(mrr-hsdRMS-
mcrBC) A

ET12567 F dam13::Tn9, dcm6, hsdM, hsdR, recF143::Tnll, galK2, [262]
galT22, aral4, lacY1, xyl5, leuB6, thil, tonA31, rpsL136, hisG4,
tsx78, mtll ginVv44

SCS110 rpsL (Str") thr leu endA thi-1 lacY galK galT ara tonA tsx dam Stratagene
dcm supE44 A(lac-proAB) [F” traD36 proAB
lacl9ZAM15]

Amycolatopsis sulphurea

NRRL 2822 Wild-type producer of chelocardin ARS Culture

Collection

Streptomyces rimosus

M4018 Producer of oxytetracycline [290]

Plasmids

pNV18 Kan', lacZa [309]

PNV18Erm Kan', Erm', lacZa This study

pAB03 pSET152-derived, containing ®BT, Apr’ [32]

pAB03oxyDP oxyD and oxyP cloned into pAB03 [297]

pNV18ErmKOchdMI 0.9 kb internal to chdMI replaced with ermE and surrounded by ~ This study
1 kb and 1.1 kb homology regions in pNV18

pNV18chdQIErm 0.6 kb internal to chdQI replaced with ermE and surrounded by ~ This study
two 1.1 kb homology regions in pNV18

pNV18ErmchdQlala Fragment containing aromatase gene chdQl with mutation This study
Arg72Ala cloned into pNV18Erm

pNV18ErmchdQICala Fragment containing aromatase gene chdQI with mutation This study
Arg220Ala cloned into pNV18Erm

pNV18ErmchdQIH115A Fragment containing aromatase gene chdQI with mutation This study
His115Ala cloned into pNV18Erm

pNV18ErmchdQllala Fragment containing aromatase gene chdQIll with mutation This study
Arg71Ala cloned into pNV18Erm

pNV18ErmchdQlICala Fragment containing aromatase gene chdQll with mutation This study
Arg224Ala cloned into pNV18Erm

pNV18ErmchdYser Fragment containing cyclase gene chdY with mutation This study
Gly176Ser cloned into pNV18Erm

pNV18ErmchdXala Fragment containing cyclase gene chdX with mutation This study
Aspl126Ala cloned into pNV18Erm

pABO03chdQl Aromatase gene chdQl cloned into pAB03 This study

pABO03chdQlala Aromatase gene chdQl with mutation Arg72Ala cloned into This study
pABO3

pABO3chdQlCala Aromatase gene chdQl with mutation Arg220Ala cloned into This study
pABO3

pABO03chdQllI Aromatase gene chdQlII cloned into pABO3 This study

pAB03chdY Cyclase gene chdY cloned into pAB03 This study

pABO03chdOll-chdY Gene chdOll-chdY with oxygenase and cyclase domain cloned This study
into pABO3

pABO030oxyK Aromatase gene oxyK cloned into pABO03 This study



pABO03oxyN
pABO03chdX

pABO03oxyl

Biosynthetic engineering of enzymes involved in chelocardin biosynthesis | 135

Cyclase gene oxyN cloned into pABO3 This study
Cyclase gene chdX cloned into pABO3 This study
Cyclase gene oxyl cloned into pAB03 This study

ChdQI
ChdQII
OxyK

ChdQI ChdQII
30%

Figure S4- 1. The identity between ChdQI, ChdQIl and homologs from OTC, BE-7585A, CTC and SF2575
biosyntheses, OxyK, BexL, CtcF, and SsfY1 and SsfY3, respectively.

Table S4- 3. NMR data for compound CHD-369 in MeCN-ds + 0.05% TFA-d:

Pos. Sn, mult JinHz)  &c HMBC correlations
1 - 165.7 2

2 5.27,d (2.1) 90.4 1,4

3 - 171.0 2,4

4 5.69,d (2.1) 101.9 2,3

5 - 164.7 4,8

6 3.62, bs 37.6 4

7 - 1334 4,8,9,10
8 6.90,d (8.2) 123.5 9,10

9 7.28,t(8.0) 131.4 8,10

10 6.85,d (7.6) 116.0 8,9

11 - 154.0 8,9,10
12 - 122.8 8,9,10
13 - 201.8 8,9, 10, 16, 18, 20
14 - 116.2 16, 18, 20
15 - 168.3 16, 20

16 6.23,d (2.6) 101.9 18, 20

17 164.4 16, 18, 20
18 6.12,d (2.6) 113.0 16, 10

19 145.4 20

20 1.78,s 22.3

Figure S4- 2. Structure of CHD-369



136 | Biosynthetic engineering of enzymes involved in chelocardin biosynthesis

'H NMR (501 MHz. ACETONITRILE-d;) & ppm 1.77 (s, 3 H) 3.64 (br d. J/=7.91 Hz. 2 H) 5.27 (d. J=2.14 Hz. 1 H) 5.69 (d. /=2.14 Hz. 1 H) 6.12 (dd.
J=2.56,0.75 Hz, 1 H) 6.23 (d. J/=2.56 Hz. 1 H) 6.85 (br d. /=0.75 Hz. 1 H) 6.85 - 6.95 (m, 3 H) 7.28 (br d. J=7.91 Hz. 5 H)
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Figure S4- 3.'H spectrum of CHD-369 acquired in MeCN-dz + 0.05% TFA-d1 at 500 MHz
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Table S4- 4. NMR data for compound CHD-398 in methanol-ds

Pos. dn, mult (J in Hz) dc COSY caorrelations HMBC correlations
1 2.61,s 26.5 - 2

2 - 201.5 - -

3 n.d. n.d. n.d. n.d.

4 - 193.1 - -

4a - 79.7 - -

5 - 192.1 - -

5a - 109.6 - -

6 n.d. n.d. n.d. n.d.

6a - 113.1 - -

7 - 155.5 - -

8 - 121.4 - -

9 747, m 136.8 10, 15 6a, 7, 10a, 15

10 7.15,d (8.09) 119.0 9 5a, 6a, 8, 104, 11
10a - 139.5 - -

11 7.09, s 119.6 12 5a, 64, 10, 10a, 12
1la - 133.0 - -

12 2.98,3.25, m 27.2 11,13 4,4a,5, 53, 11, 114, 124, 13, 14
12a 3.24,m 42.0 - 4, 4a, 5a, 11, 1143, 12, 14
13 4.95,d (4.27) 54.7 12 -

14 - 190.8 - -

15 2.32,s 15.6 9 6a, 7, 8,9, 10, 10a

n.d. — not detectable

10 1 12

Zllimn
T
N

Figure S4- 7. Structure of CHD-398



Biosynthetic engineering of enzymes involved in chelocardin biosynthesis | 139

'HNMR (501 MHz. METHANOL-d,) 6 ppm 2.28 - 2.35 (m. 3 H) 2.56 - 2.65 (m. 2H) 2.90 - 3.04 (m. 1 H) 3.19 - 3.28 (m. 1 H) 3.20 - 3.30 (m. 1 H) 3.51 -
355 (m 1H)4.95 (brd, JA4.27THz. 1 H) 7.09 (s, 1H) 7.13 - 7.18 (m. 1 H) 7.45 - 7.50 (m. 1 H)

10.0 95 9.0

J I\
W E— S/ S - MJ
) 1
[
095099065 0.69
4 U =]
85 80 75 70 6.5 6.0 55 50 45 40 35

Y |

0.16 1.60 1.18 230 3.00
b Jd -4 [

30 25 20 15 Chemical Shift (ppm)

