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Summary

The structurally related aminocoumarin antibiotics novobiocin, clorobiocin and
coumermycin A4 are potent inhibitors of bacterial gyrase and represent interesting
starting compounds for the development of new antibacterial agents. X-ray
crystallographic analysis has shown that the acyl moieties at the 3"'-hydroxy group of
the deoxysugars of these antibiotics, namely the carbamoyl group in novobiocin and
5-methylpyrrole-2-carboxylic acid moiety in clorobiocin and coumermycin A4, are
particularly important for their binding to the biological target, i.e. the B subunit of
gyrase. In this thesis, genes involved in the biosynthesis of the methylpyrrole moiety
and those responsible for acyl transfer to the deoxysugar were identified by gene
inactivation, heterologous expression as well as biochemical experiments. Several
aminocoumarin derivatives were obtained from different defective mutants of the
coumermycin and clorobiocin producers. Based on these findings, a series novel
carbamoylated aminocoumarin antibiotics were generated by in vivo overexpression
of carbamoyltransferase NovN from the novobiocin gene cluster and in vitro

chemoenzymatic biosynthesis using NovN.

Coumermycin A4 contains a central and two terminal pyrrole moieties. The
coumermycin gene cluster from Streptomyces rishiriensis DSM 40489 contains three
genes (couN3, couN4 and couN5) which show sequence similarity to genes involved
in the biosynthesis of the pyrrole moieties of pyoluteorin in Pseudomonas fluorescens
and of undecylprodiginine in Streptomyces coelicolor. The gene couN3, coding for a
putative L-prolyl-S-PCP dehydrogenase, and the gene couN4, coding for a putative
L-prolyl-AMP ligase, were disrupted using in-frame deletion and insertional
inactivation, respectively. HPLC analysis of culture extracts showed that the
formation of coumermycin A was abolished in the couN3™ und couN4™ mutants. The
mutants accumulated coumermycin D, which contains only the central pyrrole moiety.
This result not only confirmed the involvement of couN3 and couN4 in the
biosynthesis of the terminal pyrrole-2-carboxylic acid moieties of coumermycin Ay,
but also demonstrated, for the first time, that the central 3-methylpyrrole-2,4-
dicarboxylic acid unit of the coumermycins is formed by a biosynthetic pathway

different from that of the terminal pyrrole moieties.
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The terminal 5-methylpyrrole-2-carboxylic acid units in clorobiocin and coumermycin
A4 are attached via an ester bond to the 3"-OH group of the deoxysugar moiety. In
order to investigate candidate genes responsible for the formation of this ester bond,
a gene inactivation experiment was carried out in the clorobiocin producer
Streptomyces roseochromogenes var. oscitans DS 12.976. An in-frame deletion was
created in the coding sequence of the gene cloN2. The production of secondary
metabolites in the wild-type and in the c/loN2" mutant was analysed. The wild-type
showed clorobiocin as the main product, whereas the c/loN2" mutant accumulated a
new aminocoumarin derivative, i.e. novclobiocin 104, lacking the pyrrole moiety at
3"'-OH of the deoxysugar. Clorobiocin production was successfully restored in the
cloN2" mutant by introducing a replicative plasmid containing the c/loN2 sequence. In
addition, free pyrrole-2-carboxylic acid accumulated in the culture extract of the
cloN2" mutant. The structures of the metabolites were confirmed by NMR and LC/MS
analysis. These results prove an involvement of c/loN2 in the formation of the ester
bond between the pyrrole moiety and the deoxysugar in clorobiocin biosynthesis.
Moreover, the results indicate that the C-methylation at position 5" of the pyrrole
moiety occurs after the attachment of pyrrole-2-carboxylic acid unit to the deoxysugar

moiety.

novN, a putative carbamoyltransferase gene in the biosynthetic gene cluster of
novobiocin from Streptomyces spheroides NCIMB 11891, was expressed in the
couN3™ mutant. This led to the formation of bis-carbamoylated coumermycin D, a
novel compound of the coumermycin series. This experiment also proved that NovN

is responsible for the carbamoylation of 3""-OH of the noviose in novobiocin.

Five further carbamoylated aminocoumarin derivatives were produced by a combined
mutational and chemoenzymatic  approach. For this purpose, the
carbamoyltransferase NovN was overexpressed in the heterologous host S. lividans
as N-terminal 6xHis-tagged protein and purified by nickel affinity chromatography.
Five different 3""-unsubstituted aminocoumarin derivatives were isolated from
mutants of the clorobiocin producer S. roseochromogenes, carrying single or multiple
gene defects. All five compounds were readily accepted as substrates by NovN,
demonstrating that structural variation can be introduced by this method in the
deoxysugar moiety, the aminocoumarin moiety as well as in the benzoyl moiety. The

3" "-carbamoylated products were isolated on a preparative scale and their structures
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were elucidated by "H-NMR and mass spectroscopy. Testing the biological activity of
the 3"’-carbamoylated products gave further insights into the structure—activity
relationships of aminocoumarin antibiotics, especially about the importance of the
acyl moiety and the methyl group in position 3"- and 4" °-OH of the deoxysugar,
respectively. Removing either of these structural elements resulted in complete loss

of activity.
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Zusammenfassung

Die Gyrase-Hemmstoffe Novobiocin, Clorobiocin und Coumermycin A; werden von
verschiedenen Streptomyces-Arten produziert. Aufgrund ihrer strukturellen
Ahnlichkeiten und Unterschiede stellen sie sehr interessante Ausgangssubstanzen
fur die Herstellung neuer pharmazeutischer Produkte durch Gentechnik dar. Um
diese Untersuchungen durchfihren zu konnen, braucht man jedoch genaue
Informationen Uber die Biosynthese von Aminocoumarin-Antibiotika. Die
biosynthetischen Gencluster fur alle drei Antibiotika wurden in der Arbeitsgruppe von
Prof. Dr. Heide und PD Dr. Li kloniert und sequenziert und die Funktion von vielen
Genen aufgeklart. In der vorliegenden Arbeit wurden die Gene, die an der
Biosynthese der 5-Methylpyrrol-2-carbonsaure-Einheit beteiligt sind sowie die fur die
Ubertragung der Acylkomponenten an den Desoxyzucker verantwortlich sind, durch
Geninaktivierung, heterologe Expression und biochemische Untersuchungen
identifiziert. Zudem wurden neue Aminocoumarin-Derivate erzeugt und deren

biologische Aktivitat untersucht.

Coumermycin A4 enthalt zwei endstandige 5-Methylpyrrol-2-carbonsaure-Einheiten
und eine zentrale 3-Methylpyrrol-2,4-dicarbonsaure-Einheit. Im biosynthetischen
Gencluster fur Coumermycin A4 von Streptomyces rishiriensis DSM 40489 kommen
drei Gene (couN3, couN4 und couN5) vor, die Homologie zu den Genen der
Biosynthese der Pyrroleinheit von Pyoluteorin in Pseudomonas fluorescens und von
Undecylprodiginine in Streptomyces coelicolor aufweisen. Das Gen couN3, das
vermutlich fur eine L-Prolyl-S-PCP-Dehydrogenase codiert, wurde durch eine ,in-
frame“ Deletion inaktiviert. Das Gen couN4, ein Homolog zur L-Prolyl-AMP-Ligase,
wurde durch Insertion eines Neomycinresistenzgens inactiviert. Wahrend
Coumermycin A; als Hauptprodukt im Wildtyp zu detektieren war, wurde die
Produktion von Coumermycin A4 in couN3-Defektmutante und couN4-Defektmutante
vollstandig blockiert und stattdessen wurde Coumermycin D akkumuliert. Im
Vergleich zu Coumermycin A4, enthalt Coumermycin D nur die zentrale Pyrroleinheit
und die zwei endstandigen Pyrroleinheiten am Zucker sind nicht mehr vorhanden.
Dieses Ergebnis bewies, dass die Gene couN3 und couN4 an der Biosynthese der
5-Methylpyrrol-2-carbonsaure-Einheit beteiligt sind, jedoch nicht im Zusammenhang

mit der Biosynthese der zentralen 3-Methylpyrrol-2,4-dicarbonsatre-Einheit stehen.
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Die zentrale Pyrroleinheit muss also durch einen anderen Biosyntheseweg gebildet

sein.

Sowohl in Clorobiocin als auch in Coumermycin A; sind die 5-Methylpyrrol-2-
carbonsaure-Einheiten an der 3"'-OH Gruppe des Desoxyzuckers durch eine
Esterbindung verknlpft. Durch Sequenzvergleich in Datenbanken konnte festgestellt
werden, dass cloN2/couN2 die moglichen Acyltransferasen codieren. Die Vermutung
wurde durch die Inaktivierung des Gens cloN2 im Clorobiocin-Produzenten
Streptomyces roseochromogenes var. oscitans DS 12.976 experimentell bestatigt.
Die inaktivierung von cloN2 erfolgte durch eine ,in-frame“ Deletion. Die
Sekundarstoffproduktion vom Wildtyp und von der cloN2-Defektmutante wurde
analysiert. Wahrend der Wildtyp Clorobiocin als das Hauptprodukt zeigte,
akkumulierte die cloN2-Defektmutante ein neues Aminocoumarin-Derivat, namlich
Novclobiocin 104, wobei die Pyrrol-Einheit an der 3"-OH des Desoxyzuckers fehlt.
Nach Uberexpression des Gens cloN2 in der cloN2-Defektmutante konnte
Clorobiocin wieder hergestellt werden. Darlber hinaus war Pyrrol-2-carbonsaure im
Kulturextrakt der cloN2-Defektmutante detektierbar. Der Nachweis der zwei
Bestandteile von Clorobiocin, i.e. Novclobiocin 104 und Pyrrol-2-carbonsaure, im
Kulturextrakt der cloN2-Defektmutante bewies, dass Gen cloN2 fiir die Ubertragung
der Pyrroleinheit an den Desoxyzucker verantwortlich ist. Weiterhin wiesen die
Ergebnisse darauf hin, dass die C5-Methylierung der Pyrroleinheit erst nach der

Ubertragung stattfindet.

novN aus dem Novobiocin-Biosynthesegencluster von Streptomyces spheroides
NCIMB 11891 zeigt Sequenzahnlichkeiten mit Carbamoyltransferase-Genen.
Heterologe Expression von NovN in der couN3-Defektmutante flhrte zur Produktion
von einem neuen Coumermycin-Derivat, und zwar Dicarbamoylcoumermycin D, bei
dem die 5-Methylpyrrol-2-carbonsaurereste von Coumermycin As durch
Carbamoylgruppen ersetzt sind. Das Ergebnis bewies gleichzeitig, dass NovN fur die

Carbamoylierung der 3"'-Hydroxylgruppe des Desoxyzuckers verantwortlich ist.

Funf weitere carbamoylierte Aminocoumarin-Derivate wurden durch Mutation und
anschlielfende chemoenzymatische Synthese hergestellt. Daflir wurde NovN als
6xHistidin-Fusionsprotein in S. lividans T7 Uberexprimiert. Nach der Reinigung wurde

das Protein charakterisiert. Finf Aminocoumarin-Derivate mit freier 3"-OH Gruppe
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wurden aus verschiedenen Mutanten von S. roseochromogenes gewonnen und fur
die Carbamoylierung verwendet. Dadurch entstanden finf neue carbamoylierte
Aminocoumarin-Derivate, deren Strukturen mit Hilfe von MS und NMR aufgeklart
wurden. Die Untersuchung der biologischen Aktivitdt von naturlichen
Aminocoumarinen und deren Derivaten ermoglichte es, weitere Struktur-Aktivitats-
Beziehungen aufzuklaren. Es wurde gezeigt, dass die Acylkomponenten an 3"'-OH
bzw. die Methylgruppe an 4 "-OH vom Desoxysugar von grof3er Bedeutung fur die
biologische Aktivitat sind. Die Entfernung von einem der beiden Elemente fuhrt zum

nahezu vollstandigen Verlust der Aktivitat.
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Introduction

1 Antibiotics in the past and nowadays

Since the introduction in the 1940s, antibiotics have been widely used in human and
veterinary medicine. 1940-1960 was the so-called ‘golden era’ of antibiotic discovery
from natural products, and new classes of antimicrobial agents, such as
chloramphenicol, tetracycline, erythromycin, among many others, rapidly entered the
market (Walsh 2003). Many of the antibiotics in the marketplace today are semi-
synthetic variants of natural antibiotic compounds. On the other hand, antibiotics with
fundamentally new structures were obtained by chemical synthesis. Drugs arising
from such approaches include the therapeutically successful sulphonamides and

quinolones.

The chemical structures of antibiotics are extremely varied, including B-lactams,
aminoglycosides, glycopeptides, macrolides, quinolones, aminocoumarins and so on.
Correspondingly, their antibacterial mechanisms also vary greatly. For example, the
B-lactams such as penicillin or cephalosporins inhibit the cell-wall biosynthesis. The
bacterial targets of quinolones and aminocoumarin antibiotics are DNA gyrase A und
B subunit, respectively. Aminoglycosides, macrolides, chloramphenicol and

tetracyclines are inhibitors of protein synthesis (Coates et al., 2002).

Antibiotic natural products are secondary metabolites of bacteria, fungi or plants. The
bacterial genus Streptomyces has, over the last sixty years, been the richest source

of antibiotics. More than half of the world's antibiotics are isolated from Streptomyces.

Over 8000 antibiotics are known to science, but there is still a constant need for new
antibacterial agents owing to the global emergence of resistance to antibiotics (Walsh
2003). Classic methods as well as novel ones are employed to develop new
antibiotics. Recent interest in the screening approach has been rekindled to discover
naturally antimicrobial peptides such as cathelicidins (Nizet et al., 2001) and piscidins
(Noga & Silphaduang 2003). Potentially, new antimicrobial agents could also result
from combinatorial chemistry (Bax et al., 2000). Through structural changes, whole
families of drugs have been made that are based on, for example, penicillin or

quinolone. Another variant of the combinatorial approach is combinatorial
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biosynthesis to make hybrid antimicrobial agents (Hopwood et al., 1985; Omura et al.,
1986). This method is based on the principles of heterologous gene expression,
molecular biology and the promiscuous nature of enzymes that are involved in the
biosynthesis of antibiotics. It has been successfully used to generate novel polyketide
and peptides by re-programming the polyketide and non-ribosomal peptide pathway
through swapping protein domains, modules and subunits between sets of polyketide
synthesis and non-ribosomal peptides synthetase ‘assemble lines’ (McDaniel et al.,
1999; Mootz et al., 2000; Walsh 2003). Numerous novel glycosylated compounds
have been produced using sugar-flexible glycosyltransferases (Hoffmeister et al.,
2002; Losey et al., 2002). Two further methods are the development of novel
antibiotics that aim at new bacterial targets. Since many bacterial genomes have
been sequenced in recent years, it could be possible to seek potential bacterial
targets that are not hit by existing antimicrobials. New antibiotics, which inhibit the
target enzymes, may avoid encountering the previously generated resistance (Allsop
1998; Black & Hare 2000; Coates et al., 2002). At present, however, there are no
products yet derived from this technology. Finally, it is attempted to find new potential
antibiotics that target non-multiplying bacteria and kill them with one-dose therapy.
This will avoid the emergence of antibiotic resistance caused by extended treatment

and prolong the effectiveness of new antimicrobial agents (Coates et al., 2002).

2 Aminocoumarin antibiotics—novobiocin, clorobiocin and

coumermycin A4

The three “classical” aminocoumarin antibiotics novobiocin, clorobiocin and
coumermycin A4 (for structures see Fig. 1A) are produced by different Streptomyces
strains. Novobiocin was first reported in the middle of 1950s (Hoeksema et al., 1955;
Smith et al., 1956), while coumermycin and clorobiocin were found between the
1960s and the 1970s. In the literature, two producers of novobiocin are described, i.e.
Streptomyces spheroids NCIMB 11891 and Streptomyces niveus (Smith et al., 1956;
Wallick et al., 1955). However, Southern blot analysis has shown that these two
strains may actually be independent isolates of the same strain. Recently, a
novobiocin-producing Streptomyces strain was isolated from the stem of the plant
Aucuba japonica (Sasaki et al., 2001). Clorobiocin is produced by Streptomyces
hygroscopicus, S. albocinerscens and S. roseochromogenes var. oscitans (Dolak

1973; Ninet et al.,, 1972). Coumermycin A, is obtained from several Streptomyces
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strains, i.e. S. rishiriensis, S. hazeliensis var. hazeliensis, S. spinichromogenes and S.
spinicoumarensis (Berger et al., 1965; Umezawa et al., 1971; Whitaker 1968). So far,
two further aminocoumarin antibiotics, simocyclinones (Schimana et al., 2000) and

rubradirin (Sohng et al., 1997), have been discovered in nature.

2.1 Structural analysis

All three antibiotics contain 3-amino-4,7-dihydroxy coumarin core. The
aminocoumarin ring links to an acyl component via an amide bond at position 37, to a
deoxysugar via a glycosidic bond at position 7°. The 3""-OH group of the deoxysugar
is acylated, in novobiocin with a carbamoyl group, in the other two with a 5-
mehtylpyrrole-2-carboxylic acid. Clorobiocin, as indicated by its name, carries a
chlorine atom at position 8  of aminocoumarin ring, whereas novobiocin and
coumermycin A; show a methyl group at the corresponding positions. At the amino
group of aminocoumarin ring, novobiocin und clorobiocin carry the same acyl
substituent, 3-dimethylallyl-4-hydroxybenzoyl moiety (also referred as Ring A). In
contrast, the acyl component in coumermycin A; is a 3-methylpyrrole-2,4-dicarboxylic
acid. To both carboxyl groups, the same aminocoumarin-deoxysugar moiety is

attached, making the molecule nearly, but not completely symmetrical in structure.
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Fig. 1  Structures (A) and biosynthetic gene clusters (B) of novobiocin, clorobiocin and

coumermycin A4, respectively
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2.2 Mechanism of action and clinical application

Novobiocin, clorobiocin and coumermycin A are potent inhibitors of bacterial gyrase.
DNA gyrase is a type Il topoisomerase that is found in prokaryotes, but not in
eukaryotes. The active gyrase molecule is an AzB, tetramer. It is involved in
maintaining the negative superhelicity of the chromosome in replication and
transcription (Gross et al., 2003). All three classical aminocoumarins compete with
ATP for binding to the B subunit of bacterial gyrase and inhibit the ATP-dependent
DNA supercoiling catalysed by this enzyme (Lewis et al., 1996; Tsai et al., 1997). X-
ray crystallographic analysis showed that the aminocoumarin ring and the substituted
deoxysugar moiety of these compounds are essential for their binding to GyrB (Celia
et al., 1994; Lewis et al., 1996; Tsai et al., 1997; Wigley et al., 1991). Coumermycin
A1 molecule contains two of these active aminocoumarin-deoxysugar moieties and
therefore may crosslink the two gyrase B subunits of the gyrase heterotetramer (Ali et
al., 1993; Gormley et al., 1996; Maxwell 1997). In addition, the acyl components at
the 3" position of the deoxysugar of these antibiotics are important for the hydrogen
bonding network between the antibiotic and the GyrB subunit (Lewis et al., 1996;
Tsai et al., 1997). In the interaction of gyrase and novobiocin, an aspartate residue
forms a hydrogen bond directly with the carbamoyl moiety, and two further hydrogen
bonds are formed via ordered water molecules (Fig.2) (Lewis et al., 1996). When
clorobiocin binds to gyrase, these two water molecules are displaced by the more
voluminous pyrrole moieties present in this compound (Fig. 2) (Tsai et al., 1997), and
the same is expected for the binding of coumermycin A4. Also the chlorine atom at
position 8  of the coumarin core of clorobiocin contributes to the higher biological
activity of this compound in comparison to novobiocin, as clorobiocin with 8 -chlorine
at the aminocoumarin ring show at least a 2-fold higher inhibitory activity than 8°-
methylated derivative (Eustaquio et al., 2003a). Ring A of novobiocin and clorobiocin
was supposed to facilitate the absorption of these antibiotics but have little effect on
the interaction between gyrase and the compounds (Lewis et al., 1996), which,
however, has been disproved with recent studies (Galm et al., 2004b; Lafitte et al.,
2002).
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Fig. 2 Interaction between GyrB and novobiocin (left) as well as between GyrB and clorobiocin

(right), adapted from Maxwell & Lawson, 2003

Aminocoumarin antibiotics are very potent against Gram-positive bacteria, including
methicillin- and vancomycin-resistant Staphylococcus strains. Additionally, the
aminocoumarins show synergistic effect with anticancer compounds such as
etoposide and teniposid. Novobiocin (Albamycin®, Pharmacia & Upjohn) was
licensed in the USA as an antibiotic for the treatment of infections with multiresistant
Gram-positive bacteria. Its antibacterial activity has been demonstrated in preclinical
and clinical studies (Raad et al., 1995; Raad et al., 1998). Unfortunately, it was called
back from the market because of eukaryotic toxicity. Clorobiocin and coumermycin

have not been used clinically.
2.3 Feeding experiments and identification of biosynthetic gene cluster

Heide and Li have reviewed the biosynthesis of aminocoumarin antibiotics (Heide &
Li 2002). The biosynthese of novobiocin was firstly studied by feeding experiments in
the 1960s and 1970s. The deoxysugar is derived from intact glucose (Birch et al.,
1962; Li et al., 1998). Tyrosine is the precursor of both the aminocoumarin ring and
Ring A (Bunton et al., 1963). The amino group in position 3" of the coumarin ring is

derived from the nitrogen of tyrosine (Calvert et al., 1972). Feeding of [carboxyl-"20]
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labelled tyrosine resulted in the incorporation of O into the ring oxygen of the
aminocoumarin ring. However, it has been proven recently by Holzenkampfer and
Zeeck (2002) that the ring oxygen of aminocoumarin of simocyclinone is derived from
molecular oxygen, not from the carboxyl group of tyrosine. Feeding of [**C] labelled
L-proline to a coumermycin producer led to the incorporation of radioactivity into the
pyrrole groups of coumermycin A4 (Scannell & Kong 1969). But the degradation
method used in this experiment did not allow to distinguishing between the central

and the two terminal pyrrole moieties of this compound.

