
The aminocoumarins: biosynthesis and biology

Lutz Heide*

Received 29th June 2009

First published as an Advance Article on the web 10th August 2009

DOI: 10.1039/b808333a

Covering: up to 2009

The aminocoumarin antibiotics are characterized by their 3-amino-4,7-dihydroxycoumarin moiety.

This family of antibiotics comprises highly potent gyrase inhibitors, including novobiocin and the

structurally related compounds clorobiocin and coumermycin A1. These compounds interact with the

B subunit of bacterial gyrase and inhibit ATP-dependent supercoiling of DNA. The structurally more

complex simocyclinone D8, which contains two polyketide moieties, inhibits gyrase by a completely

different mechanism, i.e. via interaction with the A subunit. Rubradirin and its aglycone, which contain

an ansamacrolide moiety, interfere with protein or RNA synthesis, respectively. The biosynthetic

gene clusters of all five aminocoumarin antibiotics have been identified, and the gene functions have

been studied by genetic and biochemical methods. The biosynthesis of novobiocin and clorobiocin is

now one of the best-understood pathways of secondary metabolism in streptomycetes.
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1 Chemical structures and biosynthetic gene clusters
of aminocoumarin antibiotics

The aminocoumarin antibiotics (Scheme 1) comprise three

‘‘classical’’ aminocoumarins, i.e. novobiocin, clorobiocin and

coumermycin A1, as well as the structurally more complex

simocyclinones and rubradirins. They are produced by different

Streptomyces strains. The aminocoumarin antibiotics are char-

acterized by their 3-amino-4,7-dihydroxycoumarin moiety. The

occurrence of this moiety has not been reported in any other

natural product, neither within the genus Streptomyces nor in

other organisms.

The biosynthetic gene clusters of all five aminocoumarins

have been cloned and sequenced.1–6 The clusters of novobiocin,

clorobiocin and coumermycin span between 23 and 38 kb and

comprise between 20 and 32 coding sequences. The clusters of

simocyclinone and rubradirin are larger, spanning approxi-

mately 65 and 105 kb, respectively, and their precise borders have

not yet been defined.

Nearly all genes contained in the novobiocin, clorobiocin and

coumermycin biosynthetic gene clusters have been investigated

by genetic and biochemical experiments, and their precise func-

tion in the catalysis of biosynthetic reactions, in regulation and in

resistance is known. On the other hand, few experimental data

are available for simocyclinone and rubradirin biosyntheses.

2 Biosynthesis of the aminocoumarin moiety

Incorporation studies with isotope-labelled precursors had

shown that the aminocoumarin moiety is derived from L-tyro-

sine.7 Cloning and sequence analysis of the biosynthetic gene

cluster of novobiocin1 suggested that the gene products of nov-

HIJK might be responsible for the biosynthesis of the amino-

coumarin moiety. Biochemical investigations8 indeed revealed

that L-tyrosine is first activated by the adenylation domain of the

65 kDa protein NovH and attached covalently via a thioester

bond to the phosphopantetheinyl cofactor of the peptidyl carrier

protein (PCP) domain of NovH (Scheme 2). Subsequently, the

45 kDa heme protein NovI hydroxylates this enzyme-bound

tyrosine in a monooxygenase reaction, generating b-hydroxy-

tyrosyl-S-NovH.8 The stereochemistry of this compound has

been elucidated as (2S,3R) (Scheme 2).This intermediate is

oxidized by the heterotetrameric enzyme NovJ/NovK to b-keto-

tyrosyl-S-NovH, using NADP as electron acceptor.9 NovJ and

NovK both show similarity to 3-oxoacyl-[acylcarrierprotein]-

reductases from polyketide and fatty acid biosynthesis.

The attachment of the phosphopantetheinyl cofactor to

the PCP domain of NovH and its orthologs requires

Pharmaceutical Institute, University of T€ubingen, Auf der Morgenstelle 8,
72076 T€ubingen, Germany. E-mail: heide@uni-tuebingen.de; Fax: +49
7071 295250; Tel: +49 7071 2972460

This journal is ª The Royal Society of Chemistry 2009 Nat. Prod. Rep., 2009, 26, 1241–1250 | 1241

REVIEW www.rsc.org/npr | Natural Product Reports



a phosphopantetheinyl transferase. Such an enzyme is not

encoded within the biosynthetic gene clusters of novobiocin,

clorobiocin, coumermycin and rubradirin. The transfer therefore

appears to be catalyzed be unspecific phosphopantetheinyl

transferases encoded elsewhere in the genome. The simocycli-

none cluster5 contains two putative phosphopantetheinyl trans-

ferase genes, but sequence comparison with database entries

suggests that these are involved in the biosynthesis of the two

polyketide moieties of simocyclinone.