Figure S4- 8. 'H spectrum of CHD-398 acquired in CD3OD at 500 MHz
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Figure S4- 10. COSY spectrum of CHD-369 acquired in CD3OD at 500 MHz
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Figure S4- 11. HMBC spectrum of CHD-369 acquired in CD3OD at 500/125 MHz
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6 Discussion

The projects presented in this thesis focus on diverse aspects of natural product (NP) research,
with the main emphasis on deciphering the biosynthesis of novel and known bacterial secondary
metabolites, mostly through genetic manipulations of the native producer strain. Chapter 2
focused on genome mining in novel myxobacterial strain Cystobacterineae sp. MCy9003.
Among other findings, two structurally and biosynthetically interesting NP families of
myxopentacins and myxoglucamides were discovered. Their biosynthetic gene clusters (BGCs)
were identified and their biosynthesis was proposed. Chapter 3 described the genetic
manipulation procedures for the native globomycin producer Streptomyces hagronensis strain
360, which led to the identification of the globomycin BGC, allowing for the first time a
biosynthesis proposal and supporting yield improvement attempts. Similarly, the genetic
manipulation procedures devised for the fidaxomicin producer Actinoplanes deccanensis,
permitted the generation of gene knockout mutants and their analysis was described in chapter
4. The fifth chapter in major part presented a study of the cyclization of the known atypical
tetracycline antibiotic chelocardin in the native producer, the actinobacterium Amycolatopsis
sulphurea. Gene knockout and site-directed mutagenesis approaches were used to generate
mutants, which led to the isolation and structure elucidation of novel chelocardin derivatives.
The putative aromatases and cyclases proved essential for chelocardin biosynthesis although

the function of each was not complementable by the homologs from the oxytetracycline BGC.
6.1 The discovered natural product as a platform for further modification

Besides other living organisms, bacteria are an important source of natural products (NPs).
Their indispensability for our everyday lives has been consolidating ever since the 1940s to the
present time, encompassing our health care improvement, more efficient food production and
conservation. Considering only antibacterial agents, 69 % of antibiotics originate from NPs,
with 97 % isolated from microbes but since the year 2000, 77 % of approved antibiotics are
NPs, all of them derived from microbes [10]. The unmodified NPs and their derivatives
represented 43 % and 14 %, respectively, of FDA-approved new molecular entities (NMES)
before 1940 but since the year 2000, their shares represent 5.3% and 28%, respectively [10].
By the end of 2013, the unmodified microbial NPs represented 7.5 %, while 9.6 % of them were
semisynthetic derivatives and 4.0 % synthetic derivatives [10]. The NPs exhibiting potent
biological activities that might be potential drug candidates undergo structure-activity

relationship (SAR) studies, in order to find the correlation between the chemical structure of
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the molecule and its biological activity. Such analysis identifies the chemical groups
responsible for the target biological effect in the organism. Methods such as semisynthesis or
synthesis inspired by the NP are often used for further improvement of the structure to meet the
pharmaceutical requirements for medical applications. The semisynthesis approach was
successfully used for the approval of antitumor epothilone semisynthetic derivative ixabepilone
[63] and the lipoglycopeptide antibiotic oritavancin [310]. Preferably, native producers are used
for NP-derivatization and studying of its biosynthesis. If they can be cultivated under laboratory
conditions and genetically manipulated, their genomes can be engineered. The deletion of
individual biosynthetic genes results in mutated bacterial strains that produce structural
derivatives of NP, which consequently explains the NP biosynthesis. Such approach was used
to confirm the functions of cyclases and methyltransferase in chelocardin biosynthesis in native
producer Amycolatopsis sulphurea (Chapter 5). The growth conditions and genetic
manipulation protocols were established prior to the study [32]. The actinobacteria produces
chelocardin in high yields, up to 2 mg/ml, and therefore provides a good system to study gene
deletion effects on its structure. The enzymes that proved essential for the biosynthesis were
confirmed, which is necessary for future heterologous expression studies. Additionally, their
function was characterized to a certain extent. Moreover, gene knock-outs were performed in
fidaxomicin native producer Actinoplanes deccanensis. Adaptation of the culture media and the
conjugation protocol from the existing literature were key to success. Although fidaxomicin is
a medically approved antibiotic against Gram-positive bacterium Clostridium difficile [142], its
macrolide scaffold was found as well in mangrolide A, originally reported to act as a Gram-
negative antibacterial agent [145]. Along this lines, the macrolide scaffold therefore shows
promise for further modifications. The in-frame deletion of glycosyltransferases as reported in
chapter 4, which attach noviose and rhamnose moiety to each side of the macrolide scaffold,
resulted in shunt products [80] that can be used for attachment of synthetically generated
fragments. The semisynthetic fidaxomicin derivatives might exhibit a different panel of
biological activities, preferably against Gram-negative bacteria. The literature on studied
actinobacterial species A. sulphurea, A. deccanensis and S. hagronensis contained valuable
information about the growth and antibiotic production conditions as well as genetic
manipulation protocols that could be readily used or adapted for each bacterial strain, which is

not the usual scenario for novel bacterial isolates.
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6.2 Genetic manipulation and gene tools for new myxobacteria and actinobacteria species

The cultivation of actinobacteria under laboratory conditions is well established, due to many
decades of research and the International Streptomyces Project (ISP) that provided media and
methods for characterization of Streptomyces species [311]. In contrast, only selected
myxobacteria are well studied in regard to cultivation [312, 313] although many advances have
been recently made such as successful cultivation of bacteria previously believed to be
“unculturable” [314]. Gene tools for genetic manipulation of actinobacteria, encompass various
plasmid types [27], e.g. suicide [309], replicative, integrative plasmids [295], and promoters of
different strengths [315-317]. The report on bacteria-derived CRISPR-Cas9 system that
enables precise and efficient genome editing in living eukaryotic cells [318-320] encouraged
scientists to adapt the technology to Streptomyces bacteria. They achieved a faster and more
effective method for creating and selecting gene knockout mutants [321]. The usual
transformation methods in actinobacteria are conjugation of spores [27] or mycelium [276],
protoplast transformation [27], transformation of mycelium [293] and electroporation [322].
There are several gene tools also available for myxobacteria, albeit not the full repertoire named
above. Widely used is the pMycoMar plasmid containing Himarl transposase [323], which
helped with the identification of a few myxobacterial biosynthetic gene clusters [324].
Nonreplicative plasmids pSBtn5 and pFPVan, containing tn5 and vanillate promoters,
respectively, proved to be useful tool for genome mining [158]. The gene deletion is possible
in model organism M. xanthus by counter-selection with sacB gene, conferring sucrose
sensitivity [325]. The replicative plasmid pMF1 was successfully used in M. xanthus [326]. The
plasmid integration is possible using integrase genes and attachments sites for bacteriophages
Mx8 [327] and Mx9 [328] as well as the heterologous expression of BGC in M. xanthus using
origins of replication achieving a single plasmid copy per bacterial cell [329, 330]. The model
organism M. xanthus is electroporatable [161] as well as some novel myxobacterium strains
from the suborder Cystobacterineae (Table 2) but there are many other novel isolates where
transformation is not possible [167, 331]. Conjugation methods are readily available for
Sorangium cellulosum So ce56 [332, 333], S. cellulosum So cel2 [334] and Chondromyces
crocatus Cm c5 [335], from suborder of Sorangineae, such as biparental or triparental mating.
Up until today, the protocols for genetic manipulation in Sorangium strains have not yet been
adequately developed and genetic methods established in one Sorangium strain often cannot be
applied to others [336].
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6.3 Genome mining as a source of new natural products in myxobacteria