The earlier molecular biological studies were restricted to the investigation of the
novobiocin resistance gene, especially GyrB" (Thiara & Cundliffe 1988; Thiara &
Cundliffe 1993), and the production of novobiocin-deficient mutants (Hoggarth et al.,
1995). Only in 2000, the complete biosynthetic gene cluster for novobiocin from
Streptomyces spheroides NCIMB 11981 was cloned and sequenced using dNTP-
glucose-4,6-dehydratase gene fragments as probes by our group (Steffensky et al.,
2000b). Subsequently, the biosynthetic gene cluster for coumermycin A; from
Streptomyces rishiriensis DSM 40489 (Wang et al., 2000) and for clorobiocin from
Streptomyces roseochromogenes var. oscitans DS 12.976 (Pojer et al., 2002) were
also identified. A comparison of these gene clusters showed that the structural
differences and similarities between the three antibiotics are reflected perfectly by the
differences and similarities in the organization of the corresponding biosynthetic gene
clusters (Fig. 1B) (Pojer et al., 2002).

At the 3" end of the cluster, five ORFs with high homology to known genes of
deoxysugar biosynthesis are found in all three gene clusters, i.e. novSTUVW,
cloSTUVW, couSTUVW, respectively.

Resistance gene (gyrB') is located downstream of the deoxysugar biosynthesis
genes. An additional gene parY' is discovered immediately downstream of gyrB' in
clorobiocin and coumermycin gene clusters, which is identified as another resistance
gene by heterologous expression in Streptomyces lividans TK24 (Schmutz et al.,
2003a). couR5 in the gene cluster for coumermycin A4, encodes a transporter and its
expression in S. lividans TK24 resulted in resistance against novobiocin and

coumermycin A (Schmutz et al., 2003a).
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The genes for the biosynthesis of the characteristic aminocoumarin ring must be
present in all three clusters, and a comparison reveals that novHIJK in the novobiocin
cluster, cloHIJK in the clorobiocin cluster and couHIJK in the coumermycin cluster
show very high homology with each other. It appears that the products of these
genes are involved in the formation of the aminocoumarin ring from tyrosine. NovH
activates tyrosine and P450 enzyme Novl catalyses the B-hydroxylation of the
activated tyrosine (Chen & Walsh 2001). It was proposed that the activated [3-
hydroxytyrosine may be further oxidised by Novd together with NovK (Chen & Walsh

2001), however, no evidences were provided.

The biosynthesis of Ring A was elucidated by biochemical studies very recently. The
precursor of Ring A is 4-hydroxyphenylpyruvate, but not B-tyrosine, as reported by
Bunton et al. (1963). CloQ is a prenyltransferase, which prenylates 4-
hydroxyphenylpyruvate (Pojer et al., 2003b). CloR, a bifunctional non-heme iron
oxygenase, catalyses the conversion of 3-dimethylallyl-4-hydroxyphenylpyruvate to
Ring A in two oxidative decarboxylation steps, via 3-dimethylallyl-4-hydroxymandelic
acid as intermediate (Pojer et al., 2003a). The same functions may be postulated for

the corresponding genes of the novobiocin gene cluster, i.e. novQR.

The novobiocin gene cluster contains a gene (novN) with homology to
carbamoyltransferase, whereas at the same relative position of the clorobiocin and
coumermycin cluster, a contiguous group of seven genes (cloN1-N7, couN1-N7,
respectively) are found. cloN3/couN3, cloN4/couN4 and cloNS/couN5 show
sequence similarity to pltE, pltF and plfL of the pyoluteorin gene cluster, and to redW,
redM and redO of the undecylprodiginine gene cluster, respectively. The plt and red
genes have been shown to be involved in the biosynthesis of pyrrole moiety in the
respective antibiotics (Nowak-Thompson et al, 1999; Thomas et al., 2002).
Analogously, cloN1-N7, couN1-N7 might be responsible for the synthesis and

attachment of pyrrole moiety in clorobiocin and coumermycin A+, respectively.

novOP and couOP were identified as methyltransferases by gene inactivation (Li et
al., 2002). novO and couO code for a C-methyltransferase, catalysing the
methylation of position 8" of the aminocoumarin ring. In contrast, novP and couP are
O-methyltransferase genes, catalysing the methylation of the 4 "-OH group of the

deoxysugar. Gene cloP, homologous to novP and couP, is found in the clorobiocin
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gene cluster, however, no gene homologous to novO and couO exists in the
clorobiocin cluster. Instead, a halogenase gene clo-hal is located in the same relative

position as novO and couO.

novM and its homologs cloM, couM catalyse the formation of the glycosidic bond
between the deoxysugar and the aminocoumarin ring. Recently, NovM was
expressed in E. coli as 6xHis-tagged protein and the aglycone novobiocic acid and

TDP-L-noviose were shown to be the preferred substrates (Freel Meyers et al., 2003).

NovL and CloL are responsible for the amide bond formation between the
aminocoumarin ring and Ring A (Galm et al., 2004a; Steffensky et al., 2000a). coulL
encodes an unusual amide synthestase, which catalyses the formation of both amide
bonds of coumermycin A4, i.e. between the central pyrrole moiety and the two

aminocoumarins (Schmutz et al., 2003b).

couR1-R4 are only found in coumermycin gene cluster, but no homologues have
been found in the novobiocin gene cluster and clorobiocin gene cluster. It is
speculated they are involved in the biosynthesis of the central pyrrole unit of

coumermycin As (Wang et al., 2000).

Besides the genes above, the gene clusters still contain regulatory genes,
novEG/cloEG/couEG (Eustaquio et al., 2003b) and some other genes like cloZ, cloY,

couY and couRG6, of which the functions are still unknown.

2.4 Generation of new aminocoumarin antibiotics

Aminocoumarin antibiotics have not been highly successful as pharmaceuticals for
various reasons, e.g. poor solubility in water, poor oral absorption, low activity against
Gram-negative bacteria and eukaryotic toxicity as mentioned above. Therefore, it is
of great interest to test whether new, structurally modified aminocoumarin antibiotics
may be overcome the limitations of existing compounds. Furthermore, the dramatic
increase in the number of antibiotic-resistant pathogenic bacteria in the past decade
makes the aminocoumarin antibiotics with their high antibacterial activity attractive
compounds for drug discovery. Knowledge of the sequences and the genes involved

in the biosynthesis of aminocoumarin antibiotics permits the development of modified
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or even novel, potent aminocoumarin antibiotics by gene engineering and

combinatorial biosynthesis.

The final steps of the biosynthesis of novobiocin, clorobiocin and coumermycin A
include a number of tailoring reactions, such as methylation, chlorization,
carbamoylation, acylation and so forth. The structural modifications are likely to be
significiant for antimicrobial activity. For examples, removing the chlorine atom from
C-8" of the aminocoumarin ring in aminocoumarin derivatives reduced the activity by
the factor ~2-4, whereas removing the methoxyl group at 4 "-OH of deoxysugar
resulted in the complete loss of activity (Galm et al., 2004b). Therefore, it is of
interest to investigate the tailoring enzymes involved in the biosynthesis of
aminocoumarin antibiotics, which may provide a convenient and effective way to

generate new potential, structurally modified aminocoumarin antibiotics.

3 Aims of this thesis

This thesis focused on the acyl moieties attached to the 3"'-OH of the deoxysugar of
aminocoumarin antibiotics, i.e. a carbamoyl group in case of novobiocin and a 5-
methylpyrrole-2-carboxyl moiety in case of clorobiocin and coumermycin A4, which
are shown to be important for the binding of the antibiotics to the GyrB subunit. The
first aim of this thesis is to elucidate on the genetic level the biosynthesis and the

attachment of acyl components of the deoxysugar in aminocoumarins, i.e.:

e Biosynthesis of 5-methylpyrrole-2-carboxylic acid moiety of clorobiocin
and coumermycin Aq

e Attachment of 5-methylpyrrole-2-carboxylic acid moiety to the
deoxysugar in clorobiocin and coumermycin A4

e Attachment of the carbamoyl group to the deoxysugar in novobiocin

Secondly, the aim of this thesis is to generate new, carbamoylated aminocoumarin

antibiotics using genetical and biochemical methods.

For these purposes, the following experiments have to be carried out,

(1) Creation of two S. rishiriensis mutants (couN3’, couN4’), analysis of the
secondary metabolites by HPLC and LC/MS;
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(2) Creation of two S. roseochromogenes mutants (cloN2", cloN2'/clo-hal’), analysis
of the secondary metabolites by HPLC, preparative isolation of new products,
structural elucidation by MS and NMR,;

(3) Overexpression of NovN in the couN3™ mutant and in the cloN2™ mutant, analysis
of the secondary metabolites by HPLC and LC/MS;

(4) Expression and purification of NovN, characterization, enzyme assay, analysis of
the enzymatic reaction products by HPLC, isolation of the new products and
structural elucidation by MS and NMR,;

(5) Testing of biological activity of new compounds by supercoiling assay and
bioassay.
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Materials and methods

1. Chemicals

Chemicals and components of the media used in this thesis are listed in Table 1.

Descarbamoyl novobiocin was kindly provided by Pharmacia & Upjohn, Inc.

(Kalamazoo, MI, USA). Novclobiocin 283 was obtained by feeding experiment with 3-

Br-4-OH-benzoic acid as described elsewhere (Galm et al., 2004a).

Table 1 Chemicals and media components

Chemical/Media component

Supplier

Clorobiocin

Aventis, Bad Soden, Germany

Agar
Casaminoacids
Corn starch (soluble)
Malt extract

Nutrient agar
Peptone

Tryptic soy broth
Tryptone

Yeast extract

Becton-Difco, Heidelberg, Germany

Thiostrepton Calbiochem-Novabiochem, Bad Soden,
Germany

Apramycin Fluka, Ulm, Germany

Novobiocin

L-Proline Lancaster, Muhlheim a. M., Germany

Pyrrole-2-carboxylic acid

Agarose

USB, Cleveland, OH, USA

Bovine serum albumine (BSA)
Chloramphenicol
EDTA

Ethanol

Glucose

Meat extract
B-Mercaptoethanol
Methanol

Phosphorus pentoxide
Uvasol® DMSO-d6
Uvasol® methanol-d4

Merck, Darmstadt, Germany

Acetonitrile

Roth, Karlsruhe, Germany




Materials and methods 12

Ammonium persulphate
5-Bromo-4-chlor-3-indolyl-3-D-
galactopyranoside (X-Gal)
Carbenicillin

1,4-Dithiothreitol (DTT)

Glacial acetic acid

Glycine

Isopropanol
Isopropyl-B-thiogalactoside (IPTG)
Maleic acid
Phenol/Chloroform/Isoamylalkohol(25:24:1)
Polyethyleneglycol (PEG) 1000 (50%)
Rotiphorese®Gel 30 (30% acrylamid, 0.8%
bisacrylamide)

Sodium dodecyl sulphate (SDS)
N,N,N",N’-Tetramethylethylenediamine
(TEMED)
Tris-(hydroxymethyl)-aminomethane-
maleate (Tris-maleate)
N-Tris-(Hydroxymethyl)-methyl-2-
aminoethane sulfonic acid (TES)

Coomassie Brilliant Blue R250
N-Lauroylsarcosine (Na-Salt, 35%)

Serva, Heidelberg, Germany

Adenosine 5’-triphosphate dipotassium salt
(ATP)

Bromophenol blue

Carbamoyl phosphate dilithium salt (CAP-
Li)

Coumermycin A1

Dimethyl formamide (DMF)

Dimethyl sulfoxide (DMSOQO)

Distillers grains and solubles
Ethyleneglycol

Imidazol

Kanamycin

Lard oil

Lithium potassium acetyl phosphate
Novobiocin
t-Octylphenoxypolyethoxyethanol (Triton X-
100)

Phenylmethylsulfonyl fluoride (PMSF)
Polyoxyethlenesorbitan monolaurate
(Tween 20)

Tetracycline

Tris base

Sigma-Aldrich, Deisenhofen, Germany

Sucrose

Sudzucker, Mannheim, Germany
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2. Materials for Chromatography

The liquid chromatography media were obtained as dry beads, suspensions or

commercial columns. The storage of the media or columns was carried out according

to the manufacturers” instructions.

Table 2 Liquid chromatography media

Medium

Supplier

Sephadex®LH-20 (dry beads)

Sephadex® G-25 NAP-10 (commercial column)
HiLoad 26/60 Superdex® 200 (commercial
column, 13 pm, 26x600 mm)

Amersham Biosciences, Freiburg,
Germany

Multosphere® RP 18-5 (commercial colum, 5
Mm, 250%4 mm)

Multosphere® 100 RP 18-5 (commercial colum,
5 um, 250%x20 mm)

C+S Chromatographie Service,
Duren, Germany

Nucleosil® RP 120-5 (commercial column, 5
pum, 2502 mm)

Macherey-Nagel, Duren,
Germany

Ni-NTA Agarose (Suspension)

Qiagen, Hilden, Germany

3. Enzymes and kits

Table 3 Enzymes and kits

Enzymes and kits

Supplier

Low Molecular Weight Calibration Kit for
SDS-Electrophoresis

Amersham Biosciences, Freiburg,

Low Molecular Weight Gel Filtration Germany

Calibration Kit

Restriction endonucleases

T4 DNA Ligase

Lysozyme (76000 U/mgq) Fluka, Ulm, Germany

1kb DNA Marker GibcoBRL Life Technologies,
Karlsruhe, Germany

DNA Gyrase Assay Kit John Innes Enterprises Ltd., Norwich,
UK

Nucleobond® Kit Ax100 Macherey-Nagel, Duren, Germany

NucleoSpin® Extract 2 in 1
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Restriction endonucleases

New England Biolabs, Schwalbach,
Germany

Tag DNA polymerase
Pfu DNA polymerase

Promega, Madison, WI, USA

RNase A

Qiagen, Hilden, Germany

DIG-High Prime DNA Labelling and
Detection Starter Kit Il

DNA Molecular Weight Marker VII, DIG-
Labelled Expand High Fidelity PCR System
GC-Rich PCR System Kit

Roche, Mannheim, Germany

Restriction endonucleases

Strategene, Taufkirchen, Germany

4. Media, buffers and solutions

4.1. Media for bacterial culture

The media used in this thesis were as follows. Unless otherwise stated, the media

were prepared with distilled water and autoclaved for 20 min at 121°C (15 psi). To

obtain agar media, 1.5-2.5% (w/v) agar was added before autoclave. If necessary,

sterile supplementary components like antibiotics and other heat-labile substances

were added in the sterile media at time of use. The media were stored at RT or at

4°C for long periods.

4.1.1. Cultivation of E. coli

Luria-Bertani Medium (LB medium) (Sambrook & Russell 2001)

Per liter NaCl
Tryptone
Yeast extract

10.0g
10049
50¢9

Dissolve the ingredients in about 900 ml water, adjust the pH to 7.0, and

adjust the volume to 1 liter with water. Sterilize by autoclaving.

4.1.2. Cultivation of Streptomyces

Yeast-Malt-Glucose Medium (YMG medium)

Per liter Yeast extract
Malt extract
Glucose

4049
10.0 g
4049

Dissolve the ingredients in about 900 ml water, adjust the pH to 7.3, and

add water to make up to 1 liter. Sterilize by autoclaving.
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HA Medium
To 1 liter sterile YMG-Medium, add 1ml sterile CaCly-:2H,0 (1M).

4.1.3. Production medium for S. rishiriensis

SK Medium (Scannell & Kong 1969)

Per liter Corn starch 200g
Lard oll 20.0g
Yeast extract 409
K2HPO4'3H20 25 g
CoCl,-6H,0 202 ug

Dissolve the ingredients in about 900 ml water, add 20 g Cotton seed flour

and mix up, adjust the volume to 1 liter with water. Autoclave.
4.1.4. Production media for S. roseochromogenes

Corn starch medium (pre-culture medium) (Mancy et al., 1974)

Per liter Corn starch 10.0g
Peptone 10.0g
Meat extract 50¢g

Dissolve in about 900 ml water, adjust the pH to 7.0, and add water to

make up to 1 liter. Sterilize by autoclaving.

Distillers solubles medium (production medium) (Mancy et al., 1974)

Solution A Distillers solubles 48.0¢g
Glucose 12.0g
Cobalt chloride 24 mg

Dissolve in water, adjust the pH to 7.8, add 6.0 g calcium corbonate and

then add water to make up to 887 ml.

Solution B Ammonium sulphate 3209
Dissolve in 200 ml water and autoclave.

Solution C  Glucose 75.0¢g

Dissolve in 300 ml water and autoclave.

After autoclave, add 13 ml solution B and 100 ml solution C to solution A.

4.1.5. Sporulation medium for S. roseochromogenes

Grundy starch medium

Per liter Soluble starch 50¢9
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(NH4)2HPO4 1.0 g
KCl 029
Mg,Cl-6H,0 029

Dissolve in about 900 ml water, adjust the pH to 7.3 and add
Agar 15.049g

Adjust the volume with water to 1 liter and sterilize for 25 min at 121°C. For
sporulation of S. roseochromogenes, mix 2-3 ml 2-day-old culture with 1 g
sterile powdered soil and plate the mixture on two grundy starch medium
plates.

4.1.6. Protein expression in S. lividans

Yeast extract-malt extract medium (YEME medium)

Per liter Yeast extract 309
Peptone 509
Malt extract 309
Glucose 10.0¢g
Sucrose 340.0g

Dissolve in water to a final volume of 1 liter and autoclave. After that, add 2
ml Mg.CI-6H,0 (2.5 M).

4.1.7. Protoplast transformation of Streptomyces

CRM medium

Per liter Sucrose 103.0 g
Tryptic soy broth 20.0g
MgCl,-6H,0 1012 g
Yeast extract 10.0g

Dissolve in about 900 ml water, adjust the pH to 7.0 and adjust the volume
to 1 liter. Sterilize by autoclaving. To 100 ml sterile medium, add 1 ml
CaCly (1M). If the culture was used to prepare protoplasts, 0.4-0.75%
glycine should be added to the medium before autoclave (0.4% for S.

rishiriensis and 0.75% for S. roseochromogenes, respectively).

Trace elements solution

Per liter ZnCl, 40 mg
FeCl;-6H,0 200 mg
CuClz-2H,0 10 mg
MnCl,-4H,0 10 mg

NazB405'10H20 10 mg
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(NH4)6MO7024'4H20 10 mg
Dissolve in 1 liter distilled water and autoclave.

R2YE Medium (Kieser et al., 2000)

Per liter Sucrose 103.0g
K2804 0.25 g
MgCl,-6H,0 10.12 g
Glucose 10.0g
Casaminoacids 01g
Trace elements-solution 2.0ml
Yeast extract 50¢9
TES 5.73 g
Agar (plates) 23.0¢

Dissolve in water to a final volume of 1 liter and sterilize by autoclaving. To

prepare the soft agar, 6 g Agar, instead of 23 g, were added.

After autoclave, add:

KH2POy4 (0.5%) 10 ml
CaCly-2H,0 (5 M) 4 mi
L-Proline (20% (w/v)) 15 ml
NaOH (1M) 7 ml

R3 soft agar

Per liter Sucrose 17109
Glucose 10049
Peptone 40¢
KCI 0549
CaCI2-2H20 2.2 g
MgCl,-6H,0O 8.1g
Agar 80g

Dissolve in water to a final volume of 1 liter and autoclave. After that, add:
KH2POy4 (0.5%) 40 ml
TES (0.25 M, pH 7.2) 100 ml

Soft nutrient agar (Kieser et al., 2000)

Per liter nutrient Broth 8¢9
Agar 59

Dissolve in water to a final volume of 1 liter and autoclave.

4.2. Solutions of antibiotics

Antibiotics were dissolved in appropriate solvents as stock solutions and kept at -

20°C. The aqueous solutions were sterilized by passing through a 0.22 ym filter. The
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solutions in ethanol and DMSO were autosterile. For antibiotic selection, the required

antibiotics were added to the cooled media (45-50°C) in appropriate concentration.

Table 4 Solutions of antibiotics

L Concentration in
Antibiotic - - Solvent
stock solution (mg/ml) | media (ng/ml)

Apramycin 50 50 H,0
Carbenicillin 50 50 H,0O
Chloramphenicol 25 12.5 ethanol
Kanamycin 50 10-25 H,0
Tetracycline 25 12.5 ethanol
Thiostrepton 50 20-50 DMSO

4.3. Buffers and solutions

Unless otherwise stated, the buffers were prepared with distilled water and stored at

room temperature (RT).

4.3.1. Buffers for isolation of DNA

Table 5 Buffers for isolation of plasmids from E.coli

Buffer Components | Final concentration

Solution A1 | Tris-HCI 50 mM Adjust the pH to 8.0 and
EDTA 10 mM autoclave. Store at 4°C. Add
RNase A 100 pg/mi RNase A just before use.

Solution A2 | NaOH 0.2N
SDS 1% (w/v)

Solution A3 | KAc-3H,0 3M Adjust the pH to 4.8 and

autoclave. Store at 4°C.

Table 6 Buffers for isolation of plasmids from Streptomyces

Buffer Components

Solution B1 | Glucose 50 mM Adjust the pH to 8.0 and
Tris-HCI 25 mM autoclave. Store at 4°C. Add
EDTA 10 mM RNase A and lysozyme prior to
RNase A 100 pg/mi use.
Lysozyme 4-8 mg/ml

Solution B2 | a. NaOH 0.4 N Mix a and b at the rate of 1:1
b. SDS 2% (w/v) just before use.