The final step of the biosynthesis of the aminocoumarin

moiety, i.e. from b-keto-tyrosyl-S-NovH to 3-amino-4,7-dihy-

droxycoumarin, has not been elucidated yet. It may be specu-

lated that a hydroxyl group is introduced into position 2 of the

aromatic ring of b-keto-tyrosyl-S-NovH, followed by a nucleo-

philic attack of this hydroxyl group on the thioester moiety

(Scheme 2). Cleavage of the carbon–sulfur bond and enolization

of the b-keto group would readily yield the expected 3-amino-

4,7-dihydroxycoumarin. However, an enzyme which catalyzes

the hydroxylation of the aromatic ring of b-keto-tyrosyl-S-NovH

has yet not been identified. Chen andWalsh8 originally suggested

that the enzyme encoded by the putative oxidoreductase gene

novC of the novobiocin cluster may be responsible for this

hydroxylation. Meanwhile, however, heterologous expression of

a minimal novobiocin cluster proved that novC is not required

for the biosynthesis of the aminocoumarin moiety of novobi-

ocin,10 and cloning of the biosynthetic gene clusters of the four

other aminocoumarin antibiotics has shown that these clusters

do not contain an ortholog of novC.

Holzenk€ampfer and Zeeck11 have demonstrated the incorpo-

ration of an isotope label from 18O2 into the ring oxygen of

the aminocoumarin moiety of simocyclinone, consistent with

the hypothetical cyclization mechanism described above. In

contrast, however, earlier isotope-labelling studies by Bunton

et al.7 have concluded that the ring oxygen of the aminocoumarin

moiety of novobiocin is not derived from molecular oxygen but

from one of the oxygens of the carboxyl group of tyrosine, and

the authors suggested a completely different cyclization mecha-

nism. Therefore, the cyclization reaction in aminocoumarin

biosynthesis remains to be elucidated.

In the novobiocin biosynthetic gene cluster, the four genes

novHIJK form part of a single operon. Very similar operon

structures, i.e. cloHIJK and couHIJK, are found in the biosyn-

thetic gene clusters of clorobiocin and coumermycin. The simo-

cyclinone cluster also contains orthologs of these genes, i.e. simH

and simI, situated adjacent to each other, and the genes simK and

simJ1, situated in different locations upstream and downstream

of simHI. A second gene with similarity to novJ, termed simJ2, is

found nearby, but an inactivation experiment proved that simJ1

is required for the biosynthesis of the aminocoumarin moiety of

simocyclinone.4

Scheme 1 Structures of the aminocoumarin antibiotics clorobiocin, novobiocin, coumermycin A1, simocyclinone D8 and rubradirin.
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Also the recently reported biosynthetic gene cluster for

rubradirin6 contains genes with sequence similarity to novHIJ,

i.e. the putative operon formed by rubC1, rubC2 and rubC3. No

ortholog for novK is found in the vicinity of these genes, sug-

gesting that in this case RubC3 alone may catalyse the oxidation

of b-hydroxy-tyrosyl-S-NovH to b-keto-tyrosyl-S-NovH.

The biosynthetic gene clusters of clorobiocin, coumermycin

A1 and simocyclinone, but not the clusters of novobiocin and

rubradirin, contain a small open reading frame, termed cloY,

couY and simY, respectively. These genes code for 70-71 aa

proteins which show sequence similarity to mbtH from the

mycobactin biosynthetic gene cluster of Mycobacterium tuber-

culosis. mbtH-like genes are frequently found in the biosynthetic

gene clusters of peptide antibiotics and siderophores, but their

function remains enigmatic. Inactivation of cloY and feeding of

the resulting mutant with 3-amino-4,7-dihydroxycoumarin

showed that cloY is specifically required for the formation of the

aminocoumarin moiety of the clorobiocin molecule.12 However,

its role in either catalysis or regulation or protein–protein

interactions is as yet unknown.