Bacteria, such as actinobacteria and myxobacteria, are known as abundant producers of
secondary metabolites, due to their complex habitat and daily struggle to survive [28].
Moreover, the predatory myxobacteria lyse their prey, which releases nutrients for their growth
[42] as well as the genomic DNA. Myxobacteria, with the largest bacterial genomes from 9 to
14.8 Mb [38], might obtain part of it through the horizontal gene transfer [337, 338], providing
them with an evolutionary advantage against the already met opponents [339]. The biosynthetic
gene cluster (BGC) abundance, as a virtual source of NPs, in actinobacteria was especially clear
after the first whole-genome sequence of S. coelicolor A3(2) was published in 2002 [36]. The
whole-genome sequences of myxobacteria were available later, with the model organism
Myxococcus xanthus in 2006 [338], the model Sorangium strain S. cellulosum So ce56 in 2007
[48] and Corallococcus coralloides DSM 2259 in 2012 [340], as well as revealing the potential
for large secondary metabolomes. As only a few NPs were observed to be produced per strain,
the rest of the BGC was considered silent or cryptic, which led to a surge in activities to connect
these BGCs to small molecules through genome mining [157]. Many genetic approaches were
developed in the last 20 years since the genome data became available, most of them leaning
onto the bioinformatic tools such as antiSMASH [115], detecting and analyzing the genome
information (see Introduction). Genome mining in myxobacteria assisted to reveal the pathways
of previously isolated NPs such as myxochromide S [341], myxochelin [342], myxovirescin
[234], myxalamid [343], Dkxanthene [344], rhizopodin [345], crocapeptin A [346], haprolid
[347], phenalamide [348], crocagins [335], ripostatin [349] and 3,5-dibromo-p-anisic acid
[350]. Moreover, the genome mining approaches recently explained the origin and biosynthesis
of chloromyxamides [167], found by isotope pattern and MS-MS analysis of the novel
myxobacterial crude extract, and cytotoxic pyxipyrrolones [331] detected after in silico
prediction of a novel antibiotic and thorough HPLC-DAD-MS of inactivation mutant analysis.
If a native producer is not genetically manipulable and therefore the biosynthetic genes cannot
be accessed, the BGC can be assembled or simply introduced onto a plasmid, using TAR
cloning [351], RecET direct cloning, Redaf recombineering [352] or cosmid libraries, and
heterologously expressed in an engineered model microorganisms with usually well-defined
media per NP-type, which contributes to improved NP yields. The BGC of interest on the
plasmid simplifies the manipulation of the biosynthetic genes and consequently grants the
access to the biosynthetic genes [353]. The heterologous expression of novel or known BGCs,
combined with genome mining approach, is an effective method for either discovery of new

NPs, explanation of the biosynthesis and identification of previously undetected derivatives
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[354]. On the other hand, the genome modifications in the native producers altered their
secondary metabolome and therefore novel NPs were detected via LC-MS chromatography,
e.g. myxoprincomide [159], crocadepsins [355], pyxidicyclines [158], alkylpyrones [164], as
well as the myxopentacins and myxoglucamides, described in this thesis. Myxopentacins were
first observed in Cystobacterineae strain MCy9003 after overexpression of an NRPS protein
via a single homologous recombination of a nonreplicative plasmid harbouring a tn5 promoter
but were detected afterwards in secondary metabolomes of the WT strain and two other
myxobacterial strains as well. The overexpression mutant of another NRPS-encoding gene,
similarly, showed significant differences in LC-MS chromatogram compared to the wild-type
strain. Isolation and structure elucidation revealed the chemical structure that was not matching
the putative NP predictions of the above mentioned NRPSs. As the overexpression of some
other BGCs, encoded in the genome of MCy9003, as well had impact on myxopentacin
production, we assume that BGCs are somehow connected and regulated by an unrevealed
complex regulatory mechanism. The myxopentacin BGC was found later through a protein
sequence similarity with amipurimycin BGC [135, 181]. On the other hand, myxoglucamides
were discovered by a simple simultaneous “activation” of biosynthetic genes mxgH and mxgl
via a single homologous recombination of a nonreplicative plasmid harbouring two tn5
promoters, oriented in opposite directions. In this case, the newly isolated and structurally
elucidated myxoglucamides could be correlated to the biosynthetic genes (see Chapter 2). The
compound was not found in the wild-type MCy9003 strain. Moreover, no alternative producers

could be detected.
6.3.1 The biological activity aspect

The modifications of the genome, based on the genome sequence analysis, in some cases result
in successful discovery of novel NPs. Due to the on-going emergence of bacterial resistance
against currently used antibiotics, novel NPs are tested against pathogenic bacteria and cell
cultures but some NPs do not exhibit such biological activities. The classical “bioactivity-
guided” screening, followed by crude extract fractionation and isolation of secondary
metabolites from novel bacterial strains is one of the approaches that ensures the bioactivity of
the discovered molecule [356] and it can be also used in combination with genome mining
[357]. As also other biological activities are desired in NPs, apart from antimicrobial and
anticancer activities, different screening protocols were developed, e.g. focused on protease
inhibitors [358] or anti-inflammatory agents [359]. Since the genome mining approach enables

the expression of not- or barely-expressed biosynthetic genes, the chances of uncovering a
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secondary metabolite less important for bacterial defence and survival might be increased. For
the detection of NP with a potential biological activity, bacterial genomes can be screened for
resistance genes in the vicinity of the BGCs. The “resistance-guided” approach is based on the
observation that the microbial producers of antibiotics must provide themselves with means of
self-protection [360], e.g. with transport proteins, molecule or target modifying enzymes [361]
or just containing another copy of an essential protein, like a signal peptidase Il in globomycin
(GImB) and myxovirescin BGC [140]. The search for BGCs with associated resistance genes
increases the possibility that the encoded molecule might be an antibiotic [158, 362]. A few
examples confirming the hypothesis are known, among others DNA polymerase I11 beta subunit
GriR as a part of griselimycin BGC [123] and pentapeptide repeat protein CysO in
cystobactamids suggesting an inhibitory activity against bacterial type lla topoisomerases [55].
Moreover, the Antibiotic Resistant Target Seeker (ARTS) tool that identifies duplicated copies
of essential housekeeping genes, associated with BGCs [125], was developed for that purpose.
The identified resistance protein can also provide information on the potential mode of action
and possible target of the resulting molecule [360]. The number of BGCs that are found in the
genomes of novel bacteria and have no similarities to already known NPs is overwhelming and

host-self-resistance as a prioritization criterion is most welcome.
6.3.2 Genome mining in MCy9003

The novel isolate MCy9003 was after 16S rRNA analysis found to represent a novel
myxobacterial genus. The strain is a member of the Myxococcaceae family but forms a separate
branch deviating from the genera Myxococcus and Corollococcus (Figure 66). As shown by
Hoffmann et al., a number of myxobacterial NPs can be produced by bacteria from different
genera, whereas a subset of NPs is either unique or highly specific to a certain genus [23]. The
selection of MCy9003, a representative of a novel genus, therefore offered higher chances of
finding a novel NP scaffold. The whole-genome sequence analysis of 11.3 Mb genome by
antiSMASH online tool [115] showed 40 BGCs but an additional manual analysis revealed
existence of 5 more, due to the program algorithm limitation that cannot recognize a separate
BGC if located next to each other. Out of 45 BGCs, 8 are of NRPS origin, 1 PKS type I, 1 PKS
type 11, 1 PKS type 1ll, 12 hybrid NRPS-PKS type | BGCs and the remaining 22 are two
siderophore BGCs, lanthipeptides, bacteriocins, terpenes and two BGCs of with some NRPS or
PKS features (Figure 67). Only six BGCs encode known NPs, namely geosmin [162],
carotenoids [163], alkylpyrones [164], myxochelin [165], fatty acids VEPE/TG-1 [166] and
chloromyxamide [167].
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Figure 66. Neighbor-joining phylogenetic tree inferred from 16S rRNA gene sequences showing the position
of the novel isolate MCy9003 in the Myxococcaceae family. GenBank accession numbers are indicated in
parentheses. Values at branch points indicate bootstrap support as percentages based on 1000 resamplings. Dots
indicate that corresponding nodes were also recovered in the tree generated with MrBayes and the RAXML
algorithms. The sequences of Archangium gephyra DSM 2261T and Cystobacter fuscus DSM 2262T were used
as outgroups to root the tree. Bar, 0.01 nucleotide substitution per site. The phylogenetic tree was prepared by Dr.