Solution B3 | KAc-3H,0 5M Adjust the pH to 4.8 and

autoclave. Store at 4°C.
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Table 7 Buffers for isolation of genomic DNA from Streptomyces

Buffer Components | Final concntration
TSE buffer | Sucrose 10.3% Adjust the pH to 8.0 and
Tris-HCI 25 mM autoclave. Add RNase A and
EDTA 25 mM lysozyme just before use.
RNase A 100 pg/mi Store at 4°C.
Lysozyme 3 mg/mi
TE buffer Tris-HCI 10 mM Adjust the pH to 7.5 and
EDTA 1 mM autoclave.
4.3.2. Buffers for DNA gel electrophoresis
Table 8 Buffers for DNA gel electrophoresis
Buffer/solution Components Final .
concentration
50xTAE Tris base 2M Adjust the pH to 8.0
EDTA (0.5 M, pH 8.0) 0.05M with  glacial acetic
Glacial acetic acid 57.1 ml/l acid.
Load buffer Glycerol 30% (w/v) Store by 4°C

Bromophenol blue

0.25% (W/V)

Ethidium bromide
solution for staining
the agarose gel

Ethidium bromide

1 pug/mi

4.3.3. Buffers and solutions for Southern blot analysis

Table 9 Buffers and solutions for Southern blot analysis

Buffer/solution Components
Denaturing solution | NaOH 0.5M
NaCl 1.5 M
Neutralizing Tris-HCI 0.5M Adjust the pH to 7.5
solution NaCl 3M with HCI.
20xSSC buffer Trisodium citrate 0.3 M Adjust the pH to 7.0
NaCl 3M
Pre-hybridizing Skimmed milk powder 3% Add to 5xSSC buffer
solution SDS (10% in H,O) 0.02% before use.
N-Lauroylsarkosin (35% 0.1%
(w/v) in H20)
Hybridizing solution | Skimmed milk powder 1.5% Add to 5xSSC buffer
SDS (10% (w/v) in H20) 0.02% before use.
N-Lauroylsarkosine 0.1%
(35% (w/v) in H,0)
2xWash buffer SDS (10% (w/v) in H20) 0.1% Add to 2xSSC buffer
before use.
0.5xWash buffer SDS (10% (w/v) in H20) 0.1% Add to 0.5xSSC buffer
before use.
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Maleic acid buffer | Maleic acid 01 M Adjust the pH to 7.5
NaCl 0.15M
Tween wash buffer | Tween 20 0.3% Add to the maleic acid
buffer before use.
Blocking solution Skimmed milk powder 3% Add to the maleic acid
buffer just before use
Detection buffer Tris-HCI 01 M Adjust the pH to 9.5
NaCl 0.1 M
Antibody solution Blocking solution 20 ml Mix just before use.
Maleic acid buffer 20 ml
Anti-DIG-AP-conjugate 4 ul
Stripping  solution | NaOH 0.2M
for blot SDS (2% (w/v) in H,O) 0.1%

4.3.4. Solutions for blue/white selection of E. coli

The storage was carried out at -20°C.

Table 10 Stock solutions for blue/white selection.

Solution Composition Per plate
IPTG 80 mg/ml in distilled water, sterilize by filtering 12 ul
X-Gal 20 mg/ml in DMF, autosterile 50 pl

4.3.5. Buffers for

Streptomyces

preparation of protoplasts and transformation of

The following sterile solutions were prepared separately. To obtain P-buffer and T-

buffer, they were mixed according to the description and stored at -20°C.

Table 11 Buffers for preparation of protoplasts and transformation of Streptomyces

Buffer Components
P(protoplast)- Sucrose (12% (w/v) in H,0) 85.5 ml
buffer(Kieser et al., MgCl,-6H20 (1M) 1.0 ml
2000) K2SO4 (140 mM) 1.0 ml
Trace elements solution 0.2 ml
KH2PO4 (40 mM) 1.0 ml
CaCly-2H,0 (250 mM) 1.0 ml
TES (0.25M, pH 7.2) 10.0 ml
T(transformation)- Sucrose (25% (w/v) in H20) 1.0 ml
buffer (Kieser et al., | Trace elements solution 0.03 ml
2000) K2SO4 (140 mM) 0.1 ml
KH2PO4 (40 mM) 0.1 ml
MgCl,-6H0 (1M) 0.1 ml
CaCly-2H,0 (5 M) 1.0 ml
Tris-maleate (0.5 M, pH 8.0) 1.0 ml
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For S. rishiriensis, add

PEG 1000 (50% (w/v) in H20);

or for S. roseochromogenes, add

PEG 1000 (67.25 % (w/v) in H,0)

5.0 ml

7.5 ml
adjust the volume with
distilled water to 10 ml.

Denaturing reagent | 25xTE buffer (s. Table 7) 400 pl
EDTA (0.1 M) 100 pl
Glycerol (86-87.7%) 5 mli
Ethyleneglycol 5ml

4.3.6. Buffers for protein purification by nickel affinity chromatography and for

gel filtration

The buffers for protein purification and gel filtration were stored at 4°C.

Table 12 Buffers for protein purification

Buffer Components

Lysis buffer NaH,PO4/Na;HPO4 50 mM (pH 8.0)
NaCl 300 mM
Lysozyme 4-8 mg/ml
Imidazol 10-15 mM
If necessary, add

Triton X-100 (1% (w/v) in H,0) | 0.2%

Wash buffer NaH;PO4/Na;HPO4 50 mM (pH 8.0)
NaCl 300 mM
Imidazol 20-30 mM

Elution buffer NaH;PO4/Na;HPO,4 50 mM (pH 8.0)
NaCl 300 mM
Imidazol 250 mM

Storage buffer Tris-HCI 0.2 M (pH 7.5)
Glycerol (87%) 15%

PMSF stock solution | PMSF 50 mM in isopropanol,

stored at -20°C

Buffer G1 Tris-HCI 50 mM (pH 8.0)
DTT 5 mM
PMSF 50 uM

Buffer G2 Buffer G1
+ NaCl 150 mM

4.3.7. Bradford reagent for protein quantification (Bradford 1976)

70 mg Brilliant Serva Blau G was dissolved in 50 ml ethanol. After addition of 100 ml
H3sPO4 (85% (w/v)), the volume was adjusted with distilled water to 200 ml. This stock
solution was kept at 4°C.
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After diluting the stock solution with 5 volumes of distilled water, the solution was

filtered and ready for use.

4.3.8. Solutions for protein gel electrophoresis (SDS-PAGE) and for Coomassie

staining

All the buffers and solutions were prepared according to the user manual for protein

gel electrophoresis of Bio-Rad (Bio-Rad, Minchen, Germany).

Table 13 Buffers and solutions for SDS-PAGE and Coomassie staining

Buffer/solution

Components

Stacking gel Distilled water 6.1 ml Combine all the
(4%) 0.5 M Tris-HCI (pH 6.8) 2.5 ml components, except
10% (w/v) SDS 0.1 ml APS and TEMED, degas
Rotiphorese®Gel 30 1.3 ml under vacuum for at
10% (w/v) APS 0.05 ml least 15 min. Add APS
TEMED 0.01 ml and TEMED just before
pouring the gel.
Resolving gel Distilled water 4.1 ml (See above)
(10%) 1.5 M Tris-HCI (pH 8.8) 2.5 ml
10% (w/v) SDS 0.1 mi
Rotiphorese®Gel 30 3.3 ml
10% (w/v) APS 0.05 ml
TEMED 0.005 ml
Sample puffer | Distilled water 3.55 ml Add 50l B-
0.5 M Tris-HCI (pH 6.8) 1.25 ml mercaptoethanol to 950
Glycerol 2.5 ml pl sample buffer prior to
SDS (10% (w/v) in H20) 20ml use.
Bromophenol blue (0.5% 0.2 ml
(w/v) in H,0)
10%running Tris base 30.0g Dissolve in  distilled
buffer Glycine 14409 water to a final volume
SDS 10.0 g of 1 liter. Store at 4°C
Fixing buffer Distilled water 70% (w/v)
Acetic acid 10% (w/v)
Methanol 20% (w/v)
Coomassie Coomassie Brilliant Blue | 0.25% (w/v)
Brilliant Blue G- | G-250 45% (wiv)
250 solution Distilled water 10% (w/v)
Acetic acid 45% (w/v)
Methanol
Stripping Distilled water 45% (w/v)
solution for Acetic acid 10% (w/v)
SDS-PAGE Methanol 45% (wlv)

5. Plasmids, bacterial strains and primers
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5.1. Vectors, cosmids and plasmids
Table 14 Vectors, cosmids and plasmids
Name Markers and comments Source or
reference
: y | Cloning vector, Amp', lacZ’(a-
pBluescript SK(-) Komplementation), f1(-)-origin, ColE1-origin Stratagene
pBluescript SK(+) derivative, Streptomyces-
BSKT E.coli shuttle vector, non-replicative in Lombo et al.,
P Streptomyces, Amp', Tsr', lacZ’(a- 1997
Komplementation), ColE1-origin
pcDNA 2.1 Cloning vector, Amp', lacZ’(a-Komplementation) Invitrogen
EM4 Streptomyces expression vector, Quiros et al.,
P LacZo,Amp',Tsr', ermE* up promotor 1998
Linearized vector with T-overhang, for direct
PGEM-T cloning of PCR fragments with A-overhang Promega
pGM9 Streptomyces replicative vector, ble,aphll Mu%ggal "
pKC1132 non-replicative vector in Streptomyces, Apra" Bierrqggze tal,
Expression vector for E. coli, T7 promotor, N-
pRSET B terminal 6xHis-tagged, Amp’, ColE1-origin, pUC- Invitrogen
origin
Streptomyces expression vector, ,
pUWL 201 LacZo,Amp',Tsr', ermE* up promoter, plJ101- Doumith et al.,
.. . 2000
origin, ColE1-origin
: . Wang et al.
pNeo4 aphll neomycin resistance gene
2000
9-6GE9 9.7 kb EcoRI fragment from cosmid 9-6G of S. Steffensky et
P spheroides cosmid library in pBluescript SK(-) al. 2000b
: i Cosmid containing the novobiocin biosynthetic Steffensky et
Cosmid 10-9C gene cluster (sequence AF170880) al. 2000b
. Cosmid containing the cloroibiocin biosynthetic Pojer et al.,
Cosmid K1F2 gene cluster (sequence AF 329398) 2002
14736 bp Bglll fragment (positions 5388 to Wang et al
pZW11 20123 in sequence AF235050), cloned into the g '
: : 2000
same site of pBluescript SK(-)
3103 bp EcoRl fragment (positions 13696 to Wang et al.
pZW33 16798 in sequence AF235050), cloned into the 2000

same site of pBluescript SK(-); the insert
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contains the complete sequence of couN3

pZW334

3419 bp EcoRI-Pstl fragment (positions 13696
to 17594 in sequence AF235050) in pBluescript
SK(-) with the deletion of a 480bp Pstl Fragment
(positions 15449 to 15928) in coding region of
COuN3

Constructed by
Z.-X. Wang

pN3

3.4 kb EcoRV-Xbal fragment from pZW334,
containing the defective couN3 gene, cloned into
the same sites of pKC1132

Constructed by
Z.-X. Wang

pN4

2.65 kb Pstl-fragment containing the couN4
gene inactivated by insertion of gene aphll into
the EcoRl site, cloned in pBluescript SK(-)

Constructed by
Z.-X. Wang

PN21

1.3 kb PCR fragment, containing the left franking
region of c/loN2 from the clorobiocin biosynthetic
gene cluster ( sequence AF 329398), cloned into
the vector pGEM-T

This thesis

pN22

1.3 kb PCR fragment, containing the right
franking region of cloN2 from the clorobiocin
biosynthetic gene cluster ( sequence AF
329398), cloned into the vector pPGEM-T

This thesis

pN23

1276 bp Notl-Hindlll fragment (position 22151 to
23426 in sequence AF 329398) from pN22,
cloned into the same sites of pcDNA 2.1

This thesis

pN24

1308 bp Xbal-Notl fragment (position 19866-
21173 in sequence AF 329398) from pN22,
cloned into the same sites of pN23

This thesis

pN2

2584 bp Xbal-Hindlll fragment from pN24,
containing the defective gene cloN2, cloned into
the same sites of pPBSKT

This thesis

pXHN

2499 bp Bacl-EcoRI fragment from plasmid p9-
6GE9 (positions 15066 to 17564 in sequence
AF170880), containing the complete sequence
of novN, cloned into the BamHI-EcoRI sites of
pEM4,

This thesis

PXHNET

2.1 kb PCR-fragment, containing the complete
sequence of novN from the novobiocin gene
cluster (AF 170880), cloned into the vector
pGEM-T

This thesis

pXHNER

2.1 kb Bcll-Hindlll fragment from pXHNET,
containing novN (position 15222 to 17255 in
sequence AF 170880), cloned into the sites of

This thesis
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BamHI/Hindlll of vector pRSET B
The fusion product of pXHNER and vector , .
PXHNEG pGM9 over their common Hindlll restriction site This thesis

5.2. Bacterial strains

Table 15 Bacterial

strains of E. coli and Streptomyces

Strain

Relevant characteristics

Source or reference

E. coli XL1Blue MRF’

recA1 endA1 gyrA96 thi-1 hsdR17 supE44
relA1 lac [F" proAB lacl"ZDM15 Tn10 (Tet")]

Stratagene

E. coli ET 12567

DNA methylase-negative strain

MaNeil et al., 1992

E. coliBL21(DE3)pLysS

F" ompT hsdSg(re'mg’) gal dem
(DE3)pLysS(Cam®)

invitrogen

S. lividans T7

S. lividans TK23-derivative, tsr ble T7-RNA
polymerase gene

Provided by W. Wohlleben,
originally obtained from J.

Altenbuchner

(Heinzelmann et al., 2001)

S. rishiriensis DSM

Wild-type, coumermycin A, producer

40489 DSMZ'
S. rishiriensis XH12 couN3” mutant of S. rishiriensis DSM 40489 This thesis
S. rishiriensis XH13 couN3” mutant of S. rishiriensis DSM 40489 This thesis
S. rishiriensis XH14 couN3 mutant of S. rishiriensis DSM 40489 This thesis
S. rishiriensis ZW20 couN4™ mutant of S. rishiriensis DSM 40489 This thesis
S. rishiriensis ZW21 couN4™ mutant of S. rishiriensis DSM 40489 This thesis
S. roseqchromogenes Wild-tpye, clorobiocin producer Aventis
var. oscitans DS 12.976

S. roseochromogenes cloN2" mutant of S. roseochromogenes var. This thesis

XHB12

oscitans DS 12.976

S. roseochromogenes
AE-h10

clo-hal” mutant of S. roseochromogenes var.
oscitans DS 12.976

Eustaquio et al., 2003a

S. roseochromogenes
XHC26

cloN2" clo-hal” mutant of S. roseochromogenes
var. oscitans DS 12.976

This thesis

' Deutsche Sammlung von Microorganismen und Zellkulturen GmbH, Braunschweig, Germany
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5.3. PCR primers

Table 16 Primers for PCR amplification

Primer Sequence Restr_lctlon Accessmn_n_umber s Amplified gene(s)
site positions

5-TTG ACC CGG TCT AGA .

cloN2-1 S S oG ICTACA Xbal 1985619879 n AF 329398 | 11,0 1ot ranking region
5-CTC CGA TCG CGG CCG . of the gene c/loN2

cloN2-2 Ot ATATACS Notl 21162-21185 in AF 329398
5'-CAT ACA AGG CGG CCG )

cloN2-3 Y Notl 22141-22164 1 AF 320308 | o on
5'-GCA GTA GGA AAG CTT . . of the gene cloN2

cloN2-4 paaNAlelees Hindll 23419-23442 in AF 329398

cloN2C-1 5-CTATCG CGG ATC CTG BamHi 21082-21104 in AF 329398
TTC TGC GA-3 cloN2 (1068 bp)
5'-TAG ACC TGC AGT TGC )

cloN2C-2 e Pstl 22230-22251 in AF 329398

novN-Bcll 5 GTG CTC GCT GAT CAG Boll 15198-15221 in AF 170880
AAC GAC ATG -3 noWN (2034 bp)

. 5'- AAG GGA AGC TTT ACG ) )
novN-Hinalll | 37 AAS CCAASCTT Hindll 17285-17307 in AF 170880

* The letters shown in bold represent the mutations inserted in the original sequence to give desired
restriction sites (underlined).

5.4. Probes used in Southern blot analysis

Table 17 DIG-labelled probes

DNA sequence, Accession nhumber Positions objects
2283%% Scal-EcoRI fragment vor cloN2 in AF 20145-21025 cloN2

826 bp Sphl-Pstl fragment in AF 235050 10512-11338 CcouN3
870 bp Pstl-EcoRI fragment in AF 235050 11338-12688 couN4

6. Culture conditions

6.1. Cultivation of E. coli

For cloning experiments, E. coli strains were grown overnight (16-18 h) in liquid or

solid LB medium with appropriate antibiotic(s) at 37°C, 170 rpm.

The permanent culture of E. coli was prepared by mixing 500 ul of overnight culture

with 500 pl of glycerol solution (40% (w/v) in distilled water) and stored at -70°C.

6.2. Cultivation of Streptomyces

6.2.1. General cultivation

Streptomyces strains were routinely cultured in liquid or solid YMG or HA medium in
baffled Erlenmeyer flasks containing a stainless steel spring at 180 rpm for 2 to 3

days. The suitable culture temperature was between 28-30°C. For preparation of
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protoplasts or isolation of genomic DNA, Streptomyces were cultured in CRM
medium with glycine was used. For expression experiment, S. lividans T7 was grown
in YEME medium at 28°C, 170 rpm for 2 day. An appropriate concentration of

antibiotic(s) was added, if required.
6.2.2. Production of secondary metabolites

For the production of coumermycin A; and other secondary metabolites, S.
rishiriensis (wild-type) and mutants were precultured in 50 ml HA-medium at 28°C
and 180 rpm for two days. 2 ml of this preculture were inoculated into 500-ml baffled
flask containing 100 ml production medium (SK medium) and grown at 28°C and 180

rpm for 7-10 days.

For the production of clorobiocin and other secondary metabolites, S.
roseochromogenes (wild-type) and mutants were grown in 50 ml corn starch medium
at 33°C and 210 rpm for 2 days. 5 ml of this preculture were inoculated into 500 ml
baffled flasks containing 50 ml of production medium, Distillers solubles-medium.

Cultivation was carried out at 33°C and 210 rpm for 5 to 8 days.

6.2.3. Preparation of permanent culture and spore suspension

For preparation of permanent culture, 1 ml 2-day-old culture in YMG or HA medium
was harvested by centrifugation (4,300 xg, 10 min, 4°C). After wash with 1 ml 20%
glycerol, the cells were resuspended in 0.5 ml 20% glycerol. The storage was carried
out at -70°C.

To prepare the spore suspension, S. rishiriensis were sporulated on HA agar medium
at 30°C for 3 to 6 days and S. roseochromogenes on Grundy starch medium at 28°C
for 1 to 1.5 month. 1-3 ml 2-day-old culture was transferred to each plate, spread
evenly and dried under clean bench. The plates (two plates for good sporulaters, four
for more sparely sporulating strains) were grown till they were well sporulated. 8 ml of
Tween 20 (0.1% (w/v)) were added to the top of each plate and the spores scraped
off of the top of the plates and into suspension. The resulting spore suspension was
poured into a falcon tube and vortexed vigorously (about 1 min). The spores were
separated from the mycelium by passing the suspension through sterile cotton

pluged in a disposable syringe. Spores was collected by centrifugation (2,100%g, 10
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min, 4°C), washed with 20% glycerol and resuspended in 1-3 ml of 20% glycerol.

Spore suspension was kept at -70°C.

7. Methods of molecular biology and biochemistry

7.1. Methods of molecular biology

Standard methods for DNA isolation and manipulation were performed as described
elsewhere (Kieser et al., 2000; Sambrook & Russell 2001).

7.1.1. Purification, concentration and quantification of DNA

Phenol/chloroform extraction and ethanol precipitation were used for purification and

concentration of DNA.

Quantification of DNA was carried out by using a GeneQuant photometer (Pharmacia,
Freiburg, Germany) at 260 nm as well as by comparing the fluorescent intensity with

DNA markers on agarose gels.
7.1.2. Agarose gel electophoresis of DNA (Sambrook & Russell 2001)

Gel electrophoresis with 0.4-1.5% (w/v) agarose (USB, Cleveland, USA) was used to
separate DNA fragments between 0.5 and 50 kb. The buffer system employed was
1xTAE buffer (Table 8). After running the gels, they were stained with the
fluorescent dye ethidium bromide, detected under the UV light at 312 nm and

photographed by using Eagle Eye Il System (Strategene, Heidelberg, Germany).
DNA markers used in this thesis were

% 1 kb DNA ladder (Gibco BRL, Karlsruhe, Germany): 0.5-12 kb
% DNA Molecular Weight Marker VII, DIG-labelled (Boehringer Mannheim,
Mannheim, Germany), 0.359-8.576 kb for Southern blot analysis

X/

DNA fragments were isolated from agarose gels using a NucleoSpin 2 in 1 extraction

kit (Macherey-Nagel, Diren, Germany) according to the manufacturer’s protocol.

7.1.3. DNA manipulation with enzymes
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Restriction of DNA with endonucleases was carried out according to the

manufacturer’ instructions.

DNA ligation was achieved by using T4-DNA ligase. The ligation preparation,
containing 1U T4 DNA ligase (Amersham Bioscience, Freiburg, Germany), 1xligation
buffer and a 1:1 (mole ratio) mixture of insert (about 50-200 ng) and linearized vector

in a final volume of 10 pl, was incubated at RT for 2h or at 16°C overnight.

7.1.4. DNA isolation

7.1.4.1. Isolation of plasmids from E. coli

Mini-preps employing alkaline lysis were used to isolate recombinant plasmids from E.
coli for routine screening. 3 ml LB-medium was inoculated with a single colony and
grown overnight at 37°C, 170 rpm. 1.5 ml of this culture were harvested by
centrifugation (2,000 xg, 4°C, 10 min) and resuspended in 250 pl solution A1 by
vortexing. The suspension was mixed with 250 pl solution A2 by inversion and
incubated at RT for 5 min. And then 250 ul solution A3 was added and incubated on
ice for 10 min. After centrifugation for 20-30 min (20,000xg, 4°C), the supernatant
was poured into a fresh microfuge tube. DNA was precipitated by addition of 0.8-1.0
fold Isopropanol and centrifugation (20,000xg, 4°C, 30 min). DNA pellet was washed
once with 500 ul 70% ethanol, air dried and resuspended in 50-100 pl distilled water
or TE buffer. The relative solutions are listed in Table 5.