In novobiocin and coumermycin, the aminocoumarin moiety

is substituted in position 8 with a methyl group. It was originally

believed that this methylation takes place either during or

immediately after the biosynthesis of the aminocoumarin

moiety.8 However, biochemical investigations proved that the

SAM-dependent methyltransferase NovO, which catalyzes this

methylation reaction in novobiocin biosynthesis, does not utilize

the free aminocoumarin moiety or precursors thereof, but rather

the amide formed from the aminocoumarin and the prenylated

4-hydroxybenzoyl moieties.13 In coumermycin biosynthesis,

the orthologous methyl transferase CouO accepts in vitro both

the mono- and the bis-amide formed from the central dicar-

boxylpyrrole moiety with either one or two aminocoumarin

moieties.13

Clorobiocin and simocyclinone D8 contain a chlorine atom

rather than a methyl group in position 8 of their aminocoumarin

moieties. Genetic studies on clorobiocin biosynthesis proved that

the FAD-dependent halogenase Clo-hal is responsible for the

introduction of this halogen.14,15 However, the reaction has not

been demonstrated in vitro yet. Indirect evidence from feeding of

intermediates to mutant strains suggests that also in this case

amide formation precedes halogenation.16 Also the simocycli-

none cluster contains a similar halogenase, termed simD4,5 but

no experimental data are available on this halogenation reaction.

3 Biosynthesis of the prenylated 4-hydroxybenzoyl
moiety of novobiocin and clorobiocin

Both in novobiocin and clorobiocin, a 3-prenylated 4-hydroxy-

benzoyl moiety is attached via an amide bond to the amino

group of the aminocoumarin moiety (Scheme 1). Feeding studies

had shown the incorporation of labelled L-tyrosine into this

substituted benzoyl moiety.7 Chen and Walsh8 had originally

speculated that b-hydroxy-tyrosyl-S-NovH, a proven interme-

diate in aminocoumarin biosynthesis, may undergo a retro-aldol

cleavage, resulting in 4-hydroxybenzaldehyde, which could be

prenylated and oxidized to give the 3-prenylated 4-hydroxy-

benzoyl moiety.

3-Prenylated 4-hydroxybenzoate is an intermediate in the

biosynthesis of ubiquinones in all living organisms, and the

enzyme catalyzing the 3-prenylation of 4-hydroxybenzoate in

ubiquinone biosynthesis has been investigated in bacteria and in

eukaryotes.17,18 A similar reaction is involved in the biosynthesis

of the plant secondary metabolite shikonin.19 However, the

biosynthetic gene clusters of novobiocin and clorobiocin did not

contain any gene with similarity to known prenyltransferases.

Eventually, genetic and biochemical experiments proved that the

prenyltransferase of clorobiocin biosynthesis was encoded by

cloQ.20 The 35 kDa soluble, monomeric protein CloQ was found

to be the first member of a new class of prenyltransferases which

catalyze the C-prenylation of different aromatic substrates.21,22

These enzymes show a new type of protein fold.23,24 Due to their

abba architecture, these enzymes have been termed ABBA

prenyltransferases.21

The aromatic substrate of the prenyltransferase CloQ is

4-hydroxyphenylpyruvate,20,25 and the isoprenoid substrate is

dimethylallyl diphosphate (DMAPP) (Scheme 3). Feeding

experiments with isotope-labelled precursors have shown that

this DMAPP is derived from the methylerythritol phosphate

(MEP) pathway rather than from the mevalonate pathway.26,27

In streptomycetes, the MEP pathway is responsible for the

supply of isoprenoids of primary metabolism; therefore, the

Scheme 2 Biosynthesis of the 3-amino-4,7-dihydroxycoumarin moiety of novobiocin.
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genes for DMAPP biosynthesis are not encoded in the biosyn-

thetic gene clusters of novobiocin and clorobiocin, but elsewhere

in the genome.