Ronald Garcia.
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Figure 67. The biosynthetic potential of Cystobacterineae strain MCy9003 for microbial NPs

Almost half (~44 %) of all the BGCs is intended for the biosynthesis of peptides, even when
lanthipeptides and bacteriocins are not taken into account. Moreover, the ratio between C and
KS domains in a few secondary metabolite-producing bacteria further emphasizes the

MCy9003 as highly specialized for peptide biosynthesis (Table 14). The representation of all
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the C and E domains from MCy9003 in Figure 68 shows that the domains of each subtype,
except the heterocyclization domains, can be found in MCy9003. The sequence alignments
show that in every domain subtype there is further clustering of domains regarding the protein
sequence origin. We can observe that in either °Cy, “C._ or E subtype many of the domains from
MCy9003 cluster together and are therefore probably “native” to the strain (Figure 68). The
rest is clustering elsewhere since those BGCs might originate from other bacteria and were
taken up from the environment in the evolution process. Although there is some knowledge on
C and E domains regarding the conserved motifs [76] and subtype classification [137], new
domains are being found that could play a different role. For example, the terminal E domain
in MbtF from mycobactin BGC is proposed to be involved in the intramolecular formation of a
peptide bond and NP release [206], similarly as the terminal C domain in MxpA (Figure 27);
the function of C domain in MxgH is yet unknown (Figure 68, Section 6.4.3); or the PC_
domain, unusual regarding the location, in between two PCP domains, in the biosynthetic
enzyme AmbE, and its proposed function — water elimination, which is followed by
isomerization and decarboxylation (Figure 69) in methoxyvinylglycine biosynthesis [214], just
to name a few. More detailed analysis has shown that a NRPS modules in BGC-35A and in
BGC-39B, predicted to incorporate glycine, do not contain E domains upstream of PC_
domains. Moreover, the His-motif HHxxxDG characteristic for E and C domains was found
inactive in some domains of three BGCs, namely in MxgJ, MxgN C domains and in the E
domain of MxgK from BGC-18 (HAxxxDG), in an “C_ domain of BGC-35A positioned
between E-PC-PCP and A-PCP domains, and in an “C, domain of BGC-34A located between
KS-AT-PCP and A-Ox- -C_-A-PCP domains. In most of the cases with potentially inactive
domains, the biochemical transformation that they assumingly catalyze could be taken over by

another domain located in the vicinity.

Table 14. The comparison of NRPS and PKS biosynthesis potential in various secondary metabolite
producers

Number of domains Ratio
Strain C domains KS domains C/KS Genome size
So Ce56 16 48 0.33 13.03 Mb
Burkholderia thailandensis E264 19 29 0.65 6.72 Mb
S. coelicolor A3(2) 14 18 0.77 8.67 Mb
Bacillus subtilis subsp. subtilis str. 168 21 16 1.31 4.25 Mb
Myxococcus xanthus DK1622 77 45 1.71 9.14 Mb
MCy6431 201 67 3.00 13.2 Mb
MCy9003 122 21 5.81 11.3 Mb
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Figure 68. The phylogenetic tree of MCy9003 C and E domains. To the 525 C and E domains [137], 122
condensation and 11 E domains from MCy9003 were added. Geneious software's Clustal Omega alignment was
made and the tree was build [263]. The domain subtypes are marked. The domains originating from MCy9003

strain are marked with a blue circle.

In the initial bioactivity screening of MCy9003, weak E. coli TolC and B. subtilis, S. aureus
and M. luteus activities were observed that later after re-cultivation disappeared. The applied
bioactivity-guided approach, followed by isolation of weakly bioactive LC-MS fractions, did
not provide a desired novel NP. The expression of biosynthetic proteins is thightly correlated
to the environmental conditions and stimuli in the bacterial habitat, which result in the
production of secondary metabolites that are beneficial for survival of a bacterium [157]. The
conditions that trigger the production of such NPs are unknown and hardly possible to
reproduce in the laboratory. The closest to the natural conditions might be co-cultivation of a
predatory myxobacterium with a prey bacterium on a solid surface such as agar medium [363].
A successful discovery of a novel NP from a novel bacterial isolate using the traditional
metabolome screening coupled with bioactivity-guided approach and followed by dereplication
is often also a matter of luck. The production of majority of NPs under laboratory conditions