Preparative isolation of plasmids from E. coli was carried out with ion-exchange
columns (Nucleobond® Ax100, Macherey-Nagel, Diiren, Germany) according to the

manufacter’s protocol.
7.1.4.2. Isolation of plasmids from Streptomyces

Plasmids were isolated from Streptomyces as described by Kieser et al. (2000). 2 ml
of 2-day-old culture in CRM medium were harvested by centrifugation (2,100 xg, 4°C,
10 min). After wash with 1ml of solution B1, the cells were resuspended in 500 ul of
solution B1 with Lysozyme (4-8 mg/ml) and RNase (100 pl/ml) by vortexing. The
suspension was incubated at 37°C for 30-60 min, then mixed with 650 pl of solution
A2 by inversion and again incubated at RT for 10 min. 650 pl solution A3 was added

and the mixture incubated on ice for 10 min. After 20-30 min centrifugation (20,000xg,
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4°C), the supernatant was poured into two fresh microfuge tubes and extracted with
300 pl Rotiphenol® once or twice. DNA was precipitated by addition of 0.8-1.0 volume
of Isopropanol and centrifugation (20,000xg, 4°C, 30 min). DNA pellet was washed
once with 500 ul 70% ethanol, air dried and resuspended in 20-50 pl distilled water or

TE buffer. The relative solutions are listed in Table 6.
7.1.4.3. Isolation of genomic DNA from Streptomyces

Genomic DNA was isolated from Streptomyces by lysozyme treatment and phenol-
chloroform extraction (Kieser et al., 2000). 2 ml of 2-day-old culture in CRM or HA
medium were harvested by centrifugation (2,100 xg, 4°C, 10 min). The cells were
washed with 1 ml TSE buffer and resuspended in 500 yl TSE buffer with lysozym (3
mg/ml) and RNase (100 ul) by vortexing. The suspension was incubated for 30 min
at 37°C and in between mixed well every ten minutes, then added with 250 pl of 2%
SDS solution and incubated for 10 min at 60°C, for 10 min at RT, again at 60°C for
10 min. The lysate was extracted with 250 pl Rotiphenol® for three times. The third
extraction was carried out with addition of 70 pl NaAc (pH 4.8). The aqueous phase
was separated and genomic DNA was precipitated by addition of 0.8-1.0 volume of
isopropanol and centrifugation (20,000%g, 4°C, 30 min). DNA pellet was washed
once with 500 ul 70% ethanol, air dried and resuspended in 20-30 ul TE buffer.

7.1.5. DNA denaturation for ssDNA transformation in Streptomyces

7.1.5.1. Glycerol-heat denaturation

8 ul dsDNA was mixed with 5 ul denaturing reagent (s. Table 11) and incubated for 5

min at 90-100°C. To stop the reaction, the mixture was replaced on ice.
7.1.5.2. Alkaline treatment (Oh & Chater 1997)

9 ul dsDNA in H,O was mixed with 2 yl 1 M NaOH and incubated for 10 min at 37°C.
The mixture was replaced on ice and the reaction was terminated with addition of 2 pl
1 M HCI.

7.1.6. PCR ampilification

PCR amplification was carried out with GeneAmp PCR System 2400 (Perkin-Eimer,
Weiterstadt, Germany). The PCR mixture using GC-Rich PCR system (Roche,
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Mannheim, Germany) and amplification conditions are given in Table 18. For PCR
amplification with Taq or Pfu polymerase, the PCR mixture (100pul) contained 20 pmol
each primer, 250-500 ng template DNA, 0.2 mM dNTP each and 1x reaction buffer,
5% DMSO and 1U polymerase.

Tab. 18 PCR mixture using GC-Rich PCR system and amplification conditions

Substance Final concentration Cyclus Temperature |time cycles
GC-Rich PCR 1x Hot start 95°C 5 min 1
reaction buffer with
DMSO(5x)
GC-Rich resolution 0.5 mM Denaturing 95°C 90 s 30-35
solution (5 M) Annealing 56-60°C 90 s
dNTP-Mix 0.2 mM each Elongation 72°C 45s/ 1 kb
Primer 1 20 pmol 4°C 0o 1
Primer 2 20 pmol
template DNA 250 ng
GC-Rich PCR 1U/100ul
System enzyme mix

Add distilled water to make up to 100ul

7.1.7. Southern blot analysis

Southern blot analysis was performed on Hybond-N membranes (Amersham,
Braunschweig, Germany) by using DIG high prime DNA labelling and detection
starter kit Il (Roche, Mannheim, Germany). All the buffers and solutions are given in
Table 9.

7.1.7.1. Probe preparation

Probe for Southern hybridization was prepared by random priming method using DIG
high prime DNA labelling and detection starter Kit Il according to the user manual. All

the probes used in this thesis are listed in Table 17.

7.1.7.2. Blot preparation

An agarose gel with DNA digested with appropriated enzymes, 1 kb ladder and DIG
Marker No. VIl was prepared before bloting. DNA in gel was denaturized by soaking
the gel in denaturing buffer for 2x15 min, and then neutralized by soaking in
neutralizing buffer for 2x15 min, with gentle agitation. After that, the gel was placed
on prewetted filter paper and overlaid with prewetted Hybond-N nylon membrane and
prewetted filter paper. 10 cm paper towels with 1-2 kg weight were stacked on top.

Blot overnight. Capillar action with 20 xSSC solution transferred DNA from the gel to
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the membrane. Air dry membrane and crosslink with UV light (312 nm, 60 s on the

front side and 30 s on the backside).
7.1.7.3. Prehybridization and hybridization

The membrane was put in prehybridization solution (20 ml/100 cm?) and incubated
for 4 h at 68°C with gentle rotation. Die probe was added to hybridization solution (5-
25 ng/ml) and denaturized by heat (10 min at 100°C), chilled with liquid nitrogen. The
prehybridization solution was changed with hybridization solution (3.5-5 ml/100 cm?)

with probe and incubated overnight at 68°C.
7.1.7.4. Detection

The membrane was washed twice with 2xSSC wash buffer for 10-15 min at RT,
followed with 0.5xSSC wash buffer at 68°C for 20 min, with gentle agitation. After
equilibration in maleic acid buffer for 5 min, the membrane was incubated with
blocking solution for 30-60 min and then with antibody solution for 30 min. To remove
the rest of antibody, the membrane was washed twice in tween wash buffer, 15 min
each at RT. Finally, the membrane was equilibrated in detection buffer for 5 min and
placed in a plastic sheet. A 1:1000 dilution of CSPD stock solution in detection buffer
was dropped onto the membrane (0.5 ml/100cm?) and spread over the entire
membrane. Incubate at RT for 5 min and expose a Hyperfim ECL-X-ray film
(Amersham Biosciences, Freiburg, Germany) at 37°C for 1 h. The film was

developed using standard method.
7.1.7.5. Removal of probe

Probe on the membrane was removed by washing the membrane twice with stripping
solution for 15 min at 37°C, followed with 2xSSC solution for 30 min at RT. After that,
the membrane could be used for further hybridization or stored in 2xSSC solution at
4°C.

7.1.8. CaCl;-mediated transformation of E. coli (a method modified from
Sambrook and Russel (2001)

7.1.8.1. Preparation of competent cells
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100 ml LB-medium was inoculated with 3 ml of an overnight culture of E. coli and
cultivated at 37°C, 170 rpm till the ODgyo reached 0.6 (2-4 h). The cells was
harvested by centrifugation (2,000xg, 4°C, 10 min), resuspended in 30 ml ice-cold
0.1 M MgCl; (no vortex) and again centrifuged (2,000xg, 4°C, 10 min). The cell pellet
was suspended in 20 ml ice-cold CaCl, (0.1 M) and incubated on ice for 20 min. After
centrifugation (2,000xg, 4°C, 10 min), the pellet was suspended in 5 ml of CaCl; (0.1
M) solution containing 15 % glycerol (no vortex). Competent cells could be used
immediately or dispensed in 200-ul aliquots in 1.5-ml microfuge tubes, shock frozen
and stored at -70°C.

7.1.8.2. Transformation

DNA (0.2-5 pg in 1-5 ul) was added to 100-200 ul competent cells in 1.5-ml
microfuge tube and incubated on ice for 30 min. The tube was replaced in heat block
or water bath at 42°C for 1-2 min and cooled down on ice (about 5 min). 1 ml LB
medium (without antibiotics) was pipetted into the tube and incubated with gentle
rotation for 1 h at 37°C. 200 pl of the mixture was plated on a LB agar plate and the
rest was centrifuged (2,000xg, 4°C, 10 min), resuspended in the runback (about 300

pl) and plated on another LB agar plate. For transforming a circular plasmid, the incubation
with LB medium at 37°C might be omitted.

Blue/white selection

If lacZ cloning vector was used to prepare the recombinant plasmid, blue/white
selection could facilitate the identification of the expected clones. Before the
transformation cells were plated on agar plates, 50 pl of X-Gal solution (20 mg/ml),
12 pl of IPTG solution (80 mg/ml) and 100 ul H,O (sterile) were pipetted on the top of
the plates and spread evenly, air dried under the clean bench (about 30 min). The
colonies containing the recombinant plasmid lack $-galactosidase activity and remain

white.

7.1.9. Preparation of protoplasts and transformation of Streptomyces

7.1.9.1. Preparation of protoplasts

50 ml of CRM medium were inoculated with 100-200 ul glycerol stock culture of
Streptomyces and grown at required temperature with rotation of 180 rpm for 42-48 h.



Materials and methods 34

The cells was harvested by centrifugation (2,100xg, 4°C, 10 min), washed with 10 ml
TE buffer containing 10% sucrose (pH 8) and subsequently with 10 ml P-buffer. The
cell pellet was resuspended in P-buffer with lysozyme (3-4 ml P-buffer/g cells, 0.3 mg
lysozyme/ml P- buffer for S. rishiriensis; 5 ml P-buffer/g cells, 1 mg lysozyme/ml P-
buffer for S. roseochromogenes; s. Table 11). The suspension was incubated at
30°C for 15-60 min with gentle agitation and in between the protoplast formation was
controlled under microscopy at intervals of 15 min. After most cells became
protoplasts, the reaction was stopped by incubation on ice. The following steps were
carried out on ice. The suspension was filtered through sterile glass wool and
centrifuged for 10 min at 2,100xg, 4°C. The supernatant was poured off and the
pellet was suspended in 0.5-2 ml P-buffer. The protoplast suspension could be used
immediately or dispensed in 200-ul aliquots in 1.5 ml microfuge tube, shock frozen
and stored at -70°C.

To observe the protoplast regeneration, dilution series of the protoplast suspension
were prepared and plated on R2YE agar plate. The plates were incubated at 30°C for

3-7 days. The regenerable protoplasts per ml suspension were calculated.
7.1.9.2. PEG-mediated protoplast transformation and regeneration

The transformation of Streptomyces was carried out by a modification of the method
described by Kieser et al. (2000).

Before transformation to Streptomyces, the plasmids were propagated in E. coli ET

12567 to bypass methyl-sensing restriction.

100-200 pl of Protoplasts, containing at least 108 protoplasts per ml, was added with
5-20 ug (in maximal 20 pl) unmethylated DNA and 500 pl T-buffer containing PEG
1000 (25% (w/v) for S. rishiriensis, 40% (w/v) for S. roseochromogenes; s. Table 11),
mixed by inversion and incubated at RT for 1 min. The resulting suspension was
mixed with warm R3 or R2YE soft agar (40-50°C, 4x3 ml) and plated on four R2YE
plates. After 16-24 h incubation at 28°C-30°C, the plates were overlaid with 3 ml of
soft nutrient agar including the required antibiotics for selection of mutants. The
plates were left to grow for further 5-14 days. In order to allow homologous recombination,

denatured DNA was used to transform Streptomyces.
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7.1.10. DNA sequencing and computer-assisted sequence analysis

Double-stranded sequencing of recombinant plasmids was done by the
dideoxynucleotide chain termination method on a LI-COR automatic sequencer
(MWG-Biotech AG, Ebersberg, Germany).

The DNASIS software package (Version 2.1, Hitachi Software Engineering, San
Bruno, CA, USA) was used for sequence analysis. Amino acid sequence homology
searches were performed by using BLAST program (Version 2.0) in internet at www.
ncbi.nim.nih.gov/BLAST/.

7.2. Methods of biochemistry

7.2.1. Protein quantification

Protein concentrations were determined by Bradford method (1976) using bovine
serum albumin as a standard. 100 ul of protein solution was mixed with 1 ml Bradford
reagent (s. 4.3.7). After incubation at RT for 5 min, the absorption was determined
with a photometer at 595 nm. As reference, 100 pl H,O was mixed with 1 ml Bradford

reagent.
7.2.2. SDS-PAGE

SDS-PAGE was carried out according to the method of Laemmli (1970). 4% and 10%
Polyacrylamide gel were used as stocking gel and resolving gel, respectively. Gel
electrophoresis was carried out with working voltage of 150-200 V using the Mini-
PROTEAN® Il Electrophoresis Cell (Bio-Rad, Miinchen, Germany). Protein bands
were stained with Coomassie Brilliant Blue R250 (s. Table 13). To determine protein
size, Low Molecular Weight Calibration Kit for SDS gel electrophoresis (Amersham

Biosciences, Freiburg, Germany) was used.
7.2.3. Gel filtration and determination of molecular weight.

Gel filtration was carried out on a Hiload 26/60 Superdex® 200 column with a flow
rate of 1 ml/min at 4°C. The column was calibrated with blue dextran 2000 (MW
2,000,000), aldolase (MW 158,000), albumin (MW 66,000), ovalbumin (MW 45,000)

and ribonuclease A (MW 13,700) (Amersham Biosciences, Freiburg, Germany).
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Buffer G1 and G2 (Table 12) were used to elute the standard proteins and probe,

respectively.

The molecular mass of native proteins was determined from the calibration curve of
the log of molecular weight of protein versus partition coefficient Ky, given by the

following equation,

Ve-V V. the total bed volume
Vo: the void/exclusion volume
V.: the elution volume
In the mixture of proteins listed above, blue dextran 2000 was totally excluded (Vo)
and acetone totally included (V;). K would be between 0 and 1 for the other proteins,

which are within the fractionation range of the column.

Table 19 Calibration of the Sephadex® 200 column

Protein/substance MW (Da) Ve (ml) Kav
Blue dextran 2,000,000 107.9
Aldolase 158,000 158.6 0.2724
Albumin 66,000 178.4 0.3788
Ovalbumin 45,000 212.4 0.5615
Ribonuclease A 13,700 252.4 0.7765
Acetone 58 294.0
1,000 -
0,800 -
0,600 -
>
N
0,400 -
Aldolase
0,200 -
0,000 T T T T T T 1
4,000 4,200 4,400 4,600 4,800 5,000 5,200 5,400

IgMW

Fig. 3 Calibration curve of gel filtration
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7.2.4. Overexpression and purification of recombinant protein from E. coli

Overexpression and purification of 6xHis-tagged protein from E. coli were carried out
as decribed by the user manual of Qiagen (Qiagen, Hilden, Germany), “a handbook

for high level expression and purification of 6xHis-tagged proteins”.

7.2.5. Overexpression and purification of NovN as Histidine fusion protein

from S. lividans T7

Expression and purification of NovN was carried out as described elsewhere
(Heinzelmann et al., 2001; Schmutz et al., 2004). For buffers see Table 12.

7.2.5.1. Cultivation

S. lividans T7 harbouring the expression vector were pre-cultured in YEME medium
with kanamycin (10 ug/ml) at 28°C, 180 rpm for 48 h. 1 ml of the preculture was
transferred to 100 ml new YEME medium with kanamycin (10 pg/ml) and thiostrepton
(inductor, 25 pg/ml) and grown for further 24 h. In order to get a fine culture, an

insulin syringe might be employed to inoculate the media.

7.2.5.2. Preparation of cell-free extract

All the following procedures were carried out at 4°C or on ice. The cells after
expression were harvested by centrifugation (10 min at 2,500 x g) and incubated in
ice-cold lysis buffer (1-2 ml/ g cells) for 30 min. The cell suspension was sonicated
(Branson Sonifier 250) for 10 min at intervals of 2 min ultrasonication followed with
0.5 min break. Subsequently, cell debris was removed by centrifugation (30 min at
15,000 x g) and protein content in the cell-free extract was determined by Bradford

method.

7.2.5.3. Purification by nickel affinity chromatography

Histidine fusion protein was purified from the soluble cell extract by metal affinity
chromatography using Ni-nitrilotriacetic acid (Ni-NTA) resin (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions. 6-8 ml cell free extract was
added with 1 ml Ni-NTA Agarose (Qiagen, Hilden, Germany) and mixed gently for 1 h
at 4°C. The mixture was loaded into a plastic column, washed with wash buffer (s.
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4.3.6) for three times. 6xHis-tagged protein was eluted with elution buffer (2-3 ml). To
remove salt and imidazol, the Ni-NTA resin eluate was applied onto a NAP 10
column (Amersham Biosciences, Freiburg, Germany) and eluted with 0.2 M Tris-HCI
(pH 8.0).

7.2.6. Carbamoyltransferase assay

The carbamoyltransferase assay mixture contained 0.2 M Tris-HCI (pH 8.0), 1 mM
descarbamoyl novobiocin or analogues, 5 mM CAP-Li;, 2 mM ATP, 2 mM Mg** and
purified NovN (0.4 uM) in a final volume of 100 ul. The reactions were carried out at
30°C and terminated by the addition of 5 yl 1.5 M trichloroacetic acid. As negative
control, assay was carried out with heat-denatured protein. For preparative
experiments, the assay mixtures were incubated overnight, the enzymatic reaction

products were isolated by HPLC and subjected to MS and "H-NMR analysis.
7.2.7. Determination of kinetic parameters

The determination of K, for descarbamoyl novobiocin and novclobiocin 104, 105 was
accomplished at a constant concentration of carbamoyl phosphate (5 mM) and NovN
(37.5 nM) and over a range of descarbamoyl novobiocin or novclobiocins
concentration (2.5-40 upM). The reaction was quenched at 5 min for each
concentration. Each experiment was carried out in duplicate. The kinetic parameters

were calculated using Lineweaver-Burk plot.

8. Construction of vectors

8.1. Construction of pN3 and pN4 for inactivation of couN3 and couN4 in S.

rishiriensis (WT)

Plasmid pN3, for couN3 inactivation, carried an in-frame deletion of 480 bp at the 3’
end of couN3. The 3’ region of the insert was obtained from the plasmid pZW11
(Table 14) as a Pstl-fragment of 1666 bp, including the C-terminal region of couN3
and most of the couN4 gene. This fragment was ligated to a 4.7 kb fragment
obtained by Pstl digestion of the plasmid pZW33, containing the pBluescript SK(-)
vector as well as a 1.8 kb fragment with the 5’ end of couN3 and the adjacent couN2

and couN1 genes. The resulting plasmid pZW334 was restricted with EcoRV and
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Xbal and religated into the same sites of pKC1132 (Bierman et al., 1992), an
integrative vector containing the apramycin resistance gene, to give pN3.

The vector pN4 for couN4 inactivation carried a neomycin resistance gene inserted
into the sequence of couN4. It was constructed from pZW331 and pZW32 (Wang et
al., 2000). pZW331, which contained the 5' region of couN4, was restricted with
EcoRI and Hindlll and ligated to a 0.99 kb fragment (containing the aphll gene),
obtained by restriction of pNeo (Wang et al., 2000) with the same enzymes. The
resulting plasmid pZW2 was restricted with Hindlll and Xhol and ligated to a 0.96 kb
Hindlll-Xhol fragment from pZW32 (containing the 3' region of couN3) to give pZW3.
pZW3 was restricted with Pst/, and the resulting 2.65 kb fragment containing the
disrupted couN3 gene was cloned into the Pstl site of pBluescript SK (-) to give the
inactivation vector pN4. In pN4, the aphll gene fragment had the same orientation as

the couN4 gene.

8.2. Construction of vector pN2 for inactivation of c/loN2 in S.

roseochromogenes (WT) and clo-hal" mutant

Vector pN2 was constructed for in-frame deletion of the cloN2 as follows: Two
fragments cloN2-1 and cloN2-2, containing the flanking regions of cloN2, were
generated by PCR-amplification using cosmid K1F2 as template. Primer pairs used
were cloN2-1/Xbal and cloN2-1/Notl (Table 16); cloN2-2/Notl and cloN2-2/Hindlll
(Table 16). The PCR fragments of cloN2-1 and cloN2-2 were purified and ligated into
the linearized vector pGEM-T (Promega, Madison, WI, USA), to give plasmids pN21
and pN22, respectively. The 1276 bp Notl-Hindlll fragment (bp 22151 to 23426 in
sequence AF 329398) was excised from pN22 and cloned into the same sites of
pcDNA 2.1 (Invitrogen, Carlsbad, CA, USA) to give plasmid pN23. The Xbal-Notl
fragment of 1308 bp (bp 19866 to 21173 in sequence AF 329398) was isolated from
plasmid pN21 and ligated into the same sites of pN23, resulting in plasmid pN24,
which contained an in-frame deletion of 978 bp in the coding region of c/loN2. The
inactivation vector pN2 was obtained by releasing the Xbal-Hindlll fragment of 2584
bp from pN24 and cloned into the same sites of pBSKT (Lombo et al., 1997), a non-

replicative vector containing a thiostrepton resistance gene.

8.3. Construction of pN2C for complementation of c/oN2™ mutant with gene
cloN2
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For the complementation with c/loN2, vector pN2C was constructed. A fragment of
1.15 kb containing the whole sequence of c/loN2 (bp 21090 to 22242 in sequence
AF329398) was obtained by PCR amplification with the primer pair cloN2C/BamH|
and cloN2C/Pstl (Table 16.) using cosmid K1F2 as template. The purified PCR
product was cloned into the vector pGEM-T, to give pN2C-T. The BamHI-Spel
fragment of 1.2 kb from the vector pN2C-T was religated into the restriction sites of
BamH| and Xbal of pUWL201 (Steffensky et al., 2000b). The resulting vector pN2C,
containing a thiostrepton resistance gene for selection in Streptomyces, was used for

complementation of the c/loN2™ mutant.

8.4. Construction of pXHN for heterologous expression of NovN in couN3"

mutant

A 2.5 kb Bcll-EcoRI fragment from plasmid p9-6GE9 (Table 14), comprising the
complete novN gene, was cloned into the BamHI-EcoRI sites of expression vector
pEM4 (Quiros et al., 1998), resulting in plasmid pXHN.