The product of prenylation by CloQ is 3-dimethylallyl-4-

hydroxyphenylpyruvate (Scheme 3). Adjacent to the gene cloQ in

the clorobiocin cluster is a gene cloR, the function of which could

not be predicted by database comparisons. Overexpression,

purification and biochemical investigation28 proved that cloR

codes for a bifunctional non-heme iron(II)-dependent oxygenase

which converts 3-dimethylallyl-4-hydroxyphenylpyruvate, via

two consecutive oxidative decarboxylation steps, first to 3-

dimethylallyl-4-hydroxymandelate and further to 3-dimethy-

lallyl-4-hydroxybenzoate. Labeling experiments with 18O2

proved that two oxygen atoms are incorporated in the first

reaction step, but only one further oxygen is incorporated during

the second reaction step.28 CloR was thereby identified as a novel

non-heme iron(II)- and a-ketoacid-dependent oxygenase, which

utilizes 3-dimethylallyl-4-hydroxyphenylpyruvate both as the

substrate for hydroxylation and as the a-ketoacid cosubstrate.

The first reaction step catalyzed by CloR is similar to the reaction

catalyzed by the well-examined 4-hydroxyphenylpyruvate

dioxygenase which generates homogentisate.29 However,

CloR hydroxylates the benzylic position of the side chain of

4-hydroxyphenylpyruvate rather than the aromatic ring.

The different groups of iron(II)- and a-ketoacid-dependent

oxygenases possess little overall sequence similarity to each

other, and it is therefore not surprising that CloR does not show

sequence similarity to known members of this family. However,

CloR does show significant similarity to several proteins of so far

unknown function, deduced from genome sequences of different

microorganisms. These may possibly represent enzymes of

similar function to CloR.

The novobiocin biosynthetic gene cluster contains two genes

with high similarity to cloQ and cloR, i.e. novQ and novR, which

carry out the corresponding reactions in novobiocin biosyn-

thesis.30 NovR has been crystallized, and a preliminary structural

elucidation has been reported.31 Additionally, both gene

clusters contain a gene termed cloF or novF, respectively, which

shows sequence similarity to prephenate dehydrogenase genes.

The product of the prephenate dehydrogenase reaction is

4-hydroxyphenylpyruvate, the precursor of the prenylated

4-hydroxybenzoyl moieties of novobiocin and clorobiocin.

4-Hydroxyphenylpyruvatecanalsobe convertedby transamination

to L-tyrosine, the precursor of the aminocoumarin moiety.

Therefore it appears likely that the function of CloF and NovF is

to increase the supply of precursors for the biosynthesis of the

aromatic moieties of novobiocin and clorobiocin. However, even

after the inactivation of NovF considerable amounts of novobi-

ocinwere still accumulated, showing thatNovF is not essential for

novobiocin biosynthesis (Dangel, Heide and Gust, unpublished

results). Notably, the coumermycin gene cluster does not contain

a functional ortholog of novF, but the corresponding position of

the cluster (i.e. the large intergenic region between couE and couG)

still shows nucleotide sequence similarity to the coding sequence

of novF, indicating a close evolutionary relationship between the

clusters. No novF ortholog is found in the gene clusters of simo-

cyclinone and rubradirin. However, the biosynthetic gene clusters

of glycopeptide antibiotics like balhimycin, which contain

b-hydroxylated tyrosyl residues, do comprise an novF ortholog.32

Also in coumermycin, rubradirin and simocyclinone, acyl

moieties are attached to the amino group of the 3-amino-4,7-

dihydroxycoumarin moiety. However, these acyl groups are

structurally completely different from the 3-dimethylallyl-4-

hydroxybenzoyl moiety of novobiocin and clorobiocin (Scheme

1), and their biosynthesis has not yet been experimentally

examined.

4 Biosynthesis of the deoxysugar moieties

Novobiocin, clorobiocin and coumermycin A1 all contain the

same deoxysugar, noviose (i.e. 4-O-methyl-5-C-methyl-L-rham-

nose). This sugar moiety is acylated at its 3-OH group either with

a carbamoyl or with a 5-methyl-pyrrole-2-carboxyl moiety

(Scheme 1).