reaches very low levels or is below the detection limit since the strain-specific cultivation
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requirements for a certain secondary metabolite are unknown. However, an overexpression or
an activation of the biosynthetic operon, achieved by targeted genetic manipulation of a
bacterium, increases or initiates the expression of biosynthetic proteins responsible for the
biosynthesis of the NP. Such genome mining approach offers us access to ‘silent BGCs’ [21],
a common phenomenon in all the identified secondary metabolite producing bacteria, but there
IS no guarantee that the selected BGC is functional or that the BGC with some inactive catalytic
domains does not produce a secondary metabolite. The knowledge we currently have about
biosynthetic genes and biosynthesis of NPs is broad but at the same time very limited. The
analysis of the MCy9003 genome was initially focused on the prioritization of the BGCs
harbouring a second copy of a potential self-resistance gene in the vicinity of the biosynthetic
genes as described in chapter 2 that were detected by an in house-developed online tool Clust-
o-matic [364]. Only three potential self-resistance proteins were identified. Since MCy9003 is
a representative of the novel genus and was found to be different from the rest of bacteria, due
to its specialization for peptide biosynthesis, and has shown bioactivity potential in the initial
screening, we continued with the BGC activation or inactivation. In the next round, the selected
BGCs were prioritized by the complexity of the operon structure. The overexpression of a BGC
is achieved by a plasmid insertion via a homologous region encompassing the initial part of the
biosynthetic gene preceded by a constitutive or an inducible promoter. After such single-
crossover homologous recombination event, the plasmid remains in a mutated bacterium and
the latter always requires cultivation in the presence of the antibiotic. The overexpression of a
BGC with higher number of biosynthetic operons could be in MCy9003 only done partially
since only one selection marker could be used for genetic manipulation of the strain to integrate
site-specifically one promoter. However, in some cases two promoters could be integrated
simultaneously if their operon structures were directed outwards like in myxoglucamide BGC.
The BGC-12 and BGC-1 (Table 3) were chosen for the activation due to proximity of a potential
self-resistance gene and a simple one-operon biosynthetic gene structure, respectively. The
separate overexpression of those two distinct NRPSs resulted in changes of the secondary
metabolome. The increased peaks observed in LC-MS chromatograms of both mutants were
isolated and their structures were elucidated. The chemical structure of novel NPs, as well as
the characteristic MS-MS fragmentation pattern, revealed that the isolated compounds share
certain structural features and belong to the same compound family, that we named
myxopentacins. As the myxopentacin structure did not coincide with the predicted functions of
the catalytic domains of BGC-1 or BGC-12, the search for the corresponding BGC was
initiated. Using the in-house database MyxoBase, two myxopentacin alternative producer
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strains with available genome sequences were detected. Their genomes were analyzed and
common BGCs were found, eliminating only 7 BGCs. Due to unusuality of the myxopentacin
features, the corresponding BGC was impossible to predict with the information obtained. The
selected BGCs occurring in all three strains were therefore inactivated or activated in MCy9003
strain. However, the responsible BGC-39A was found only after the biosynthetic pathway of
amipurimycin was published [135] since both NPs contain a rare cispentacin moiety. The
protein sequence similarity to ketomemicin biosynthetic genes [136] additionally explained the
biosynthesis of another rare myxopentacin feature — the pseudoarginine moiety. Many of the
BGC activation and inactivation attempts of NRPS and hybrid NRPS/PKS type | BGCs (Figure
67) resulted in no significant changes of the secondary metabolome compared to the WT strain.
Based on the finding that in M. xanthus an MbtH-like protein encoded by MXAN_3118 gene
interacts with NRPSs of at least 7 BGCs, and that it is an essential accessory protein for the
function of many NRPSs [365] since it was shown to affect their solubility [366], the co-
expression of a MbtH-like protein, encoded by MCy9003_ 02830 gene in MCy9003, in mutant
strains could be a missing link for successful overexpression of the encoded nonribosomal
peptides and NRP-containing hybrids. However, one of the previously mentioned activation
mutant strains exhibited additional three peaks in LC-MS chromatogram, when compared to
the WT strain. The MS-MS and dereplication analysis confirmed that the activation of a novel
NP was achieved. The isolated compounds belong to the novel NP family, and were named
myxoglucamides. The myxoglucamides structurally resemble ieodoglucomides [221, 222] but
they harbour an additional a-vinyl moiety, rarely occurring in NPs. Neither myxopentacins nor
myxoglucamides exhibit antibacterial activity, whereas myxoglucamides are weakly cytotoxic.
However, only antibacterial and cytotoxicity were tested until now but bacterial NPs in general
exhibit a wide range of biological activities (see Introduction), giving them a certain advantage
against the competitors. Furthermore, not every BGC in a bacterium encodes a secondary
metabolite with biological activity since the bacterium requires also other molecules such as
iron chelating agents siderophores [121] for daily survival or it might produce a spore pigment
[122]. Those NPs are needed only in smaller quantities and only in certain conditions, e.g. spore
pigment production in liquid culture is not required. On the other hand, some of the reported
NPs, sharing certain structural features with myxopentacins or myxoglucamides, do in fact
exhibit either protein inhibitory, antibacterial, antitumor or antifungal biological activities. Due
to the similarity of the chemical structure, myxopentacins as well as myxoglucamides might
have inhibitory biological activities but have not been tested for those yet. Similarly, the
potential anti-viral bioactivity is not yet known. Taken together, MCy9003 strain did in fact
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yield novel NP scaffolds. However, the BGC activation approach proved to be more effective
compared to the BGC inactivation. This could be due to the selected production medium since
the inactivation mutants grown in richer medium might exhibit some differences in the
secondary metabolome. There are many more BGCs encoded in this strain that have not been
further explored, e.g. lanthipeptides and bacteriocins, therefore discoveries of novel NPs are

still possible.
6.4 The natural product biosynthesis: Unanswered questions

The successful activation of so-called silent or less expressed BGCs in our case resulted in NPs
without desired potent antimicrobial or cytotoxic activity. Their role for the producer
microorganism is not yet uncovered. However, from a structural point of view, some of the
identified NPs exhibit uncommon structural features due to uncommon biosynthetic domains

or exhibit unusual assembly mechanisms.
6.4.1 The a-vinyl moiety in myxoglucamide

Myxoglucamide chemical structure with an a-vinyl group and the BGC with number of diverse
oxygenases as well as condensation domains are of special interest. Such a-vinyl group was
observed only as a-vinylglycine in the bacterial NP rhizobitoxine [211, 212], the fungal
metabolite D-vinylglycine [212], aminoethoxyvinylglycine (AVG) from Streptomyces sp.
NRRL 5331 [213] and methoxyvinylglycine (MVG) from Pseudomonas aeruginosa [214]. The
myxoglucamide a-vinyl group as a part of 4-amino-2-hydroxyhex-5-enoic acid is therefore a
novel discovery in nature. The a-vinylglycine moieties observed in above mentioned NPs
originate either from L-glutamic acid or L-aspartic acid-derived L-homoserine. The NRPS
module 1 in MxgJ is predicted to incorporate L-glutamic acid into the growing acyl-peptidyl
chain. The same was shown in the in vitro reconstitution of the biosynthetic route of an a-
vinylglycine moiety-containing nonproteinogenic amino acid MVG or L-2-amino-4-methoxy-
trans-3-butenoic acid (AMB) [214]. In the AMB BGC, three enzymes are proposed to catalyze
the transformation of L-glutamic acid into the methoxyvinylglycine, however, the mechanism
of the last decarboxylation step, yielding the observed a-vinyl group, is not yet clear (Figure
69). The protein BLAST of AmbC, AmbD and of AmbE-C* domain [214] against the
MCy9003 genome sequence yielded hits in the myxoglucamide BGC. The a-ketoglutarate-
dependent taurine dioxygenase (TauD) present in Mxgl showed 44 % and 42 % identity and 70
% and 73 % similarity to AmbC and AmbD, respectively. Moreover, the protein BLAST search
of C* domain (AmbE) in a whole-genome sequence of MCy9003, found the °C. domain MxgL
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to be homologous, although with only 28 % identity and 42 % similarity. The a-vinyl group
formation mechanism in myxoglucamide based on the AMB biosynthesis and analysis of
myxoglucamide catalytic domains (Chapter 2) would require the MxgJ NRPS module for
incorporation of L-glutamic acid, the a-ketoglutarate-dependent taurine dioxygenase (TauD)
domain located at the terminal of Mxgl protein and MxgL PC. domain, eliminating the
hydroxyl group, which results in the double bond formation, followed by decarboxylation and
isomerization. However, the amino acid precursor for the a-vinyl group in myxoglucamide is

still unknown and further feeding experiment are necessary.
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Figure 69. The proposed AMB biosynthesis. AmbE A domain is selective for L-glutamic acid. The a-
ketoglutarate-dependent taurine dioxygenases AmcC and AmcD catalyze hydroxylation of C3 and C4,
respectively. The O-methylation and condensation of L-Ala to the modified L-glutamic acid are not shown here.
However, the unusual NRPS C domain (C*) is proposed to catalyze the water elimination of C3 position. The

transformed intermediate then undergoes subsequent decarboxylation and isomerization [214].