8.5. Construction of pXHNEG for expression of NovN as N-terminal 6xHis-

tagged protein in S. lividans T7

novN was amplified from cosmid 10-9C (Table 14) using the GC-RICH PCR system
(Roche, Mannheim, Germany), using the primer pair novN-Bcll and novN-Hindlll
(Table 16). The DNA fragment was directly ligated into the linearized vector pGEM-T,
resulting in plasmid pXHNET. novN was released from pXHNET by digestion with
Bcll and Hindlll and ligated into pRSET-B, which had been restricted with BamH| and
Hindlll, to give plasmid pXHNER. To obtain the plasmid pXHNEG, pXHNER was
fused with the vector pGM9 via the restriction site Hindlll. pXHNEG contained a

kanamycin resistance gene.

9. Analysis and isolation of secondary metabolites
9.1. Extraction and HPLC analysis

9.1.1. Analysis of coumermycin A1 and derivatives

6 ml of the whole culture of wild-type and mutant strains of S. rishiriensis in SK-
medium (s. 4.1.3) were acidified with HCI to pH 6, washed twice with 6 ml petroleum

ether and subsequently extracted twice with 6 ml ethyl acetate. The solvent was
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removed and the residue was dissolved in 0.6 ml ethanol. This solution is used for
HPLC and LC/MS analysis.

Metabolites were analyzed by HPLC with a Nucleosil RP 120-5 column (5 pm, 250%2
mm, Macherey-Nagel GmbH & Co., Duren, Germany) with a linear gradient from 30
to 100% acetonitrile in 0.1% aqueous phosphoric acid. Flow rate was 0.2 ml/min and
UV absorption was recorded at 345 nm. Authentic coumermycin A (Sigma-Aldrich,

Taufkirchen, Germany) was used as standard.

9.1.2. Analysis of clorobiocin and derivatives

20 ml of the whole culture of wild-type and mutant strains of S. roseochromogenes in
distiller solubles medium (s. 4.1.4) were acidified with 1N HCI to pH 2-4, and
extracted twice with an equal volume of ethyl acetate. The solvent of the organic
phase was removed and the residue was dissolved in 1 ml ethanol. This solution is
used for HPLC and LC/MS analysis.

HPLC analysis was carried out on a Multosphere RP18-5 column (5 pym, 250x4 mm,;
C+S Chromatographie Service, Duren, Germany) at a flow rate of 1 ml/min, using a
linear gradient from 70% to 100% methanol in 1% aqueous formic acid over 25 min;
UV detection was carried out at 340 nm. Authentic clorobiocin (Aventis, Bad Soden,

Germany) was used as standard.

9.1.3. Analysis of pyrrole-2-carboxylic acid

The analysis of pyrrole-2-carboxylic acid by HPLC was also carried out on a
Multosphere RP18-5 column. An isocratic elution with 20% methanol in 1% aqueous
formic acid was used; UV detection was at 262 nm. Pyrrole-2-carboxylic acid

(Lancaster, Muhlheim a. M. Germany) was used as standard.

9.1.4. Analysis of enzymatic reaction products

The assay products were extracted twice with 500 ul ethyl acetate. After evaporation
of the organic solvent, the residue was dissolved in methanol and analyzed by HPLC
with a Nucleosil RP 120-5 column (5 pm, 250%x2 mm, Macherey-Nagel, Duren,
Germany) using a linear gradient from 70 to 100% methanol in 1% aqueous formic

acid over 25 min and UV absorption was recorded at 325 nm. Authentic clorobiocin
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(Aventis, Bad Soden, Germany) and descarbamoyl novobiocin (Pharmacia & Upjohn,

Kalamazoo, MI, USA) was used as standard.

9.2. Preparative isolation of new aminocoumarin derivatives

9.2.1. Column chromatography using Sephadex® LH-20

Column chromatography was used to pre-purify the culture extract. Crude culture
extract (max. 3 ml) was loaded onto a glass column (100%2.6 cm) with Sephadex LH-
20 (Amersham Biosciences, Freiburg, Germany). The column was eluted with
degased methanol with a flow rate of 1 ml/min. Each 15 ml eluate was collected by
fraction collector and controlled by HPLC. The expected fractions were pooled and
the solvent removed in vacuum. The residue was dissolved in methanol and ready for
further purification by HPLC.

9.2.2. Preparative HPLC

Preparative HPLC was carried out on a Multosphere 120 RP 18-5 column (5 um,
250%x20 mm; C+S Chromatographie Service, Duren Germany) with a flow rate of 3 ml.
Methanol and 1% aqueous formic acid were used as the solvents. Concentrated
culture extract, fractions after LH-20 or enzymatic reaction products were injected
and analysed. The expected eluates after HPLC analysis were collected and the
solvent was evaporated in vacuum. The residues were dried over phosphorus
pentoxide and subjected to MS and NMR ('H-NMR and ">C-NMR) analysis.

9.3. Spectroscopic methods for structural elucidation
9.3.1. LC/MS and selected reaction monitoring (SRM)

LC/MS was carried out in the lab of J. Schmidt (Universitat Halle, Halle, Germany) as
well as of B. Kammerer (Universitat Tlubingen, Tubingen, Germany). The positive and
negative electrospray ionization (ESI) mass spectra were obtained from a Finnigan
MAT TSQ 7000 instrument (electrospray voltage 3-4.5 kV; heated capillary
temperature 220-300 °C; sheath and auxillary gas: nitrogen) equipped with RP18-
columns (5 um, 1x100 mm, SepServ, Berlin, Germany, for analysis of coumermycin
derivatives / 5 ym, 2x250 mm, Macherey-Nagel, Diren, Germany, for analysis of
pyrrole-2-carboxylic acid). For separation an acidic gradient system of H,O:CH3CN

was used; flow rate 70 ul min'/ 0.2 ml min? for the two different columns,
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respectively. The collision-induced dissociation (CID) spectra and the selected
reaction monitoring (SRM) during a HPLC run were recorded with a collision energy
of -25 eV for positive ions as well as +40 eV for negative ions, respectively; collision

gas: argon, collision pressure: 1-1.8 x 10° Torr.
9.3.2. FAB (-) mass spectroscopy

Negative fast atom bombardment (FAB) mass spectra were recorded on a TSQ70

spectrometer (Finnigan, Bremen, Germany) using diethylethanol amine as matrix.
9.3.3. Nuclear magnetic resonance (NMR)

'H-NMR spectra were measured on an AMX 400 spectrometer (400 MHz; Bruker,
Karlsruhe, Germany), using CD30D or DMSO-d6 as solvent.

10. Methods of biology
10.1. Supercoiling assay (Galm et al., 2004b)

Aminocoumarin derivatives in this thesis were tested for inhibitory effect on
supercoiling activity of E. coli gyrase, using the DNA gyrase kit from John Innes
Enterprises Limited (John Innes Centre and Norwich Research Park, Colney,
Norwich) according to the manufacturer's instruction. Reaction mixtures (20 ul)
contained 35 mM Tris-HCI (pH 7.5), 24 mM KCI, 4 mM MgClz, 2 mM DTT, 1.8 mM
spermidine, 1 mM ATP, 6.5% (w/v) glycerol, 2 pg bovine serum albumin (Merck,
Darmstadt, Germany), 1 U DNA gyrase, 100 ng relaxed pBR322 DNA, and various
concentrations of aminocoumarins dissolved in methanol/water (0-20% methanol)
After incubation of the mixtures at 37°C for 1 h, the reactions were terminated by
cooling to 0°C, then 5 yl of 30% glycerol containing 0.25% bromophenol blue were
added and the DNA was analysed by electrophoresis in 0.8% agarose. The inhibitory
effect of different aminocoumarins was expressed as ICs, i.e. the aminocoumarin

concentration at which the DNA gyrase supercoiling activity was inhibited by 50%.

10.2. Bioassay with Bacillus subtilis (Eustaquio et al., 2003a; Westrich et al.,
2003)

Antibacterial activity against Bacillus subtilis ATCC 14893 was determined by a disc

diffusion assay using Bacillus subtilis ATCC 14893 as the indicator strain. Different
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amounts of aminocoumarin dissolved in 2-10 pl of methanol were applied to filter
paper disks (d 3 mm; MN 440 B blotting paper, Macherey-Nagel, Diren, Germany),
air dried under the clean bench and placed on the top of nutrient agar plates, which
was seeded with 2 x 10° B. subtilis spores per ml of solid medium. Plates were
cultured overnight at 37°C, and the diameters of growth inhibition zones measured.
Novobiocin (Sigma, Deisenhof, Germany) and clorobiocin (Aventis Biosciences,

Freiburg, Germany) were used as reference substances.
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RESULTS

1 Involvement of couN3 and couN4 in the biosynthesis of the

pyrrole moiety of coumermycin A,

Structurally, clorobiocin and coumermycin A; share the same terminal 5-
methylpyrrole-2-carboxylic acid moiety attached to the 3°-OH group of the
deoxysugar via a glycosidic bond. Besides the terminal pyrrole moieties,
coumermycin A4 still contains a central 3-methylpyrrole-2,4-dicarboxyl moiety, which
combines the two aminocoumarin rings via two amide bonds. The only experimental
study published on the biosynthesis of the pyrrole moieties of coumermycin A was
carried out by Scannell and Kong (1969), who showed that radioactivity from [U-
"C]L-proline and from [methyl-'*C]L-methionine, but not from [4-'*C]8-aminolevulinic
acid was incorporated into the pyrroles. They concluded that “proline serves as a
direct precursor of the pyrrole groups of coumermycin A;’, and that S-adenosyl-
methionine contributes the methyl groups attached to these moieties. No explanation
was offered for the different structure of the central pyrrole moiety as compared to the

terminal pyrroles.

Pyrrole-2-carboxylic acid moieties are found also in the tripyrrole prodiginines and the
chlorinated pyoluteorin (Fig. 4) as well as in other natural products. The biosynthetic
gene clusters of pyoluteorin (plt genes) (Nowak-Thompson et al., 1999) and
undecylprodiginine (red genes) (Cerdeno et al., 2001; Malpartida et al., 1990) have
been identified. Recently, three key enzymes involved in the conversion of L-proline
to pyrrole in the biosynthesis of these compounds have been expressed, purified and
investigated biochemically (Thomas et al., 2002). PItF (or RedM, respectively)
activates proline in form of an prolyl adenylate and transfers the prolyl moiety onto
the 4-phosphopantetheinyl cofactor of the small peptidyl carrier protein (PCP) PItL (or
RedO, respectively) to form a thioester. The FAD-dependent dehydrogenase PItE (or
RedW, respectively) oxidises this compound to A2-pyrrolinyl-2-carboxyl-S-PCP,
similar to the acyl-CoA dehydrogenase reaction in the f-oxidation of fatty acids. The
product appears to undergo spontaneous, non-enzymatic air oxidation, yielding
pyrrolyl-2-carboxyl-S-PCP (Fig. 4).
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Fig. 4 Proposed biosynthetic pathway for the pyrrole-2-carboxylic acid moieties of

coumermycin A4, clorobiocin, pyoluteorin and undecylprodiginine

In the biosynthetic gene clusters of coumermycin A4 and clorobiocin, three pairs of
genes (couN3/cloN3, couN4/cloN4 and couN5/cloN5) were identified which showed
high sequence similarity to genes involved in pyrrole formation in pyoluteorin and
undecylprodiginine biosynthesis (Table 20). These genes were therefore likely to be
involved in the formation of the pyrrole moieties of coumermycin A4 and clorobiocin
In order to provide experimental proof for this hypothesis, an inactivation of the
putative L-prolyl-S-PCP dehydrogenase gene couN3 was carried out in the

coumermycin producer S. rishiriensis DSM 40489.

Table 20 Similarity of the gene products of couN3, couN4 and couN5 with products

of the clorobiocin, pyoluteorin and undecylprodiginine genes

Clorobiocin cluster Pyoluteorin cluster Undecylprodiginine

Coumermycin cluster
A; cluster (AF 329398) (AF 081920) (AL021530, AL021409) F;L(:]%%iid
(AF 235050) Gene Identity® Gene |dentity® Gene Identity®
product (%) product (%) product (%)

CouN3 CloN3 81 PItE 47 RedW 43 L-prolyl-S-PCP
373 aa 376 aa 380 aa 391 aa dehydrogenase
CouN4 CloN4 87 PItF 51 RedM 43 L-prolyl-AMP
501 aa 501 aa 499 aa 532 aa ligase
CouN5 CloN5 91 PItL 38 RedO 38 peptidyl carrier
89 aa 89 aa 88 aa 87 aa protein (PCP)

* The Genbank accession numbers for each of the clusters are shown in parentheses.

$The identity is referred to CouN3, CouN4 and CouN5, respectively.
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1.1 Inactivation of couN3

For this purpose, plasmid pN3 was constructed, which contained a 480 bp in-frame
deletion in the C-terminal region of the gene couN3, thereby shortening the predicted
gene product from 373 to 213 amino acids (Fig. 5A). The deletion site was flanked on
either side by approximately 1.7 kb of the adjacent regions of the coumermycin A,
cluster in order to allow homologous recombination, and this fragment was cloned

into the non-replicative vector pKC1132 carrying an apramycin resistance marker.

The construct was introduced into the coumermycin A1 producer S. rishiriensis (wild-
type) by protoplast transformation. Mutants resulting from integration of the vector
were selected with apramycin, sporulated and plated on agar medium with and
without antibiotic. Four antibiotic-sensitive strains resulting from double cross-over
events were obtained, and Southern blot examination (Fig. 5B) revealed that three of
them (strains XH12, XH13 and XH14) represented the desired genotype with the

inactivated couN3 gene, while the fourth one had reverted to wild-type.
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Fig. 5 Inactivation of couN3 and couN4 in S. rishiriensis DSM 40489. (A) Schematic
presentation of the couN3 gene inactivation. (B) Southern blot analysis of strains obtained in
the couN3 gene inactivation. Genomic DNA was restricted with Sphl/Clal from wild-type (lane 1),
single crossover mutants (lanes 2 und 3), reversion to wild-type (lane 4), and couN3" mutants
XH12, XH13 and XH14 (lanes 5, 6 and 7, respectively). (C) Schematic presentation of the couN4
gene inactivation. (D) Southern blot analysis of strains obtained in the couN4 gene inactivation.
Genomic DNA was restricted with Pstl from wild-type (lane 1), and couN4™ mutants ZW20 and

ZW21 (lanes 2 and 3, respectively)

1.2 Secondary metabolite production in the wild-type and couN3™ mutant

To investigate the secondary metabolites, S. rishiriensis (wild-type) and couN3
mutants were cultured in the production medium for coumermycin A; and culture
extracts were analyzed by HPLC (Fig. 6) The wild-type strain showed coumermycin
A4 as the dominant product (Fig. 6B). This compound was identified by HPLC in
comparison to an authentic reference substance, as well as by LC/MS analysis which

confirmed the expected molecular mass ([M-H]'=1108).
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In the couN3™ mutant, coumermycin A production was completely abolished (Fig.
6C). This mutant accumulated instead another product, which was identified as
coumermycin D by LC/MS analysis ([M-H]'=894) (Fig. 6C). As described by Berger
and Batcho (1978), the UV spectrum of this compound did not show the maximum at
275 nm, which is observed in coumermycin A1 and all other coumermycins except

coumermycin D.

The finding that the couN3  mutant accumulated coumermycin D instead of
coumermycin A; (Fig. 6) had two implications: first, it confirmed experimentally that
couN3 is involved in the biosynthesis of the two terminal pyrrole moieties of
coumermycin A4 as had been speculated (Fig. 4). But secondly, it proved that the
central pyrrole moiety was still formed in the absence of an intact couN3 protein,

indicating a different biosynthesis of this moiety.
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Fig. 6 HPLC analysis of the secondary metabolites in wild-type and mutants of S. rishiriensis

1.3 Inactivation of couN4 (This experiment was carried out by Z.-X. Wang.)

The hypothesis that the biosynthetic pathways of the central and the terminal pyrrole
moieties of coumermycin A; are different was confirmed by a second gene
inactivation experiment. couN4, encoding a putative L-prolyl-AMP ligase, was
targeted in this experiment, since its gene product might catalyse the first reaction

step in the biosynthesis of pyrroles from L-proline (Fig. 4).
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The suicide vector pN4, was constructed for this purpose (Fig. 5C). In this vector, the
structural gene of couN4 was disrupted by insertion of a neomycin resistance gene,
i.e. aphll. pN4 was introduced into protoplasts of S. rishiriensis (wild-type). Mutants
resulting from integration of the construct were selected with neomycin and
investigated further. Two mutants (strains ZW20 und ZW21) were obtained, which
showed the desired genotype resulting from a double cross-over event, i.e. a

replacement of the intact couN4 gene by the disrupted gene copy (Fig. 5D).

The absence of the intact couN4 gene and the presence of the disrupted gene were

also confirmed by PCR, using two different pairs of primers.

1.4 Secondary metabolite production in the couN4” mutant

In HPLC analysis, culture extracts of the couN4  mutants showed complete
abolishment of coumermycin A4 production (Fig. 6D). Similar to the couN3™ mutants,
couN4™ mutants accumulated coumermycin D as the dominant product (Fig. 6D),
which was identified by HPLC and by UV spectroscopy. Therefore, as speculated,
also couN4 was involved in the formation of the two terminal pyrrole rings of
coumermycin Aq (Fig. 4). couN4 was, however, not required for the biosynthesis of

the central pyrrole moiety of coumermycin Ay and coumermycin D.

Surprisingly, the amount of coumermycin D produced by both couN3™ and couN4"
mutants (varied from 12-17 umol/l) was about five time higher than that of

coumermycin A, produced by the wild-type (ca 2.7 umol/l).
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2 Identification of c/loN2, an acyltransferase gene responsible for
the attachment of the pyrrole moiety to the deoxysugar of

clorobiocin

Upstream of the genes cloN3, cloN4 and cloN5, which are expected to encode
enzymes for the conversion of L-proline to pyrrole-2-carboxyl-S-PCP, the gene cloN2
is located in the clorobiocin biosynthetic cluster. A homologous gene, i.e. couN2, is
located at the same relative position in the coumermycin A4 biosynthetic cluster
(Pojer et al., 2002).

Database searches revealed that cloN2 show sequence similarity to genes in the
biosynthetic gene clusters of certain antibiotics and antitumor agents, e.g. calO4 of
the calicheamicin biosynthetic gene cluster in Micromonospora echinospora ssp.
calichensis (47% identity on the amino acid level) (Ahlert et al., 2002), aviN of the
avilamycin A cluster in Streptomyces viridochoromogenes (45% identity) (Weitnauer
et al., 2001) and evrl of the evernimicin cluster in Micromonospora carbonacea var.
africana ATCC 39149 (44% identity) (Hosted et al., 2001). cloN2 also shows 38%
identity (aa level) to dpsC of the daunorubicin/doxorubicin cluster in Streptomyces
peuceticus (Grimm et al., 1994). DpsC was shown to catalyse the transfer of
propionate to an acyl carrier protein in daunorubicin biosynthesis (Bao et al., 1999a;
Bao et al.,, 1999b). CalO4, AviN and Evrl were proposed to be involved in orsellenic
acid biosynthesis and to control the nature of the starter unit of the biosynthesis
(Ahlert et al., 2002; Weitnauer et al., 2001), but no experimental evidence has been

published for the function of these enzymes yet.

By comparison of the structures of calicheamicin, avilamycin A and evernimicin with
those of clorobiocin and coumermycin A4, it is notable that all these compounds
contains one or two aromatic acyl moieties attached to a deoxysugar via an ester
bond. In the cases of calicheamicin, avilamycin A and evernimicin, the acyl
components are orsellenic acid derivatives and in cases of clorobiocin and
coumermycin A, it is 5-methylpyrrole-2-carboxylic acid. We speculated that
CloN2/CouN2, and possibly CalO4, AviN and Evrl, may be involved in the transfer of
the acyl component to the sugar moiety. To provide evidence for this hypothesis, the
inactivation of cloN2 was carried out in the clorobiocin producer, S.

roseochromogenes var. oscitans DS 12.976.
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2.1 Inactivation of c/oN2 in S. roseochromogenes (WT)

For inactivation of c/loN2 by in-frame deletion, plasmid pN2 was constructed by
cloning two PCR fragments into the vector pBSKT, a pBluescript derivative
containing a thiostrepton resistance marker. Thereby, 978 bp were deleted from the
coding sequence of cloN2, shortening the predicted gene product from 355 to 29

amino acids (Fig. 7A).

pN2 was introduced into the clorobiocin producer S. roseochromogenes (wild-type)
by protoplast transformation. After appropriate selection procedures, three antibiotic-
sensitive strains resulting from double cross-over events were obtained. Southern
blot examination (Fig. 7B) revealed that one of them (strain XHB12), showing the
expected band of 2.35 kb, represented the desired genotype with the inactivated
cloN2 gene, while the other two (strains XHB11 und XHB13) gave the same band of
3.33 kb as wild-type, indicating the reversion to the wild-type.

The absence of the intact c/loN2 gene and the presence of the disrupted gene were
also confirmed by PCR, using primers cloN2-1/Xbal and cloN2-2/Hindlll (Table 16).

A b
probe (880 bp)
Pstl Scal EcoRI Pyull
333kb )l
wild-type I(— >| >1 >
cloM cloN1 cloN2 cloN3 cloN4
(1068 bp)
>< >< B
Xbal* Nod* HindIIT*
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1 2 3 4 5
pN2
AcloN2 (90 bp)
= 3.33 kb = s - [ ] re— 3.64 Kb
== 2.80 kb
l 2.35 kb= -
1.71 kb — - == 1.95 kb

Notl*
Psd 235kb |

>|
cloN2 mutant L >[>¢' >|
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Fig. 7 Inactivation of c/loN2 in S. roseochromogenes var. oscitans DS 12.976. (A) Schematic

presentation of the c/loN2 gene inactivation. (B) Southern blot analysis of strains obtained in
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the cloN2 gene inactivation experiment. Genomic DNA was restricted with Pstl/Pvull from wild-
type (lane 1), single crossover mutant XHB1 (lane 2), reversion to wild-type XHB11 and XHB13
(lane 3 and 5), and c/oN2" mutant XHB12 (lane 4). The indicated Scal-EcoRI fragment of 880 bp

was used as a probe.