6.4.2 The oxygenases in myxoglucamide BGC

The above mentioned a-ketoglutarate-dependent taurine dioxygenase (TauD) domain encoded
by Mxgl is a member of TfdA family, which are known to catalyze distinct important biological
reactions, including steps in the biosynthesis of collagen and antibiotics, the degradation of
xenobiotics, the repair of alkylated DNA, and the sensing of oxygen and response to hypoxia
[367]. However, more oxygenase types are encoded in the MXG BGC. A flavin-dependent

monooxygenase is encoded by MxgN and a cytochrome P450 by MxgG. The former are
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bacterial luciferases or luciferase-like monooxygenases (LLMs) that catalyze the oxidation of
a long-chain aldehyde and release energy in the form of visible light. Many BGCs contain LLM-
encoding genes but the precise biosynthetic roles are poorly understood [368]. The LLMs that
have been reported and studied are tailoring enzymes MsnO2, MsnO4 and MsnO8 in
mensacarcin [369], GarO in actagardine [370], Hgc3 in hygrocin biosynthesis [371], OvmO in
olimycin [372], DivO in divergolide [373] and AbmE2 in neoabyssomicin biosythesis [368].
The Hgc3, OvmO, DivO, AbmE2 enzymes catalyze the post-PKS O atom insertion on a
macrolactam intermediate, which is recognized as Baeyer—Villiger monooxidation reaction
mechanism [374]. Baeyer—Villiger monooxygenases catalyze the oxidation of ketones and
cyclic ketones to esters and lactones, respectively, by using molecular oxygen and NAD(P)H,
as well as sulfoxidations and N-oxidations [374]. According to that definition the GarO LLM,
catalyzing unique oxidation of S atom in lanthipeptide [370], could as well belong among them.
Interestingly, three LLMs enzymes in mensacarcin BGC have a different role. MsnO acts as a
dehydratase, MsnO4 introduces two hydroxyl and one epoxy group onto and into the third ring
and MsnO8 catalyzes the epoxidation of the side chain [369]. Moreover, the LLM was found
in the main biosynthetic gene of myxoprincomide MXAN 3779, which is biosynthetically
predicted to introduce an a-keto functional group in the final structure of NP [159]. Similarly,
a flavin-dependent monooxygenase (MxgN) could be involved in the a-carbon oxidation [159,
207] of the hydroxyl group present in myxoglucamide-647 and -661 derivatives (Figure 33).
Third type of oxygenase, a cytochrome P450, encoded by MxgG, belongs to a group of heme-
mono-oxygenase enzymes [375]. They play a role in essential steps in metabolism:
bioactivation and detoxification of drugs and xenobiotics, the synthesis of endogenous
compounds, and tailoring of secondary metabolites [375-377]. The cytochromes P450 in
Candida tropicalis catalyze the transformation of fatty acids [208]. The cytochrome P450
MxgG could therefore hydroxylate the fatty acids, methylpentadecenoic (iso 15:0) or
methylhexadecenoid (iso 16:0) acid incorporated by loading module in Mxgl, in positions C-4
or C-5 in myxoglucamide 645 and 647 or myxoglucamide 659 and 661, respectively (Figure
33). The timing of that reaction is undetermined. The proposed tailoring reaction steps of MxgG

and MxgN are presented in Figure 70.
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Figure 70. The oxygenases MxgG and MxgN in myxoglucamide BGC. A flavin-like monooxygenase MxgN is
proposed to oxidize a-carbon position in myxoglucamide-645 and -659. On the other hand, MxgG, a cytochrome
P450, could oxidize a fatty acid chain in C-4 or C-5 positions in myxoglucamides, prior to glycosylation.

6.4.3 Condensation domain diversity in myxoglucamide BGC

Condensation domains are a part of NRPS modules and catalyze the formation of the peptide
bond. Recent analysis of all the known C domains, with an addition of C domains found in
glycopeptide-encoding BGCs, performed by Rausch et al. [137], deepened the existing
knowledge by regrouping them into five functional subtypes. An “C. domain condenses two L-
amino acids, a °C. domain catalyzes a peptide bond between an L-amino acid and a b-amino
acid, a newly reported Starter C domain acylates the first amino acid with a p-hydroxyl fatty
acid, and Heterocyclization (Cyc) domains catalyze the peptide bond formation and subsequent
cyclization of cysteine, serine or threonine residues [137]. As known the epimerization domains
change the chirality of the last amino acid in the growing chain, whereas the fifth subtype —
Dual E/C domains catalyze both the epimerization and condensation [137]. Condensation

domains of different types are observed in MXG BGC (Figure 71).
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Figure 71. The myxoglucamide BGC denoting functional domains in biosynthetic genes
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Figure 72. The alignment of C domains with key residues for catalytic activity. The C domain in NRPS
modules of myxoglucamide were compared to amino acid sequence SrfA-C from PDB: 2VSQ [223] with
thoroughly annotated core motives for each of the domains. The key residue is marked with an asterix (*). MxgJ

and MxgN proteins are not catalytically active [224].

The Mxgl-C domain is assumed to condense the fatty acid loaded by preceding ACP domain
with the amino acid selected by A domain in MxgJ. The MxgJ-C domain is lacking a
characteristic His-motif (HHxxxDG) essential for the catalytic activity of the domain and we
therefore assume that it is inactive (Figure 72). The MxgL-C domain is predicted to be a °Cy,
which fits to the determined D-configuration of the amino acid residue in the chemical structure.
The MxgN consists of C and Ox domains. The His-motif, with the second His residue essential
for the catalytic activity [137], is not present in MxgN-C domain with HPLILDE residues in
the protein sequence (Figure 72). This domain is therefore assumed catalytically inactive. The

C domain in MxgH is functional, containing the intact His-motif but its function is unknown.

For better C domain classification, the phylogenetic analysis of E and C domains in
myxoglucamide BGC was made using Geneious software [263]. To the 525 protein sequences
collected and used by Rausch et al. to prove the clustering of C domain by a subtype [137]
(Electronic supplementary material: Additional file 6), 6 protein sequences of E and C domains
from MXG BGC and C* domain found in AmbE from the methoxyvinylglycine biosynthesis
[214] were added. The sequences were aligned using Clustal Omega alignment function and
the output was used to build a phylogenetic tree shown in Figure 73. An “C. domain-type is
found in MxgH, Mxgl and MxgJ (inactive), °C. domains are in MxgL, MxgN (inactive) and
AmbE-C*, while MxgK E domain is clustered together with the rest of E domains. According
to the antiSMASH prediction, MxgH is of an “C. subtype but in the phylogenetic tree shown
in Figure 68, it is clustered elsewhere, in between Cyc and E domains. It almost seems like
MxgH-C domain is one of its kind. Its function in the myxoglucamide biosynthetic pathway is
unknown and is yet to be determined. Furthermore, the C domain in MxgL and AmbE-C* seem
very different (Figure 73) and it cannot be assumed that they would catalyze the same reaction

leading to formation of an a-vinyl group found in myxoglucamide.
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Figure 73. The phylogenetic tree of myxoglucamide C domains. To the 525 C domains, including E domains
[137], 5 condensation and one E domain from MXG BGC and a C* domain from AMB biosynthesis [214] were
added. Geneious software's Clustal Omega alignment was made and the tree was build [263]. The domain subtypes
were marked. The domains originating from MCy9003 strain and C domain from AmbE are marked with a blue

circle.

6.4.4 An iterative NRPS in myxopentacin biosynthesis?

Two different building block sequences were observed upon the structural elucidation of the
myxopentacin family members. Myxopentacins 762 and 776 (type A) consist of 6 building
blocks, whereas myxopentacins 913 and 926 (type B) contain 7. Type A myxopentacins contain
assembled moieties in a certain sequence: the cispentacin moiety is followed by an alanine or a
2-aminobutyric acid, two cispentacin moieties, a pseudoarginine moiety with 2-aminobutyric
or 2-aminovaleric acid, and a terminal valine. The pattern observed in type B myxopentacins is
different. Five cispentacin moieties are polymerized at the N-terminus and are followed by a
pseudoarginine moiety with 2-aminobutyric or 2-aminovaleric acid, and a terminal valine
(Figure 74).
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e-poly-L-lysine

Figure 74. The molecular structures of NPs assembled with an iterative mechanism. Myxopentacin-913
partially differs from myxopentacin-762. The difference is marked with dashed curve. A fungal metabolite enniatin
A consists out of three sets of branched-chain amino acid and D-hydroxyvaleric acid, forming cyclic depsipeptide.
The amino acids in enniatin A are marked with dashed curve. The polymerization of L-lysine amino acids occurs

on an &-PL synthetase, resulting in a peptide chain of 25-35 L-lysines.

However, the inactivation of mxpA gene, encoding a NRPS synthetase, resulted in abolished
production of myxopentacins of both types. MxpA is thus essential for the myxopentacin
biosynthesis. It consists of only two adenylation (A) domains, selecting two distinct moieties,
according to antiSMASH prediction- Leu, lle or Val are activated by an A1 domain and Cha
(B-cyclohexyl-L-alanine), Val or lle by an A2 domain. We assume there is an additional enzyme
aiding the building block-assembly in myxopentacins. Nonribosomal peptides (NRPs) are
structurally diverse, due to large selection of proteinogenic and nonproteinogenic amino acids
and post-translational modifications by tailoring enzymes but their assembly mechanism is
highly conserved [74, 209, 378]. They are classified into three categories: linear, iterative or
nonlinear with vancomycin, enniatin and vibriobactin, respectively, as the examples. In the
linear strategy, the number and the sequence of modules matches with the number and order of
amino acids in the peptide. The iterative strategy stands for the modules or domains of the
synthetase used more than once to synthesize the peptide, which consists of repeated sequences.
The nonlinearly assembled amino acids in NRPs do not correlate to the arrangement of modules

on the synthetase template [378].
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Enniatins consist of three alternating residues made out of a branched-chain amino acid and D-
hydroxyvaleric acid (D-Hiv) (Figure 74) and are synthesized by the two module-enniatin
synthase [379]. Instead of as-usual release catalyzed by a final TE domain, in enniatins PCP
and C domains catalyze both the transfer and final cyclization [380]. As that kind of pattern or
biosynthetic gene cannot be observed in myxopentacins, such assembly seems unlikely. An
iterative NRPS module was found in saframycin A BGC from Streptomyces lavendulae NRRL
11002. There, a three-module NRPS assembles a tetrapeptidyl scaffold with the last module
acting twice per one saframycin A molecule [381]. Iterative hybrid PKS-NRPSs are
predominantly found in fungi, with the iterative being the PKS part [382]. A highly unusual
NRPS (3.96 kb) was found to catalyze the polymerization of 25-35 L-lysine amino acids into ¢-
poly-L-lysine (e-PL), consisting of A domain, PCP domain and three tandem domains C1-C3
[383]. No such domains were observed in myxopentacin BGC. The iterative NRPS mechanism
reported for pyrrolamide antibiotics: congocidine, distamycin and new analog is dependent on
the amidohydrolase Pya25, which was proven necessary for the polymerization of pyrrole
moieties [193] as described in Section 2.3.4.3. A hydrolase (Orf(-7)), an amidohydrolase (Orf(-
6)) and two MBL fold metallo-hydrolases (Orfl, Orf2) encoded next to myxopentacin
biosynthetic genes would require inactivation in order to evaluate their involvement in the

myxopentacin polymerization.
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Figure 75. Phylogenetic tree of MxpA C domains. To the 525 C and E domains [137], 3 C domains from
myxopentacin BGC were added. Geneious software's Clustal Omega alignment was made and the tree was build.

All three MxpA domains were classified under -C,-type domains.

C domains found in myxopentacin BGC, in MxpA, were added to 525 C and E domains
collected by Rausch et al. [137]. They were aligned by Clustal Omega (Geneious) and this data
was used to build the phylogenetic tree (Figure 75). All three domains are of “C. type. The
MxpA C3 domain, potentially involved in a release of myxopentacin from the biosynthetic

genes, is not significantly different from other C domains.
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6.5 Yield improvement of microbial NPs

The production of microbial NP in native producers often reaches low concentrations, which
can be plausibly explained due to the limited productivity requirements in their natural habitat
[384]. This seems like a bleak picture when contrasted with the much higher requirements of
approved antibiotics or their semisynthetic derivatives for human therapy. Yield improvement
is therefore a necessary step on the long journey from a newly discovered NP to the medically
approved compound. The widely used OSMAC approach (One Strain-MAny Compounds) is
based on the observation that changes in growth conditions, which includes media composition,
aeration, pH, culture vessel, addition of supplements such as vitamins, metal chelators, rare
salts or enzyme inhibitors, etc., influence the expression of secondary metabolites [35]. Higher

NP yields are usually achieved by media optimization and strain improvement.
6.5.1 Media optimization

The media optimization is an already traditional yield improvement method also used in this
work for minor enhancement of the secondary metabolite profile of Streptomyces hagronensis
strain 360. Different media, variations of globomycin production medium developed for
Streptomyces halstedii No. 13912 for fermentations in bioreactor [228], were tested. The
production medium required 1 % feather meal [228], containing high protein content of 90 %
of its dry weight, which was originally selected probably due to easier accessibility in larger
amounts since the feathers are a by-product in the poultry processing industry [385]. In this
laboratory no feather meal was available, so other nitrogen sources were tested such as fish
meal, corn steep solids, corn steep liquor or soy flour. The best and most efficient production,
considering also downstream processing such as isolation and purification of globomycin, was
achieved using soy flour and pH 6.0 (Chapter 3). Quick testing of only few different nitrogen
sources is accomplished in a span of few days. Moreover, all media optimizations before 1970s
were performed by the classical “One-factor-at-a-time” method also used today in the initial
stages of research [384]. Such method is simple but also inefficient, expensive and time
consuming, when more parameters have to be optimized. Nowadays, the modern statistical
approaches save experimental time for the process development. In order to reduce the total
price of the product, one must maximize yields and minimize production costs. The appropriate
medium components, such as carbon and nitrogen sources, have to be selected based on the
metabolic preferences of the producer organism. Enhanced production can usually be achieved
by medium optimization or by strain improvement/selection but both approaches are

interconnected as they can affect each other [384].
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6.5.2 Strain improvement

It is clear that biosynthesis of secondary metabolites in microbes is regulated by a variety of
environmental and physiological factors such as nutrition, temperature, stress, developmental
stage and population density [386—389]. The complex network of secondary metabolism and
its regulation are unique for every strain and are generally not well understood, therefore only
the trial experiment can help us judge the effect of a certain growth condition on the production
of secondary metabolites. The transcriptional regulators can be located in the BGC and have a
direct effect on their expression, e.g. the overexpression of transcriptional activator FadR1 in
fidaxomicin producer increased the production yield 400-fold [94]. However, the
transcriptional regulators of myxobacterial secondary metabolism are typically not co-located
with the biosynthetic genes and an additional effort if required to identify them [390]. In other
cases, the transcription of this particular NP is directed by global regulators such as y-
butyrolactone regulatory system, important for antibiotic production and morphological
differentiation [391], that acts through cluster-situated regulatory genes [386, 392]. The gene
knock-outs of the y-butyrolactone transcriptional repressor ArpA homologs ShbR1 and ShbR3
increased the production of validamycin in S. hygroscopicus 5008 for up to 26 % [388].
Similarly, the disruption of ArpA homolog TylIP from tylosin biosynthesis, sped up the tylosin
production and reached higher yields [393]. However, different outcomes after deletions of
ArpA homologs are observed since every gene cluster is regulated by unique pathways [394].
For that reason, the results of deletion experiments cannot be predicted. In order to partially
avoid the unknown regulatory pathways in the native producer, the biosynthetic genes clusters
can be heterologously expressed in host microorganisms, which come with all the genetic
manipulation protocols and basic media for the NP-type. Additionally, strains with minimalized
genomes are generated offering increased genetic stability [133, 134]. Simple strain
mutagenesis of the essential rpoB [395] and rpsL genes, achieved by exposing bacteria to high
concentrations of rifampin and streptomycin, respectively, was observed to enhance
transcription and translation, respectively, which increased production of some NPs [396, 397].
Such attempts are usually followed by selection of best producer strain. Furthermore, the
bacteria in some cases contain their own self-resistance mechanism against the produced NP.
A strategy for mode of action determination of the antibiotics is by selection of resistant strains
among the sensitive pathogens. The resistance is usually developed by a mutation in targeted
gene and the comparison of genome sequences with the wild-type strain reveals the target gene
[398]. As an example, the resistant M. smegmatis mutants were reportedly generated by