2.2 Analysis of secondary metabolites and identification of novclobiocin 104
and 105

For analysis of secondary metabolites, both wild-type and the c/loN2" mutant XHB12
were cultured in production medium (s. 6.2.2) (Mancy et al., 1974; Pojer et al., 2002).
Ethyl acetate extracts of the cultures were analysed by HPLC with UV detection at
340 nm. The wild-type strain showed clorobiocin with a retention time of 20.9 min as
the dominant product (Fig. 8A), which was identified by co-chromatography with an

authentic reference substance as well as by LC/MS (MW = 696).

By contrast, the c/loN2" mutant accumulated, instead of clorobiocin, two new products
with retention times of 15.5 min and 18.2 min, respectively (Fig. 8B), which were
designated novclobiocin 105 and 104, respectively. To elucidate their structures,
these two products were isolated on a preparative scale and analysed by MS, 'H-
NMR and "™C-NMR. The original spectra are shown in Appendix Il and the MS and

NMR data are summarized in Appendix I.
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Fig. 8 HPLC analysis of the secondary metabolites in S. roseochromogenes strains. (A) DS
12.976 (wild-type); (B) XHB12 (c/loN2" mutant); (C) XHBC12 (c/loN2" mutant harbouring pN2C)

The mass spectrum of novclobiocin 104 showed a negative ion at m/z 588 [M-H],
107 mass units less than that of clorobiocin, corresponding to the lack of the
methylpyrrole-carboxyl moiety. The 'H-NMR spectrum of novclobiocin 104 is very
similar to that of clorobiocin, with the exception that the signals for protons at H-3"""
(6.90 ppm), H-4""" (5.94 ppm) and H-6""" (2.29 ppm) of the pyrrole unit in clorobiocin
were absent (s. Appendixs). Furthermore, the absence of the signals for carbons C-

, C-2"", C-37", C-4"", C-5"", C-6""" in ">C-NMR spectrum of novclobiocin 104

also confirmed the lack of the pyrrole unit in its structure (s. Appendixes). This proved
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novclobiocin 104 is a clorobiocin derivative lacking the 5-methylpyrrole-2-carboxyl

moiety at 3°" of the deoxysugar (Fig. 8B).

The mass spectrum of novclobiocin 105 showed a negative ion at m/z 574 [M-H], 14
mass units less than that of novclobiocin 104, indicating the lack of a methyl group.
The signals at 3.59 ppm in the 'H-NMR spectrum and at 62.3 ppm in the ">*C-NMR
spectrum of novclobiocin 104, corresponding to the methoxy group at 4™ of the
deoxysugar, were absent in the corresponding spectra of novclobiocin 105. The other
signals in the spectra of both compounds corresponded to each other very well (s.
Appendixes). Obviously, both the 3" and 4 "of the deoxysugar in novclobiocin 105
were not substituted (Fig. 8B).

The amount of novclobiocin 104 and 105 produced by the c/loN2™ mutant was, in total,
about 100-180 mg/I (corresponding to 172-309 umol/l), i.e. ten times higher than the
clorobiocin content in the wild-type, which varied from 15 — 20 mg/l (22-29 pmol/l)
under the culture condition in this thesis (s. 6.2.2). The similar phenomenon was also
observed with the production of coumermycin D by the couN3™ and couN4™ mutants
(s. “Results 1.4”). Till now, no obvious explanation could be given for this unexpected

result.

2.3 Identification of pyrrole-2-carboxylic acid in the culture extract of c/loN2’
mutant by LC/MS and 'H-NMR

Culture extracts of both the wild-type and the cloN2" mutant XHB12 of S.
roseochromogenes were further analysed for free pyrrole-2-carboxylic acid by LC/MS
using selected reaction monitoring (SRM). In SRM, authentic pyrrole-2-carboxylic
acid gave the reaction of m/z 110 —m/z 66, corresponding to the decarboxylation of
[M-H]". This reaction was observed in the wild-type as well as in the c/loN2" mutant
XHB12 (Fig. 9), demonstrating the presence of pyrrole-2-carboxylic acid in both
cultures. The biosynthesis of the pyrrole moiety in the c/loN2" mutant was therefore

not blocked.
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Fig. 9 Analysis of pyrrole-2-carboxylic acids in extracts of bacterial cultures by SRM. The
reactions m/z 110— m/z 66 and m/z 124— miz 80 were used to detect pyrrole-2-carboxylic acid

and 5-methylpyrrole-2-carboxylic acid, respectively.

The presence of pyrrole-2-carboxylic acid in the c/loN2™ mutant was further confirmed
by 'H-NMR analysis. The pyrrole-2-carboxylic acid (retention time 7.7 min) was
isolated from the culture extract of the c/loN2" mutant on a preparative scale and
analysed by 'H-NMR. The spectrum showed three doublet-doublet signals at 6.93,
6.84 and 6.17 ppm, respectively, which were identical to those of an authentic
substance of pyrrole-2-carboxylic acid and consistent with the literature data
(Shimokawa et al., 1970). The amount of pyrrole-2-carboxylic acid accumulated in
the cloN2" mutant was about 1.2 mg/l (corresponding to 11 pmol/l). Comparable

amounts of this substance were found in the wild-type.

The ethyl acetate extracts of the cultures were also used to investigate the presence
of 5-methylpyrrole-2-carboxylic acid (Mr = 125) by LC/MS with SRM. Using SRM, the
reaction of m/z 124 —m/z 80, representing the decarboxylation of [M-H], was
observed in wild-type, but not in the c/loN2" mutant (Fig. 9), which indicated the

complete absence of 5-methylpyrrole-2-carboxylic acid in the cloN2™ mutant.
2.4 Complementation of c/loN2" mutant with pN2C

To complement the cloN2" mutant XHB12, a vector pN2C was constructed,
containing the entire sequence of cloN2 in pUWL201 under the control of the
constitutive ermE*p promoter. After transformation of vector pN2C into the cloN2
mutant, thiopstrepton-resistant clones were selected. To confirm the presence of the

intact vector pN2C, plasmid was reisolated and controlled by restriction digest and
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agarose gel electrophoresis. HPLC analysis showed that the c/loN2™ mutant harboring
plasmid pN2C (strain XHBC12) produced clorobiocin in an amount similar to the wild-
type (Fig. 8C). At the same time, this strain still produced considerable amounts of
novclobiocin 104 and 105. No clorobiocin production was detected in transformants

with empty vector pUWL201.
3 Production of carbamoylated aminocoumarin derivatives

Carbamoylation of the 3""-hydroxy group of the deoxysugar is considered to be one
of the last steps of the biosynthesis of novobiocin (Fig. 1). In the novobiocin
biosynthetic gene cluster, a putative carbamoyl transferase gene novN was identified
(Steffensky et al., 2000b). Since the aminocoumarin core and the deoxysugar
moieties of coumermycin, clorobiocin and novobiocin are identical, it was attempted

to produce new carbamoylated aminocoumarin derivatives using NovN.
3.1 37-Unsubstituted aminocoumarin derivatives

The inactivation of gene couN3, couN4 and c/loN2 not only provided experimental
evidence for the functions of these genes in the biosynthesis of coumermycin A4 and
clorobiocin, but also led to the production of some 3" "-unsubstituted aminocoumarins,
namely coumermycin D (Fig. 10), novclobiocin 104 (Fig. 10) and novclobiocin 105
(Fig. 10). These compounds represent interesting substrates for the
carbamoyltransferase NovN, setting the stage for the production of new

carbamoylated aminocoumarin antibiotics.

Two further 3" "-unsubstituted aminocoumarin derivatives, novclobiocin 107 and
novclobiocin 108 (Fig. 10), were obtained by the inactivation of gene cloN2 in clo-hal
mutant (Eustaquio et al., 2003a), as described as follows. Another 3" "-unsubstituted
compound, novclobiocin 283, was derived from a mutasynthetic experiment (Galm et
al., 2004a). Novclobiocin 283 contained a bromine atom instead of the dimethylallyl
moiety at position 3 of the 4-hydroxybenzoyl moiety, but otherwise had the same

structure as novclobiocin 104 (Fig. 10).
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Fig. 10 Structures of the 3" "-unsubstituted aminocoumarin derivatives

3.1.1 Production of novclobiocins 107 and 108 by inactivation of c/oN2 in
clo-hal” mutant

The halogenase gene clo-hal in the clorobiocin producer S. roseochromogenes, was

inactivated by PCR-targeting system. The resulting clo-hal" mutant produced

novclobiocin 101, lacking the chlorine atom at position 8" of aminocoumarin (Fig.

12A) (Eustaquio et al., 2003a).

The clo-hal” mutant was transformed with plasmid pN2 (Fig. 11A), which contained
an in-frame deletion in the coding region of cloN2 (Xu et al., 2003). Thiostrepton-
resistant colonies were selected and analysed by Southern blotting. While the clo-hal
mutant gave a band of 3.33 kb, strain XHC26 showed two bands of 2.35 kb and 2.69

kb, representing the desired genotype of single crossover events (Fig. 11B).
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Fig. 11 Inactivation of c/loN2 in the clo-hal" mutant. (A) Schematic representation of the gene
inactivation (B) Southern blot analysis. Genomic DNA was restricted with Pstl/Pvull. clo-hal’
mutant (lane 1), cloN2/clo-hal” double mutant XHC26 (lane 2). The indicated Scal-EcoRIl frament

of 880 bp was used as a probe.

The secondary metabolites of cloN27/clo-hal” mutant were investigated. Compared to
the wild-type and the clo-hal" mutant, two new peaks were found in the

chromatogram of the cloN2’/clo-hal” double mutant (Fig. 12B).
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Fig. 12 HPLC analysis of the secondary metabolites of clo-hal" and c/loN2'/clo-hal” mutants of S.
roseochromogenes. (A) Strain AE-h10 (clo-hal’" mutant); (B) Strain XHC26 (c/loN2/clo-hal
mutant)

The two new substances, designated as novclobiocin 107 and novclobiocin 108,
were isolated on a preparative scale by column chromatography with Sephadex®
LH20, followed by preparative HPLC. Their structures were elucidated by MS and 'H-
NMR (s. Appendixes for data and spectra). Negative-ion FAB mass spectrum of
novclobiocin 107 showed a molecular ion [M-H] at m/z 554, consistent with the loss
of a chlorine atom in comparison to novclobiocin 104 ([M-H]" at m/z 588).
Novclobiocin 104 showed the typical isotopic pattern caused by the chlorine isotopes
%Cl and *'CI (mass [intensity in %]: 588 [100], 589 [28], 590 [24], 591 [10]), whereas
the mass spectrum of novclobiocin 107 did not show this pattern, indicating the
absence of chlorine (mass [intensity in %]: 554 [100], 555 [27], 556 [9]). In the H-
NMR spectrum of this new compound, the signal at 7.29 ppm corresponding to the H-
6" of novclobiocin 104 has disappeared. Instead, a signal at 7.04 ppm for two protons

was observed as a broad singlet, which could be assigned to H-6" and H-8", as
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reported previously (Eustaquio et al., 2003a; Sasaki et al., 2001). Therefore,
novclobiocin 107 lacks the chlorine atom at position 8" of aminocoumarin ring as well
as the pyrrole moiety at 3"-OH of deoxysugar (Fig. 12). The mass spectrum of
novclobiocin 108 showed a negative ion at m/z 540 [M-H], 14 mass unit less than
that of novclobiocin 107, indicating the lack of a methyl group. Similar to novclobiocin
107, no chlorine isotopic pattern was observed in the mass spectrum. The signal at
3.58 ppm in the 'H-NMR spectrum of novclobiocin 107, corresponding to the
methoxy group at 4" of deoxysugar, were absent in the corresponding spectrum of
novclobiocin 108. The other signals in the spectra of both compounds corresponded
to each other very well. In comparison to novclobiocin 107, the methyl group at 4""-

OH of the deoxysugar was also absent in novclobiocin 108 (Fig. 12).

The single crossover mutant created in this thesis contained both an inactivated copy
and an intact copy of c/loN2 (Fig. 11). Integration of the vector sequence apparently
disrupted the transcription unit containing c/loN2 and further genes involved in the
biosynthesis of the pyrrole moiety (Xu et al., 2002), as indicated by the lack of this
structural moiety in the metabolites accumulated by the mutant. Since a single
crossover was sufficient to generate the desired compounds, no further attempts

were made to obtain double crossover mutants.

The new compounds, novclobiocin 107 and 108, were produced in amounts of 26

mg/l and 6 mg/l (corresponding to 47 ymol/l and 11umol/l), respectively.
3.2 Production of carbamoylated aminocoumarin derivatives in vivo

Firstly, it was attempted to try whether expression of NovN in the couN3™ mutant

would result in the formation of carbamoylated coumermycin D derivatives.
3.2.1 Overexpression of NovN in the couN3™ mutant

For this purpose, the novN gene was cloned into the expression vector pEM4, which
contains a plJ101 origin of replication, a thiostrepton resistance marker and a ermE”*
promotor for foreign gene expression (Quiros et al., 1998). The resulting construct,
pXHN (Fig. 13), was introduced into the couN3™ mutant of S. rishiriensis by protoplast
transformation. Thiostrepton-resistant colonies were selected and the presence of the

intact plasmid was confirmed by isolation and restriction analysis (Fig. 13).



Results 63

Hindrrr  F5t Staﬂg%EPWN
novN
(2,48 kb)
stop of novlN ! . |[—10.8kb
P 8 kb— " ﬁ M ~|—8.3kb
EcoRI = frdie
lacz -
- : .
3kb—| - £
o ;o [25k0
. 2kb—| - :
ori pldCci19 6 kb—I , %

\(\G‘ 1 2 A 2
W EcoRI/Pstl  Sphl

Fig. 13 Map of the vector pXHN (left) and restriction analysis of the intact plasmid pXHN from
two different transformands (right). The expected bands after restriction with EcoRI/Pstl and
Sphl are at 8.3 kb/2.5 kb and 10.8 kb, respectively.

3.2.2 Secondary metabolite production of the couN3™ mutant expressing NovN

Culture extracts of the couN3™ mutant with and without the novN expression vector
pXHN were analysed by LC/MS, in comparison with the wild-type. This allowed
selective detection of coumermycin Ay (MW 1109), coumermycin D (MW 895) and
bis-carbamoylated coumermycin D (MW 981). The collision—-induced dissociation
(CID) mass spectra and the selected reaction monitoring (SRM) during a HPLC run
were recorded after both positive and negative electrospray ionization (ESI). MS data
are listed in Appendix I. As shown in Fig. 14, this analysis confirmed the identity of
coumermycin Ay and coumermycin D as the main products of the wild-type and the
couN3™ mutants, respectively. Bis-carbamoylated coumermycin D was detected in the
couN3™ mutant expressing NovN, but not in the corresponding strain without novN,
and not in the wild-type. The ESI-CID spectra of the [M+H]" and [M-H] ions,
respectively, of coumermycin A; display key fragments characterizing the several
subunits (Fig. 14A). Thus, the complementary ions at m/z 487 (negative ion ESI) and
622 (positive ion ESI) are formed by scission of the amide bond. While the positive
ion at m/z 108 represents the methylpyrrole moiety, the base peak ion at m/z 282
comprises the sugar unit with the attached methylpyrrole subunit. The negative ion at

m/z 206 represents a key ion of the methylated aminocoumarin moiety. For detecting
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coumermycin A; the fragment ions at m/z 282 and 622 were used for SRM

measurements in the positive ion mode.

In coumermycin D ([M+H]" at m/z 896) corresponding reactions from the [M+H]" ion
leading to ions at m/z 175 and 515 could be detected in the SRM mode (Fig. 14B).

The bis-carbamoylated coumermycin D ([M+H]" at m/z 982) displays in the SRM
mode the correponding mass shifts to m/z 218 and 558 (Fig. 14C), indicating the

same fragmentation pattern as coumermycin A; and coumermycin D, respectively.
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Fig. 14 LC/MS and selected reaction monitoring (SRM) analysis of the secondary metabolites

in S. rishiriensis wild-type and mutants
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The retention times of coumermycin D and bis-carbamoylated coumermycin D were
very similar, so that a chromatographic separation was not achieved. Coumermycin
D was the dominant product in the couN3  mutant expressing NovN, and the
carbamoylated compound was present in smaller quantities. Addition of NHsNO; (12
mM) or carbamoyl phosphate (4 mM) to the culture medium did not increase the

proportion of carbamoylated coumermycin D.
3.3 Production of carbamoylated aminocoumarin derivatives in vitro

As described above, the heterologous expression of NovN in couN3™ mutant of the
coumermycin producer, S. rishiriensis, resulted in the formation of a carbamoylated
coumermycin derivative (Xu et al., 2002). However, the yield was low (Xu et al.,
2002), and no carbamoylated clorobiocin derivatives could be detected after
expression of NovN in a cloN2° mutant of the clorobiocin producer, S.
roseochromogenes (data not shown). It appears like that insufficient availability of the
substrate carbamoyl phosphate, rather than the specificity of the
carbamoyltransferase, has limited the formation of carbamoylatd products in these
experiments. Therefore, expression of NovN in vivo appears not to be a promising

method to obtain new carbamoylated aminocoumarin antibiotics in useful quantities.

Subsequently, it was attempted to overexpress the carbamoyltransferase NovN as
histidine fusion protein by a convenient method using S. lividans as host and
synthesize new carbamoylated clorobiocin derivatives using carbamoyltransferase

assay.
3.3.1 Overexpression of NovN as histidine fusion protein in S. lividans

NovN has been successfully overexpressed as N-terminal 8xHis-tagged protein in E.
coli (Freel Meyers et al., 2004). However, in our hands expression in E. coli gave only
low yields of active enzyme. It has been observed repeatedly that proteins from
Streptomyces strains which could not be well expressed in E. coli could be effectively
expressed in Streptomyces lividans (Heinzelmann et al., 2001; Pelletier et al., 1994;
Pfeifer et al., 2001). Therefore, NovN was expressed as an N-terminal 6xHis-tagged
protein in S. lividans T7, a strain possessing a thiostrepton-inducible T7 RNA

polymerase gene.
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For this purpose, the vector pXHNEG (Fig. 15) containing the whole sequence of
novN from the novobiocin gene cluster behind the sequence coding for six histidine
residues and an origin for replication in Streptomyces from the vector pGM9 (s. Table
14) were constructed. pXHNEG was transformed into the protoplasts of S. lividans T7
and the kanamycin-resistent mutants were selected. NovN was achieved by

overexpression of mutants in YEME medium using thiostrepton as inductor (s. 7.2.5).
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pue 11298 bps

8000
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Fig. 15 Map of expression vector pXHNEG

The yield of NovN was quite high (6.7 mg/g cells, fresh weight; s. Fig. 16, lane 2), but
much of it was insoluble. The amount of soluble protein did not increase significantly
when the growth temperature was reduced to 20°C. Nevertheless, sufficient amounts
of the 6xHis-tagged NovN could be readily purified from the soluble fraction by metal
affinity chromatography. SDS-PAGE analysis showed the expected band of 78 kDa
(calculated mass 78.5 kDa) in the eluate (Fig. 16). An additional band appeared at 76
kDa, which had also been observed upon expression in E. coli (Freel Meyers et al.,
2004) and may represent a degradation product. The protein yield of purified NovN
was about 16 ug/g cells (fresh weight), determined by SDS-PAGE.
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Fig. 16 Analysis of proteins expressed in S. lividans T7 by SDS-PAGE (10%). Lane 1, total
protein before induction; lane 2, total protein after induction with 25 pg/ml thiostrepton for 24h;

lane 3, soluble protein after induction; lane 4, eluate from nickel affinity chromatography.

3.3.2 Carbamoyltransferase assay

The carbamoyltransferase assay was carried out as described in “Materials and
methods 7.2.6.”. The catalytic activity of NovN as a carbamoyltransferase was

confirmed by HPLC following conversion of descarbamoyl novobiocin to novobiocin
(Fig. 17).
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Fig. 17 HPLC analysis of the carbamoyltransferase assay with native substrate descarbamoyl
novobiocin. The assays were incubated overnight. (A) Assay with purified NovN; (B) Negative
control with heat-denatured enzyme.



Results 69

3.3.3 Characterization of NovN

3.3.3.1 Molecular weight of native protein

The native molecular weight was determined by gel filtration. The elution volume V.
of NovN was 182 ml, corresponding to 79 kDa. The calculated molecular mass of

NovN was 78.5 kDa. Therefore, the protein is active as a monomer.
3.3.3.2 Cofactor, linear dependence over time and protein amount

The NovN reaction was strictly dependent upon the presence of ATP and divalent
cations such as Mg?* or Mn?**. The absence of ATP in assay mixture resulted in the
complete verlust of the carbamoyltransferase activity. Only 1% activity could be
detected, when ATP but no Mg?*/Mn*" cations were included. The optimal
concentrations of both Mg®* and ATP were 2 mM. The product formation in the
carbamoyltransferase assay showed a linear dependence over the protein amount

up to 0.5 uM of purified protein and over incubation time up to 90 min.

3.3.3.3 Determination of kinetic parameters for descarbamoyl novobiocin

The Ky, value for the native substrate, descarbamoyl novobiocin, was determined as
2.4 uM and turnover rate Keat as 2.4 min™ (Fig. 18), similar to the data obtained for

NovN expressed in E. coli (Freel Meyers et al., 2004).
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Fig. 18 Lineweaver-Burk plot for calculation of kinetic parameters for descarbamoyl

novobiocin (native substrate)
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3.3.4 Chemoenzymatic synthesis of new aminocoumarin antibiotics

The five 3" "-unsubstituted clorobiocin derivatives, i.e. novclobiocins 104, 105, 107,
108 as well as novclobiocin 283, were used as substrates for carbamoylation. HPLC
analysis revealed that all of them were readily accepted by NovN (Fig. 19). 87% of
novclobiocin 104 were converted to the carbamoylated derivative after overnight
incubation under the assay conditions described in “Materials and Methods 7.2.6”.
The average conversion rate of the other four substrates was about 54%. The

structures of the enzymatic substrates and products are given in Table 21.
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Fig. 19 HPLC analysis of the carbamoyltransferase assays with 3" -unsubstituted
aminocoumarin derivatives. (A) novclobiocin 104; (B) novclobiocin 105; (C) novclobiocin 107;
(D) novclobiocin; (E) novclobiocin 283. Assay with purified NovN (top) and negative control

with heat-denatured enzyme (bottom). The assays were incubated overnight.

For structural elucidation, each product was isolated in preparative amounts and
subjected to 'H-NMR and MS analysis (s. Appendixes). Compared to the parent
compounds, the NMR spectra of the enzymatic products in CD3;OD showed no
additional proton signals but marked downfield shifts of the signals of the protons H-
2", H-4"" and especially H-3"" of the deoxysugar (Table 22), indicating a substitution
at position 3" of the deoxysugar. FAB-MS analysis showed that the molecular mass
of the enzymatic products was 43 Da larger than that of the respective substrates,

consistent with the attachment of a carbamoyl group.

Table 21 Chemical structures of aminocoumarins derivatives

Compound name R; R, Rs R,

o}
clorobiocin Cl = CHs,

NH

S

CH,
novobiocin CH; CONH, CHs;
novclobiocin 1042 10 Cl H CH;
novclobiocin 114° = 7 = 9 1 Cl CONH, CHs,
novclobiocin 105° 8 Cl H H
novclobiocin 115° Cl CONH, H
novclobiocin 107 2 H H CH,4
novclobiocin 117° H CONH, CHs;
novclobiocin 108 # H H H
novclobiocin 118° H CONH, H
novclobiocin 283 ¢ Cl H CH,
novclobiocin 284 ° Br Cl CONH, CHs

4 substrates for carbamoyltransferase assays
® products of carbamoyltransferase assays
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Table 22 Comparison of '"HNMR data of aminocoumarin derivatives (400 MHz,

CD;0D)
H-2" H-3"" H-4""

O (ppm),multi (J/Hz) O (ppm),multi (J/Hz) O (ppm),multi (J/Hz)
novclobiocin 104 4.12,t(3.1) 4.18,dd (3.1, 9.9) 3.40,d (9.9)
novclobiocin 114 4.29,t (3.0) 5.37,dd (3.1, 10.1) 3.65,brs
novclobiocin 105 4.13,brs 4.12,dd (3.1, 10.0) 3.76,d (10.0)
novclobiocin 115 4.33,brs 5.27,dd (3.1, 10.3) 3.93,d (10.3)
novclobiocin 107 4.02,t (3.1) 4.09,dd (3.1, 9.4) 3.37,d (9.4)
novclobiocin 117 4.17,t(2.8) 5.25,dd (2.8, 8.8) 3.54%
novclobiocin 108 4.04,brs 4.03,dd (3.4, 9.5) 3.73,d (9.5)
novclobiocin 118 4.24.t(3.3) 5.15,dd (3.3, 10.0) 3.90,d (10.0)
novclobiocin 283 411,s 4.19,dd (3.3, 9.9) 3.40,d (9.9)
novclobiocin 284 4.27,t(3.1) 5.37,dd (3.1, 10.0) 3.56°

Abbreviation: t, triplet; d, doublet; dd, double doublet; s, singlet; br, broad signal
See Table 21 for numbering of the structures
§ overlapping with the Signal of 3H-8"", J not determinable

3.3.5 Kinetic parameters for novclobicn 104 and 105

Kinetic parameters were determined for novclobiocin 104 and 105 (Fig. 20). Kcat
values were determined as 1.32 min™ and 1.53 min™", respectively, similar to the
value obtained for descarbamoyl novobiocin. The Ky, value for novclobiocin 104 (1.9
MM) was similar to that of descarbamoyl novobiocin. In contrast, the K, for
novclobiocin 105 was 14.3 uM, i.e. five times higher than that of genuine substrate,

indicating that the 4""-methoxy group may play a role in substrate binding.

15— 50
53 % 404
a o 30
£
£ g S 20-
2 ] =
- 101 =
T T T r T T T T
-500 -250 250 00 100 200 300 400
1/[S] 1/mV) -10- 1/[S] 1/mM)

5

Fig. 20 Lineweaver-Burk plots for calculation of kinetic parameters for novclobiocin 104 and
105
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3.3.6 Further investigations of substrate specificity

In contrast to the novclobiocins, which were well accepted by NovN, the assay with
coumermycin D in the crude extract of couN3™ mutant (not in pure form) did not lead

to the production of expected carbamoylated coumermycin (Fig. 21).

80
coumermycin D

e s

Absorbance

s

" time (min)

Fig. 21 HPLC analysis of the carbamoyltransferase assay with coumermycin D. (A) negative
control, the crude extract of couN3” mutant; (B) assay with coumermycin D in the crude extract

of couN3” mutant. The assay mixture containing 0.1 mM coumermycin D (calculated as

coumermycin A,), was incubated overnight.

On the other hand, NovN was specific for carbamoyl phosphate as substrate. No
product formation was observed, after incubating acetyl phosphate with

descarbamoyl novobiocin and NovN overnight (Fig. 22).
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Fig. 22 HPLC analysis of the carbamoyltransferase assays with acetyl phosphate. (A) positive
control, assay with carbamoylphosphate; (B) assay with acetyl phosphate (5 mM); (C) negative

control, descarbamoyl novobiocin. The assays were incubated overnight.
4 Testing the biological activity of new aminocoumarin derivatives

4.1 Inhibitory activity on E. coli gyrase

The new aminocoumarin derivatives were tested in vitro for their inhibitory effect on
E. coli gyrase, in comparison with the natural compounds novobiocin and clorobiocin.
The ICso of novobiocin resulted as 0.9 uM, and the activity of the other substances
was expressed relative to that of novobiocin (Fig. 23). As observed previously (Galm
et al., 2004b; Maxwell & Lawson 2003), clorobiocin was the most active substance in

vitro, three times as active as novobiocin.

. ratio(%) , ratio(%)
compound concentration  |Csnov compound concentrafion  |csnov
(M) ICsocomp (uM) ICsoccomp
clorobiocin 300 novobiocin 100
15 10 05 0250 N 1.9 1.2 09 05 0 N
novclobiocin 3.6 novclobiocin Gl e 70
104 114
66 50 33 25 0 N 38 25 1.9 12 0 N
novclobiocin 0.5 novclobiocin 2.3
105 115
329 247164122 0 N 100 75 50 38 0O N
novclobiocin novclobiocin
107 : 117
375 250162 88 O N 78 58 39 29 O N
108 118
500 250 188 125 0 N 200150 100 50 O N
novclobiocin
284

19 12 6 3 0 N

Fig. 23 In vitro inhibition of the DNA supercoiling reaction catalysed by E. coli gyrase. (upper
band: relaxed pBR322; lower band: supercoiled pBR322; N: negative control without gyrase)
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Removal of the pyrrole carboxylic acid moiety from clorobiocin resulted in a 100-fold
drop of the activity (novclobiocin 104). The subsequent removal of the methyl group
at 4"’-OH (novclobiocin 105), of the chlorine atom at position 8" (novclobiocin 107), or
of both these substituents (novclobiocin 108) further reduced the activity. When the
pyrrole carboxylic acid moiety was removed from clorobiocin and subsequently
replaced by a carbamoyl group, activity was restored: the resulting compound
(novclobiocin 114) was nearly as active as novobiocin, but still four times less active
than clorobiocin. In contrast, carbamoylation of novclobiocins 105, 107 and 108 led
only to compounds of low activity (novclobiocins 115, 117 and 118, respectively),
proving the importance of the 4 "-methoxyl group and the 8°-chlorine atom for gyrase

inhibition.

Replacement of the 3-dimethylallyl moiety in novclobiocin 114 by a bromine atom
(novclobiocin 284) resulted in a sevenfold drop in activity, indicating that also the

substituted Ring A contributes to the biologische activity.

4.2 Antibacterial activity against Bacillus subtillis ATCC 14893

The results on the inhibition of gyrase in vitro were subsequently confirmed by
determination of the antibacterial activity in a disc diffusion assay using Bacillus
subtilis ATCC 14893 as test organism (Fig. 24). Activity was expressed relative to
novobiocin. As observed previously (Galm et al., 2004b), novobiocin showed higher
activity than clorobiocin in this assay. Otherwise, however, the antibacterial assays
largely confirmed the results of the in vitro gyrase inhibition assays. Removal of the
pyrrole carboxylic acid moiety from clorobiocin resulted in a sharp drop of activity,
and the additional removal of the methyl group at 4"°-OH and/or the chlorine atom at
position 8" further reduced growth inhibition. Carbamoylation of novclobiocin 104 led
to an active antibacterial compound (novclobiocin 114), which, however, was less
active than novobiocin or clorobiocin. Removal of the methyl group at 4""-OH or of
the chlorine atom at the 8" position, or replacement of the 3-dimethylallyl group by a

bromine atom, strongly reduced the activity.
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amount relative amount relative
compound .
compound (nmol) activity (%) P (nmol) activity (%)
clorobiocin _ 50 novobiocin ffa -‘ 100
0.5 1 2
novclobiocin- 06 novclobiocin
104 114
40 80 160
novclobiocin _ <0.2 novclobiocin
105 115
80 160 320
107 117
160 396 792
novc|obiocin <02 nOVC|ObiOCin
108 118
160 320 640
novclobiocin 1.6
284

Fig. 24 Bioassay against Bacillus subtilis. Activities are expressed relative to novobiocin

(100%).
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DISCUSSION

1 Biosynthesis of pyrrole-2-carboxyl moiety of coumermycin A;

and clorobiocin

In pyoluteorin and undecylprodiginine biosynthesis, the three essential steps in the
conversion of L-proline to pyrrole-2-carboxylic acid (Fig. 4) have been elucidated on
the biochemical and the genetic level (Cerdeno et al., 2001; Nowak-Thompson et al.,
1999; Thomas et al., 2002). As shown in Table 20, genes couN3/couN4/couN5 and
cloN3/cloN4/cloN5 from the coumermycin and clorobiocin clusters, respectively,
show sequence similarity with these established pyrrole biosynthesis genes and were
likely to carry out the reaction steps depicted in Fig. 4. Experimental proof for their
involvement in the formation of the terminal pyrrole moieties of coumermycin A1 has
now been provided by the inactivation of couN3 and couN4, resulting in a complete

abolishment of coumermycin A formation (Fig. 6).

The same functions may be postulated for the corresponding genes of the clorobiocin

biosynthetic gene cluster, i.e. cloN3, cloN4.

As reported previously (Berger & Batcho 1978; Claridge et al., 1984), S. rishiriensis
produces a multiplicity of related antibiotics, which differ by the substitutents at the
3"’-hydroxy groups of the two deoxysugars. At either sugar moiety, a 5-
methylpyrrole-2-carboxyl group, a non-methylated pyrrole-2-carboxyl group, or no
substituent at all can be found, resulting in 9 different possible coumermycins. In
culture extracts of our wild-type strain (Fig. 6B), therefore a multiplicity of compounds
could be detected by HPLC, with coumermycin A; as the dominant product. The
presence of coumermycin D was confirmed by LC/MS analysis ([M-H] = m/z 894),
but this compound was present only in minor quantities in the wild-type. In contrast,
coumermycin D was the dominant product in the couN3™ and couN4  mutants,

accompanied by relatively few other metabolites (Fig. 6C and 6D).
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2 Different biosynthetic pathway of central pyrrole moiety in

coumermycins

Coumerycin A; contains a central 3-methylpyrrole-2,4-dicarboxylic acid moiety and
two terminal 5-methyl-pyrrole-2-carboxylic acid moieties. The fact that neither the
inactivation of the dehydrogenase gene couN3 nor the inactivation of the L-prolyl-
AMP ligase gene couN4 led to an abolishment of the biosynthesis of the central
pyrrole moiety indicates that the central pyrrole may be formed by a different pathway

from that responsible for synthesis of the two terminal pyrrole moieties.

Based on the results of a previous feeding experiment with [U-'*C]L-proline, Scannell
and Kong (Scannell & Kong 1969) had assumed that all three pyrrole rings of
coumermycin are formed from L-proline. A closer examination of their method,
however, reveals that their chemical degradation procedure (pyrolysis and short-
column gas chromatography) did not differentiate between the central and the two
terminal pyrrole moieties. Therefore, the incorporation of L-proline reported in their
study would also be consistent with a biosynthesis of the terminal pyrroles from

proline and a different biosynthetic pathway of the central pyrrole.

The mechanism of the biosynthesis of the central pyrrole moiety and the genes

involved in this process are currently under investigation in our group.

3 Attachment of pyrrole-2-carboxyl moiety to the deoxysugar in

clorobiocin and coumermycin A,

In the clorobiocin producer Streptomyces roseochromogenes, inactivation of the
gene cloN2 by in-frame deletion resulted in the accumulation of two new
aminocoumarin derivatives, novclobiocin 104 and 105, both lacking the pyrrole
moiety at C-3"" of the deoxysugar. However, free pyrrole-2-carboxylic acid was still
produced by the cloN2" mutant, proving that the mutation did not affect the
biosynthesis of this moiety, but rather its transfer to the deoxysugar unit of clorobiocin.
Clorobiocin production could be restored by expression of c/loN2 in the c/loN2™ mutant,
which demonstrates that only gene c/loN2 had been inactivated. Our results prove
that CIoN2 is involved in the formation of the ester bond between the pyrrole-2-

carboxylic acid moiety and the deoxysugar. Most likely, CloN2 transfers the acyl
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moiety from a pyrrole-2-carboxyl-S-CloNS intermediate to the 3°'-OH of the
deoxysugar moiety of clorobiocin (Fig. 25).

The same function may be postulated for the corresponding gene of the
coumermycin biosynthetic gene cluster, i.e. couN2. CouN2 shows 86% identity to

CloN2, and both proteins comprise 355 amino acids.

Genes with sequence similarity to cloN2, i.e. calO4, aviN and evrl, are found in the
biosynthetic clusters of calicheamicin (Ahlert et al., 2002), avilamycin A (Weitnauer et
al., 2001) and evernimicin (Hosted et al., 2001), respectively. It has been proposed
that they may control the starter unit for orsellenic acid biosynthesis, based on their
sequence similarity to dpsC (Hosted et al., 2001; Weitnauer et al., 2001). However,
their function has not been proven experimentally. All three compounds
(calicheamicin, avilamycin and evernimicin) contain an orsellinic acid unit attached
via an ester bond to a deoxysugar moiety. Since we have now provided evidence
that cloN2 is involved in the acyl transfer of an aromatic carboxylic acid to the
deoxysugar moiety of clorobiocin, it should be considered whether also CalO4, AviN
and Evrl may be responsible for the acylation of the deoxysugar moieties of the

respective antibiotics.

The biosynthesis of the terminal pyrrole moieties of clorobiocin and oumermycin A
requires two additional steps, i.e. methylation at position 5 of the pyrrole ring, and
transfer of the entire 5-methypyrrole-2-carboxyl moiety onto the deoxysugar of
coumermycin D. In our experiments, only pyrrole-2-carboxylic acid, but not its 5-
methyl derivative was found in c/loN2™ mutant. This indicates that the methylation of
the pyrrole unit occurs only after its transfer to the deoxysugar moiety (Fig. 25). The
wild-type contained a small quantity of free 5-methylpyrrole-2-carboxylic acid,
possibly produced by hydrolysis of clorobiocin. This compound was not found in the

cloN2" mutant, which is consistent with the above hypothesis.

A clorobiocin derivative lacking the methyl group at the pyrrole moiety (designated as
antibiotic 2562 B) has been isolated previously from Streptomyces griseovariabilis
(Lysenkova et al., 1980). Similarly, coumermycin derivates lacking the methyl group
at C-5 of one or both the pyrrole-2-carboxylic acid moieties have been identified in

the coumermycin producer (Claridge et al., 1984).
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The gene cloN6, immediately downstream of cloN5 (Fig. 1B), shows sequence
similarity to a new class of radical SAM proteins identified recently (Sofia et al., 2001).
Inactivation of this gene has proved its involvement in the C-methylation of pyrrole-2-
carboxylic acid moiety (Westrich et al., 2003).

Fig. 25 is a schematic representation of the biosynthesis of the terminal pyrrole
moiety and its attachment to the 3""-OH group of deoxysugar of clorobiocin. CloN3,
CloN4 and CloN5 are expected to catalyse the conversion of L-proline to pyrrole-2-
carboxyl-S-PCP (Thomas et al., 2002; Xu et al., 2002). And then the acyl component
is transferred to the deoxysugar moiety by CloN2. Finally, CloN6 catalyses the C-
methylation at position 5 of the pyrrole-2-carboxyl moiety (Westrich et al., 2003). The
same biosynthetic pathway may be postulated for the terminal pyrrole moieties of

coumermycin Aq.
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sequence of the CloP and CloN2 reactions has not yet been established.

Among the contiguous group of seven genes in the clorobiocin and in the
coumermycin A1 gene cluster (c/loN1-cloN7 and couN1-couN7, respectively), only the
roles of the small ORF c/loN1 and the putative hydrolase gene c/loN7 are yet unclear.
An inactivation of these genes may provide evidence of their importance for the

biosynthesis of aminocoumarin antibiotics.
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4 Production of novel carbamoylated aminocoumarin derivatives

4.1 Production of new carbamolated coumermycin derivatives in vivo

Carbamoylated derivatives of coumermycin D have never been identified before.
Expression of the putative carbamoyltransferase gene novN from the novobiocin
biosynthetic gene cluster in the couN3  mutant led to the formation of bis-
carbamoylated coumermycin D (Fig. 14), which was identified by its molecular mass
and fragmentation in LC/MS analysis. This result provides experimental evidence for
the presumed function of NovN as a carbamoyltransferase and also demonstrates
that new aminocoumarin antibiotics may be obtained by genetic modification of the

producing strains.

4.2 Production of new carbamoylated aminocoumarin antibiotics in vitro

Generation of the novel carbamoylated novclobiocins using NovN demonstrates the
potential of a combined mutational and chemoenzymatic approach for the generation

of new amincouamrin antibiotics.

In previous studies (Eustaquio et al., 2003a; Li et al., 2002; Westrich et al., 2003), our
group has generated a variety of new aminocoumarins by methods of combinatorial
biosynthesis, i.e. by combination of gene inactivation and heterologous gene
expression experiments. However, expression of the carbamoyltransferase NovN in
mutants of aminocoumarin antibiotic producers resulted only in low yields of
carbamoylated products (Xu et al., 2002). This problem was overcome by producing
3" -unsubstituted aminocoumarin derivatives using specific mutants with single or
multiple gene defects, followed by efficient carbamoylation of these compounds in
vitro, which resulted in five new carbamoylated aminocoumarin antibiotics in

preparative amounts.

The carbamoyltransferase NovN could readily be obtained in nearly pure form after
expression of its structural gene in Streptomyces lividans. Surprisingly, the
carbamoyltransferase activity of NovN is strictly dependent upon divalent cations
Mg?/Mn?* and ATP. Activation of O-carbamoyltransferase by ATP in secondary
metabolites biosynthesis was investigated so far for 3’-hydroxymethylcephem-O-
carbamoyltransferase from Streptomyces clavuligerus (Brewer et al., 1980).

However, the role of ATP activation in O-carbamoylation remains unclear. Mg-ATP
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complex has been shown to be an allosteric effector (activator) for class B aspartate
N-carbamoyltransferases (ATCases) from E. coli (Sakash et al., 2000) and a number
of enterobacteria (Chen et al., 1998; Fetler & Vachette 2001). Is it possible that Mg-

ATP complex has the similar function in the NovN carbamoylation reaction?

Although the natural substrate of NovN is 3" '-descarbamoyl novobiocin, the enzyme
readily accepted all five other aminocoumarin substrates tested in this thesis,
showing that structural variations can be introduced by this method in the deoxysugar
moiety, in the aminocoumarin moiety and in the benzoyl moiety of the antibiotics. On
the other hand, acetyl phosphate was not accepted as substrate by NovN, limiting the

range of products to carbamoylated compounds.

Structural variation may be further increased by the utilization of mutasynthetic
strategies, as demonstrated by the generation of novclobiocin 284: first, the
biosynthesis of the natural benzoyl moiety was blocked by an inactivation experiment
(Pojer et al., 2003b); then, a synthetic analogue of the benzoyl moiety was fed to this
mutant , resulting in the formation of novclobiocin 283 (Galm et al., 2004a); finally,

this compound was carbamoylated by chemoenzymatic methods using NovN.

Bis-carbamoyl coumermycin D could be generated by expressing NovN in vivo, but
not in vitro. Probably, the carbamoyltransferase assay conditions used in this thesis
was not optimal for the carbamoylation of coumermycin D. And the much larger

molecule of coumermycin D may also influence its effective binding to the enzyme.

5 Structure-activity relationships within the aminocouamrin antibiotics

The compounds obtained in this thesis allowed to obtaining further insights into the
structure-activity relationships within the aminocoumarin class of gyrase inhibitors.
Firstly, our results confirmed the importance of the acyl moiety attached to the 3""-OH
of the deoxysugar. Lack of this acyl group led to a sharp reduction of activity.
Novclobiocin 114, which contained the carbamoyl instead of the pyrrole carboxylic
acid group at 3"-OH, but otherwise had an identical structure as clorobiocin, showed

a fourfold lower inhibitory activity on gyrase than clorobiocin.

Furthermore, our study demonstrates a crucial importance of the methyl group

attached to the 4'-OH group of the deoxysugar; lack of this group led to a strong
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decrease of activity. In accordance with earlier results (Eustaquio et al., 2003a), lack
of the chlorine (or methyl) substituent at C-8" of the aminocoumarin ring also leads to

a considerable decrease of activity.

Interestingly, novclobiocin 284 which contains a bromine atom instead of the
dimethylallyl moiety at C-3 of the benzoyl moiety not only showed lower antibacterial
activity than novclobiocin 114, but also less gyrase inhibition in vitro. This finding
gives further experimental support to the hypothesis of Lafitte et al. (Lafitte et al.,
2002) that the dimethylallyl moiety directly contributes to the binding of the antibiotic
to gyrase, and not only facilitates the uptake through the bacterial membrane as

speculated earlier (Lewis et al., 1996).
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Appendix —MS and NMR spectral data

Coumermycin A4: Positive ion ESI-CID mass spectrum m/z (relative intensity in %):
1110 ([M+H]", 3), 960 (8), 622 (10), 282 (100), 108 (9); Negative ion ESI-CID mass
spectrum m/z (relative intensity): 1108 ([M-HJ, 22), 620 (24), 594 (36), 513 (42), 487
(100), 206 (54).