stepwise increased concentrations of griselimycin. The amplifications of dnaN gene were
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observed as the griselimycin concentration increased, which provided M. smegmatis mutant
resistance to griselimycin [399]. Some of the strategies described above were tested on
Streptomyces hagronensis, the globomycin producer (Chapter 3). The strain is naturally
sensitive to streptomycin and therefore contains an intact rpsL gene, encoding a 30S ribosomal
protein S12 essential for mMRNA translation. The mutation of rpsL gene was observed to
increase the production of secondary metabolites, therefore S. hagronensis strain was exposed
to 200 pg ml of streptomycin. A few colonies grew but due to low number of mutants tested
in the production experiment, the globomycin overproducing strain was not achieved. As the
exposure to streptomycin causes mutations in different positions in rpsL gene, more mutants
have to be screened. The overexpression of an additional copy of self-resistance protein signal
peptidase Il (LspA) in S. hagronensis was another strategy for the increase of the production
titer of globomycin. A strong, constitutive promoter PermE* was used for its overexpression
[400] and the plasmid was integrated into the attB site on the bacterial genome [295]. The
mutant strain OE-LspA harboured an intact copy of the self-resistance protein GImB and an
additional overexpressed copy elsewhere in the genome. The preliminary results have shown
that the production yields decreased. However, two ISpA genes are present in myxovirescin
BGC and were proposed to have an opposite regulatory roles on the production of the natural
product [245]. The regulatory system in globomycin producer appears very complex. The
global y-butyrolactone regulatory system might play a role in globomycin regulation, which in

the scope of this thesis remains unexplained.

6.5.3 Media selection rationalization for cultivation of myxobacterium MCy9003 and

actinobacteria

Finding favorable conditions for the cultivation of bacteria is usually time-consuming but of
great importance for all the experiments that follow. The novel myxobacterial isolate MCy9003
was initially grown in 10 different media. The extracted cultures were tested for the biological
activities against Gram-positive Bacillus subtilis, Staphylococcus aureus, Micrococcus luteus;
Gram-negative Pseudomonas aeruginosa, Escherichia coli TolC, Escherichia coli; fast
growing Mycobacterium smegmatis, fungus Mucor hiemalis and yeast Candida albicans. The
culture grown in CYHv3 medium exhibited only minor biological activities compared to the
bioactivities observed when cultivated in other media. We were not interested only in finding
the best production medium but also in the medium were bacteria grows fast and reaches high
optical density. For transformation via electroporation, the growth in suspension is required,

which was not the case at the beginning. Only after the utilization of baffled Erlenmeyer flasks
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and a few subcultivations of suspended cells into fresh media, MCy9003 grew in suspension.
Moreover, the selected CYS production medium used in our experiments did not provide the
most abundant secondary metabolome profile but was chosen due to the simplicity of the
medium composition that showed the least background in LC-MS chromatograms. The aim
was to easily detect the changes in the secondary metabolite profile of generated BGC-
activation and inactivation mutants compared to the wild type. However, screening for the
effects of the BGC inactivation in such medium is probably not efficient and other, more

complex medium should be chosen for that purpose.

Working with actinobacteria as well requires preparation. Although many information can be
found in the literature, each strain should be considered as unique. They require vegetative,
production, conjugation and sporulation media. The vegetative medium provides them the
environment for rapid growth, while the production medium has to contain carbon and nitrogen
sources that initiate the biosynthesis of precursors that regulate the metabolism and influence
the production of secondary metabolites [384]. The sporulation medium is of the essence for
future genetic manipulation attempts since the conjugation of spores is certainly less time
consuming than the conjugation of mycelium. The latter was the only option for Actinoplanes
deccanensis since the aerial mycelium is absent [29]. The conjugation conditions play a key

role in obtaining exconjugants as well and are as well a matter of trial and error.
7 Conclusion and outlook

The on-going emergence of bacterial resistance is constantly forcing us to develop effective
strategies for the discovery of new antibiotics that would not only fill the gap for a shorter
period of time until a new antibiotic is needed again. Scientists try to significantly circumvent
this by searching for antibiotics with novel structural scaffolds, ideally inhibiting a target with
a completely novel mode of action. Actinobacteria and myxobacteria, two groups of soil-
dwelling bacteria, are known producers of natural products with various biological activities,
giving them a relative fitness advantages in their highly competitive habitat. As sometimes the
natural product produced in highest quantities does not have the desired biological properties,
its naturally occurring derivatives are sought. However, the derivatization of a chemical
structure can be also achieved via semi-synthesis or by genetic manipulation of the biosynthetic
genes in the producer strain. In this study, the combination of both approaches was used for the
modification of fidaxomicin antibiotic. The genes encoding glycosyltransferases were knocked-
out from the genome of fidaxomicin producer Actinoplanes deccanensis and desired shunt

products were obtained to be used for further semisynthesis. Such semisynthetic derivatives are
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routinely tested for potentially improved biological activities. If the latter are achieved, these
compounds would be evaluated for use for clinical treatment in future. Moreover, the genetic
modification of chelocardin biosynthetic genes in Amycolatopsis sulphurea was used to
characterize the enzymes involved in the cyclization and C6-methylation of this atypical
tetracycline. The acquired knowledge of the importance of those enzymes for chelocardin
biosynthesis enabled a better understanding of chelocardin biosynthetic pathway, and will
facilitate its genetic engineering in future. However, sometimes the discovered antibiotics that
do not exhibit superior biological activities are soon forgotten but re-discovered later due to
their unique features. The Gram-negative antibiotic globomycin inhibits LspA, a signal
peptidase Il, a protein target of only one other natural product myxovirescin. The BGC of
globomycin from Streptomyces hagronensis, harbouring an LspA homolog assumed to be a
self-resistance protein, was identified. The involvement of the former in the globomycin
biosynthesis was confirmed with an abolished production after the inactivation of the main
NRPS gene. The activated amino acids in globomycin biosynthetic pathway are therefore
proposed to be assembled on modular NRPS enzyme that requires also an additional in trans-
acting NRPS module and a TE type Il. The characterization of an LspA homolog found in
globomycin BGC can provide a better outlook on the role of LspA enzymes as self-resistance
proteins. In a different line of action, the natural products with novel scaffolds produced by
myxobacteria were sought. With genome sequencing becoming more affordable, various
genome-based strategies were developed and are successfully used for the discovery of novel
NPs. Along these lines, in this thesis two natural product families myxopentacins and
myxoglucamides were isolated from the myxobacterium MCy9003, a representative of a novel
genus. The genome mining-aimed modifications of the myxobacterial genome led to changes
in their secondary metabolome detected by LC-MS profiling. A model for the biosynthesis of
myxopentacins and myxoglucamides was proposed. The nonribosomal peptides myxopentacins
exhibit a novel natural product scaffold with rare cispentacin and pseudoarginine moieties, and
have a unigue assembly mechanism that could not be entirely proposed based on the literature.
The PKS type I/NRPS myxoglucamides with a rare a-vinyl group have diverse catalytic
domains in their BGC, such as different types of oxygenases and condensation domains, or the
location of the epimerization domain at the end of the PKS instead of the NRPS module. Both
myxobacterial natural products raise many questions regarding their biosyntheses, but at the

same time present an opportunity for uncovering of yet unknown ways of Nature.
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