Pyrrole-2-carboxylic acid: Negative ion ESI-CID mass spectrum m/z (relative
intensity in %): 110 ([M-H]"), 66 (M-CO); "H-NMR (400MHz, DMSO-d6) : dppm 6.93
(dd, J1 = 2.5 Hz, J, = 1.4, H-5), 6.84 (dd, J; = 3.8 Hz, J, = 1.4 Hz, H-3), 6.17 (dd, J; =
3.8 Hz, J, = 2.5 Hz, H-4).

5-methylpyrrole-2-carboxylic acid: Negative ion ESI-CID mass spectrum m/z
(relative intensity in %): 124 ([M-H]"), 80 (M-CO.,).

See Table 21 for numbering of the structures; "H-NMR at 400 MHz, *C-NMR at 100
MHz, using CD3s0D as the solvent; br, broad signal.

Novclobiocin 104: Negative FAB-MS m/z (relative intensity in %): 588 ([M-H]’), 554,
400, 225, and 209); "H-NMR (400 MHz, CD30D): dppm 1.10 (s, 3H-6""), 1.31 (s, 3H-
77), 1.74 (s, 3H-10, 3H-11), 3.34 (d, J = 7.2 Hz, 2H-7), 3.40 (d, J = 9.9 Hz, H-4""),
3.59 (s, 3H-8""),4.12 (t, J = 3.1 Hz, H-2""), 4.18 (dd, J1 = 9.9 Hz, J, = 3.1 Hz, H-3""),
5.35 (brt, J=7.2 Hz, H-8), 5.65 (d, J = 1.6 Hz, H-1""), 6.84 (d, J = 8.5 Hz, H-5), 7.29
(d, J=9.0 Hz, H- 63 7.72 (dd, J1 = 8.5 Hz, J, = 2.2 Hz, H-6), 7.76 (br s, H-2), 7.88 (d,
J=9.0 Hz, H-5"); “C-NMR (100 MHz, CD30D) : ppm 17.9 (C-10), 22.9 (C-6""), 26.0
(C-11), 29.3 (C- 7) 29.6 (C- 7 ), 62.3 (C-87"), 69.4 (C-27"), 72.7 (C-37"), 80.1 (C-57),
85.2 (C-4""), 100.5 (C-1""), 103.6(C-3"), 110.3 (C-6"), 111.5 (C-10"), 115.4 (C-5),
123.5 (C-8), 124.5 (C-1), 125.5 (C-57), 128.4 (C-6), 129.6 (C-3), 130.9 (C-2), 133.4
(C-9), 150.3 (C-9), 156.2 (C-4"), 160.4 (C-4, C-7"), 170.0 (C-12), the assignment of
C-2’, 4" and 7" may be interchangeable. The signals of C-8" were not detectable.

Novclobiocin 105: Negative FAB-MS m/z (relative intensity in %): 574 ([M-H]’), 540,
339, 209; "H-NMR (400 MHz, CD30D) : 3ppm 1.13 (s, 3H-6""), 1.29 (s, 3H-7""), 1.73
(s, 3H-10, 3H-11), 3.33 (d, J = 7.3 Hz, 2H-7), 3.76 (d, J = 10.0 Hz, H-4""), 4.12 (dd, J1
=10.0 Hz, J, = 3.3 Hz, H-3""), 4.13 (br s, overlapping with the signals of H-3"", H-2""),
5.35 (br t, H-8), 5.66 (br s, H-1""), 6.82 (d, J = 8.5 Hz, H-5), 7.24(d, J = 8.8 Hz, H-6"),
7.72 (dd, J; = 8.5 Hz, J, = 2.2 Hz, H-6), 7.76 (s, H-2), 7.88 (d, J = 8.8 Hz, H-5"); "*C-
NMR (100 MHz, CD30D) : éppm 17.9 (C-10), 22.4 (C-6""), 26.0 (C-11), 29.2 (C-7),
29.3 (C-77"), 62.3 (C-87"), 68.9 (C-27"), 72.4 (C-37"), 74.4 (C-4""), 80.6 (C-5""), 100.6
(C-17), 102.6(C-3°), 110.5 (C-67), 111.5 (C-10"), 112.0 (C-5), 123.4 (C-8), 124.5 (C-
1), 124.9 (C-5"), 128.4 (C-6), 129.6 (C-3), 130.8 (C-2), 133.6 (C-9), 150.1 (C-9),
156.4 (C-47), 160.5 (C-4, C-7"), 169.9 (C-12), the assignment of C-2’, 4" and 7" may
be interchangeable. The signals of C-8°, C-8"" were not detectable.

Novclobiocin 107: Negative FAB-MS m/z (relative intensity in %): 554 (48, [M-H]),
392(9), 379(20), 366(20), 336(7), 314(11), 283(11), 253(15), 237(11), 209(100),
207(39), 190(27); '"H-NMR (400 MHz, CDs0D) : dppm 1.11 (s, 3H-6""), 1.33 (s, 3H-
77),1.74 (s, 3H-11), 1.75 (s, 3H-10), 3.34 (d, J = 6.8 Hz, 2H-7), 3.37 (d, J = 9.4 Hz,
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H-47"), 3.58 (s, 3H-8""), 4.02 (t, J = 3.1 Hz, H-2""), 4.09 (dd, J; = 9.4 Hz, J, = 3.1 Hz,
H-37), 5.35 (tt, J1 = 7.4 Hz, J, = 1.2 Hz, H-8), 5.56 (d, J= 2.3 Hz, H-1""),6.85 (d, J =
8.4 Hz, H-5), 7.04 (complex overlapping signals, J not determinable, H-6", H-8"), 7.72
(dd, J1 =8.4 Hz, J, = 2.2 Hz, H-6), 7.75 (d, J = 2.2 Hz, H-2), 7.89 (d, J = 9.5 Hz, H-5")

Novclobiocin 108: Negative FAB-MS m/z (relative intensity in %): 540(27, [M-H]),
415(7), 380(16), 352(11), 338(7), 314(15), 312(7), 283(24), 255(16), 209(100),
207(35), 191(8); "H-NMR (400 MHz, CD30D) : dppm 1.14 (s, 3H-6""), 1.32 (s, 3H-
77), 1.74 (s, 3H-11), 1.75 (s, 3H-10), 3.34 (d, J = 7.3 Hz, 2H-7), 3.73 (d, J = 9.5 Hz,
H-4""), 4.03 (dd, J1 = 3.4 Hz, J, = 9.5 Hz, H-3""), 4.04 (br s, H-2""), 5.35 (brt, J=7.3
Hz, H-8), 5.58 (br s, H-17"), 6.84 (d, J = 8.4 Hz, H-5), 7.04 (complex overlapping
signals, J not determinable, H-6", H-8"), 7.72 (dd, J1 = 8.4 Hz, J> = 2.2 Hz, H-6), 7.75
(brs, H-2), 7.90 (d, J = 9.4 Hz, H-5")

Novclobiocin 114: Negative FAB-MS m/z (relative intensity in %): 631(17, [M-H]),
597(6), 524(6), 443(6), 358(6), 326(7), 283(18), 255(22), 209(100); 'H-NMR (400
MHz, CDs0D) : éppm 1.17 (s, 3H-6""), 1.33 (s, 3H-7""), 1.73 (s, 3H-10, 3H-11), 3.34
(overlapping with the signal of CH3OH, 2H-7), 3.55 (s, 3H-8""), 3.65 (br s, H-4""), 4.29
(t, J = 3.0 Hz, H-2""), 5.35 (overlapping with the signals of H-3"", H-8), 5.37 (dd, J; =
10.1 Hz, J, = 3.1 Hz, H-3""), 5.63 (d, J = 1.6 Hz, H-1""), 6.80 (d, J = 8.2 Hz, H-5), 7.19
(d, J=9.0Hz, H-6"), 7.71 (dd, J1 = 8.2 Hz, J, = 2 Hz, H-6), 7.76 (s, H-2), 7.88 (d, J =
9.0 Hz, H-57)

Novclobiocin 115: Negative FAB-MS m/z (relative intensity in %): 617(3, [M-H]),
524(2), 485(2), 462(6), 419(6), 388(6), 356(10), 314(16), 283(84), 255(61), 209(100);
'H-NMR (400 MHz, CD30D) : dppm 1.20 (s, 3H-6""), 1.32 (s, 3H-7""), 1.73 (s, 3H-10,
3H-11), 3.34 ( overlapping with the signal of CH3;0H, 2H-7), 3.93 (d, J = 10.3 Hz, H-
4°"), 4.33 (br s, H-2""), 5.27 (dd, J; = 10.3 Hz, J, = 3.1 Hz, H-3""), 5.35 (br s, H-8),
5.65 (br s, H-17"), 6.81 (br s, H-5), 7.21(br s, H-6"), 7.73 (br s, H-6), 7.77 (s, H-2),
7.90 (brs, H-5")

Novclobiocin 117: Negative FAB-MS m/z (relative intensity in %): 597(6, [M-H]),
554(2), 491(2), 427(2), 411(7), 370(7), 307(9), 306(29), 258(37), 257(69), 209(100),
207(25); 'H-NMR (400 MHz, CD30D) : 8ppm 1.17 (s, 3H-6""), 1.35 (s, 3H-7""), 1.73
(s, 3H-10, 3H-11), 3.34 ( overlapping with the signal of CH3zOH, 2H-7), 3.54 (complex
overlapping signals, 3H-8"", H-4""), 4.17 (t, J = 2.8 Hz, H-2""), 5.25 (dd, J; = 8.8 Hz,
Jo=28Hz, H-37),5.35 (brt, J=7.2 Hz, H-8),5.55 (d, J=2.5Hz, H-1""),6.81 (d, J =
8.4 Hz, H-5), 6.97 (complex overlapping signals, J not determinable, H-6", H-8"), 7.71
(dd, J1 = 8.4 Hz, J, = 2.2 Hz, H-6), 7.76 (br s, H-2), 7.91 (d, J = 9.0 Hz, H-5")

Novclobiocin 118: Negative FAB-MS m/z (relative intensity in %): 583(10, [M-H]),
540(6), 522(2), 462(5), 402(5), 380(6), 325(6), 314(13), 283(97), 255(70), 209(100);
'H-NMR (400 MHz, CD30D): dppm 1.20 (s, 3H-6""), 1.34 (s, 3H-7""), 1.74 (s, 3H-10,
3H-11), 3.34 ( overlapping with the signal of CH3;0H, 2H-7), 3.90 (d, J = 10.0 Hz, H-
47),4.24 (t, J = 3.3 Hz, H-2""), 5,15 (dd, J1 = 10.0 Hz, J, = 3.3 Hz, H-3""), 5.35 (br t, J
=7.2 Hz, H-8), 5.57 (d, J = 2.2 Hz, H-1""), 6.82 (d, J = 8.4 Hz, H-5), 7.00 (complex
overlapping signals, J not determinable, H-6", H-8"), 7.71 (dd, J; = 8.4 Hz, J, = 2.2
Hz, H-6), 7.76 (s, H-2), 7.91 (d, J = 9.3 Hz, H-5")

Novclobiocin 284: Negative FAB-MS m/z (relative intensity in %): 643(2, [M-H]),
569(2), 524(6), 491(3), 463(6), 419(6), 356(10), 314(25), 283(37), 253(41), 209(100);
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'H-NMR (400 MHz, CD30D) : 8ppm 1.17 (s, 3H-6"), 1.32 (s, 3H-7""), 3.55 (complex
overlapping signals, J not determinable, H-4"" and 3H-8""), 4.27 (t, J = 3.1 Hz, H-2""),
5.37 (dd, J1 = 10.0 Hz, J, = 3.1 Hz, H-3""), 5.63 (d, /= 1.8 Hz, H-1""),6.94 (d, J = 8.4
Hz, H-5), 7.19 (d, J = 8.1 Hz, H-6"), 7.87 (overlapping signals of H-6 and H-5"), 8.19
(br s, H-2).
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Appendix lI—MS and NMR spectra

Novclobiocin 104

MS spectrum

SPEC: fabneg2 (12-JUL-02 09:32:16) Scans: 1> 32
Samp
Comm: Xu XHB12-Peak 2 negative Ionen!!
Study: Client:
587.96 Masses: 160.01 > 1499.99 #Peaks: 1370
1000.0 mmu Intensity: 6258678 RIC: 106502254
Scan 25 €@ 0.72 min (FAB -Q3MS LMR UP LR) 6.3E+06
100 — 588.0
80 | s o7 -
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| ! | L |
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'H-NMR spectrum (400 MHz, CD30D)
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Novclobiocin 104

BC-NMR spectrum (100 MHz, CDs0D)

Current Data Parameters
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[ VISV <) =] Y D UTUODOOWMONOWONT <O EXPNO 2
N o g o MO MOO Y M- OO0 0O @ Y MO W W

S @®®m < SEANMMOITNOIONOMD U NDN PROCNO 1
Moo ®ma W LOUNNAUNDNDODDODDD QOO QN

R R < CONDOONTTITIIIITTTAANQUQ .

B I F2 - Acquisition Parameters

—156.202

-
/
!
X
N

Date_ 721003
/ Time 9.21
INSTRUM amx400

PROBHD 5 mm Multinu

PULPROG zgng30

0 32768
SOLVENT coci3

NS 30000

Ds 0

SWH 23809.523 Hz
FIDRES 0.726608 Hz
AG 0.6881780 sec
RG 32768

ow 21.000 usec
DE 26.25 usec
TE 300.0 K

D1 1.00000000 sec
CPOPRG waltzi6

P31 100.00 usec
S4 23 dB
D11 0.03000000 sec
S2 23 08
P1 12.00 usec
DE 26.25 usec
SFO1 100.6240000 MHz
NUCLEUS 13C

F2 - Processing parameters

s 32768
SF 100.6141260 MHz
WOW EM
558 0
L8 1.50 Hz
68 0
I‘ pC 1.40
|

10 NMA plot parameters

cx 20.00 cn
F1P 215.000 ppm
F1 21632.04 Hz
i Y ey Fop 5.000 ppm
ih TR F2 -503.07 Hz
I PPUCH 11.00000 ppm/cn
HZCH 1106.75537 Hz/cm

“.:‘l " “\ mMWHM’lmlu‘ .

ppm 200




Appendix

Novclobiocin 105

MS spectrum

SPEC: fabnegl (12-JUL-02 09:25:42) Scans: 1 > 42
Samp:
Comm: Xu XHBl2-Peak 1 negative Ionen!!
Oper: Study: Client:
Base: 209.03 Masses: 160.01 > 1499.99 #Peaks: 1387
Peak: 1000.0 mmu Intensity: 2242478 RIC: 27679879
Scan 35 @ 1.03 min (FAB -Q3MS LMR UP LR) 2.2E+06
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H-NMR spectrum (400 MHz, CD3;0OD)
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Novclobiocin 105

BC-NMR spectrum (100 MHz, CDs0D)

Current Data Parameters

NAME ok 10hut
& 53 2 BEERRCRYRZ 2] CBEEAETRALSBRINRIRSIIS EXPNO 2
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Novclobiocin 107

MS spectrum

SPEC: fabneg200 (18-MAR-03 09:52:52) Scans: 1> 21
Samp:
Comm: Xu BC 107
Oper: Study: Client:
Base: 209.01 Masses: 160.01 > 1499.99 #Peaks: 1279
Peak: 1000.0 mmu Intensity: 11261122 RIC: 95403901
Defect: 0 @ 1, 300 @ 1000
Scan 18 @ 0.48 min (FAB -Q3MS LMR UP LR) 1.1E+07
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H-NMR spectrum (400 MHz, CD30D)
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Novclobiocin 108

MS spectrum

SPEC: fabneg203 (20-MAR-03 09:49:25) Scans: 1> 21
Samp:
Comm: Xu BC 108 negative Ionen!!
Oper: Study: Client:
Base: 208.99 Masses: 160.01 > 1499.99 #Peaks:
Peak: 1000.0 mmu Intensity: 9585470 RIC: 78459611
Defect: 0 @ 1, 300 @ 1000
Scan 18 @ 0.54 min (FAB -Q3MS LMR UP LR) 9.6E+06
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Current Data Parameters
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F2 - Processing paramete:
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SSB 0
LB 0.10
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Novclobiocin 114

MS spectrum

SPEC: fabneg200 (06-0CT-03 10:26:30) Scans: 1> 85
Samp :
Comm: Xu Carbamoyl-104 negative Ionen!!
Oper: Study: Client:
Base: 208.94 Masses: 160.01 > 1499.99 #Peaks: 1414
Peak: 1000.0 mmu Intensity: 1988869 RIC: 18990326
Scan 29 @ 0.79 min (FAB -Q3MS LMR UP LR) 2.0E+06
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'"H-NMR spectrum (400 MHz, CD30D)
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0 32768
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FIDRES 0.221142 Hz
AQ 2.2610421 sec
RG 512

D 69.000 usec
DE 86.25 usec
TE 300.0 K
D1 1.00000000 sec
P1 7.00 usec
DE 86.25 usec
SFO1 400. 1385000 MHz
NUCLEUS 1H

F2 - Processing parameters

SI 16384
SF 400.1359730 MHz
WOW EM
SSB 0
LB 0.10 Hz
GB 0
PC 1.00

1D NMA plot parameters

cx 20.00 cm
F1P 8.934 ppm
F1 3574.75 Hz
Fop 0.031 ppm
F2 12.40 Hz
PPMCM 0.44514 ppm/cm
HZCM 178.11757 Hz/cm
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Novclobiocin 115

MS spectrum

: 28
SPEC: fabnegl04 (19-SEP-03 09:49:47) Scans: 1>
Samp:
. - i Ionen!!
gomm‘ Xu Carbamoyl-105 negatl‘éiudy* Client:
er : : )
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_— TE 300.0 K
5.5 - 4.5 4.0 01 1.00000000 sec
Py 7.00 usec
DE 86.25 usec
SFO1 400. 1385000 MHz
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Novclobiocin 117

MS spectrum

SPEC: fabneg200 (23-0CT-03 10:33:57) Scans: 1>29
Samp
Comm: Xu Carbamoyl-107 negative Ionen!!
Oper: Study: Client:
Base: 208.99 Masses: 160.01 > 1499.99 #Peaks: 1400
Peak: 1000.0 mmu Intensity: 11048374 RIC: 137965052
Scan 15 @ 0.45 min (EI -Q3MS LMR UP LR) 1.1E+07
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'"H-NMR spectrum (400 MHz, CD3;0D)
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F2 - Processing parameters
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Novclobiocin 118

MS spectrum

SPEC: fabneglOl (19-SEP-03 09:33:01) Scans: 1> 23
Samp:
Comm: Xu Carbamoyl-108 negative Ion
Oper: Study; Client:
Base: 208.99 Masses #Peaks: 1378
Peak: 1000.0 mmu Intens RIC: 64157355
Scan 16 @ 0.49 min (FAB -Q3MS LMR up | 8.0E+06
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H-NMR spectrum (400 MHz, CD3;0OD)
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1D NMA plot parameters
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Novclobiocin 284

MS spectrum

SPEC:
Samp :
Comm:
Oper:
Base:
Peak:

100

80

60

fabnegl104 (16-0CT-03 09:44:53) Scans: 1> 25
Xu Carbamoyl-283 )
Study: Client:
208.91 Masses: 160.01 > 1499.99 #Peaks: 1363
1000.0 mmu Intensity: 16777215 RIC: 173229762
Scan 22 @ 0.63 min (FAB -Q3MS LMR UP LR) 1.7E+07
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'H-NMR spectrum (400 MHz, CD30D)

Current Data Parameters
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1D NMR plot parameters
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TTT— —— HZCM 200.06799 Hz/cm
3 2 8 8 3
5 Il = @ @
3 < < i <
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XV

Pyrrole-2-carboxylic acid isolated from c/loN2" mutant

'H-NMR spectrum (400 MHz, DMSO-d6)
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Current Data Parameters

NAME ok0ghui
EXPNO 1
PROCNO 1

F2 - Acquisition Parameters

Date_ 721001

Time 4.15
INSTRUM amx400
PROBHD 5 mm Multinu
PULPROG 2930

™ 32768
SOLVENT coc13

NS 128

0s 0

SHH 7246.377 Hz
FIDRES 0.221142 Hz
AG 2.2610421 sec
ARG 2048

DH 69.000 usec
DE 86.25 usec
TE 300.0 K
01 1.00000000 sec
P1 7.70 usec
DE 86.25 usec
SFO1 400.1385000 MHz
NUCLEUS 1H

F2 - Processing parameters
SI 16384

SF 400. 1358730 MHz
WOW EM

SSB 0

L8 0.10 Hz
68 0

PC 1.00

1[] NMR plot parameters

20.00 cm
F1P 10.002 ppm
F1 4002.16 Hz
Fap -0.702 ppm
F2 -280.97 Hz
PPMCM 0.53521 ppm/cm
HZCM 214.15633 Hz/cm

Authentic pyrrole-2-carboxylic acid

'H-NMR spectrum (400 MHz,

DMSO-d6)
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Current Data Parameters

NAME ok 10hui
EXPNO 1
PROCNO 1

F2 - Acquisition Parameters

Date_ 721002
Time 4.01
INSTRUM amx400
PROBHD 5 mm Multinu
PULPAROG 2930

0 32768
SOLVENT coc13

NS 128

0s 0

SWH 7246.377 Hz
FIDRES 0.221142 Hz
AQ 2.2610421 sec
RG 1024

DW 69.000 usec
DE 86.25 usec
TE 300.0 K

D1 1.00000000 sec
Pl 7.70 usec
DE 86.25 usec
SFO1 400.1385000 MHz
NUCLEUS

F2 - Processing parameters

ST 16384

SF 400. 1359730 MHz
WOW EM
558 0

LB 0.10 Hz
6B 0

PC 1.00

1D NMR plot parameters

cX 20.00 cm
F1P 12.136 ppm

F1 4856.19 Hz

FapP -0.217 ppm
F2 -86.87 Hz
PPMCM 0.61767 ppm/cm

HZCM 247.15321 Hz/cm
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