L-Rhamnose is a frequently encountered 6-deoxysugar in

glycosidic natural products, and its biosynthetic pathway is

known from different organisms.33 The unusual feature of

the deoxysugar moieties of novobiocin, clorobiocin and cou-

mermycin is the additional methyl group at C-5, resulting in

a 5,5-gem-dimethyl structure. Early feeding experiments with

[methyl-14C]methionine showed that one of thesemethyl groups is

derived from S-adenosylmethionine.34 With this fact established,

a biosynthetic pathway from glucose-1-phosphate to dTDP-5-C-

methyl-L-rhamnose can readily be suggested (Scheme 4),

involving the activation of glucose by its attachment to deoxy-

thymidyl diphosphate (dTDP), followed by the 4,6-dehydratase

Scheme 3 Biosynthesis of the 3-prenylated 4-hydroxybenzoyl moiety of clorobiocin.
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reaction which is common in deoxysugar biosynthesis and

results in a dTDP-activated 4-keto-6-deoxysugar. Epimerization

at positions 3 and 5 (or at position 3 alone) and 5-C-methylation,

followed by 4-ketoreduction, would result in dTDP-5-C-methyl-

L-rhamnose. Indeed, cloning of the biosynthetic gene cluster of

novobiocin showed a group of five genes termed novSTUVW

which, by comparison to known genes of deoxysugar biosyn-

thesis from other organisms, could be assigned to the five

enzymatic reactions in the pathway postulated above. Close

orthologs of these five genes are found in the gene clusters of

clorobiocin and coumermycin, arranged in exactly the same

order.

Inactivation of the putative 4,6-dehydratase gene novT in

the novobiocin producer led, as expected, to the abolishment

of deoxysugar biosynthesis and to the accumulation of the

aglycone of novobiocin, i.e. of novobiocic acid.1 However, in this

experiment the expression of deoxysugar biosynthesis genes

located downstream of novT, i.e. novUVW, might also have

been affected, and this may have contributed to the observed

phenotype.

Thuy et al.35 expressed novW, novU and novS in Escherichia

coli and purified the enzymes by Ni2+ affinity chromatography.

In vitro investigations proved that the epimerization catalyzed

by NovW precedes the 5-C-methylation, catalyzed by NovU.

Additional experiments proved that, as expected, NovU does not

accept dTDP-L-rhamnose as a substrate, but only its precursor

that still contains the 4-keto group. Therefore, the methylation

catalyzed by NovU precedes the 4-keto-reduction catalyzed by

NovS (Scheme 4).

The well-examined biosynthesis of L-rhamnose from

D-glucose requires epimerization at both C-3 and C-5, which is

catalyzed by a 3,5-epimerase like OleL of oleandomycin

biosynthesis.36 Correspondingly, Thuy et al.35 postulated that

NovW catalyzes a 3,5-epimerization. However, the X-ray crys-

tallographic elucidation of the structure of NovW37 showed that

a tyrosine side chain in the active centre is oriented differently

from in the 3,5-epimerase RmlC, but similarly to in the

5-epimerase EvaD. Therefore, Jakimowicz et al.37 raised the

question as to whether NovW may function as a 3-mono-

epimerase rather than as a 3,5-epimerase. In subsequent in vitro

experiments, measuring the incorporation of deuterium into the

substrate dTDP-4-keto-6-deoxyglucose during its incubation

with NovW in D2O, Tello et al.38 observed a fast incorporation

of deuterium into position 3, but only a very slow incorporation

into position 5 of dTDP-4-keto-6-deoxyglucose. Based on this

result, they suggested that NovW should be functionally

assigned as a 3-epimerase.

This assignment is in conflict, however, with results from in

vivo experiments in a clorobiocin producer strain.39 After inac-

tivation of the methyltransferase cloU, a close ortholog of novU,

the resulting strain was found to accumulate clorobiocin glyco-

sides that contained derivatives of L-rhamnose. Therefore, both

position 3 and 5 had been epimerized during the biosynthesis of

the deoxysugar. The structure of the deoxysugar was proven

by lH NMR investigations, showing the strong coupling of the

axial protons in positions 3 and 5 with the axial proton in posi-

tion 4,39 identical to NMR signals of other L-rhamnosides.

Furthermore, the natural occurrence of an L-rhamnoside

analogue of novobiocin40 proved that 3,5-epimerization also

occurs in a genuine producer strain. In contrast, amino-

coumarins carrying a 6-deoxy-D-gulose moiety (which would

result from 3-epimerization alone) have not been reported.

In a further in vivo experiment, the L-rhamnose biosynthesis

genes oleS, oleE, oleL and oleU from the oleandomycin biosyn-

thetic gene cluster were introduced into a clorobiocin producer

strain which was impaired in deoxysugar biosynthesis.41 The

clorobiocin glycosides produced by the resulting strain contained

the same derivatives of L-rhamnose as previously produced by

the action of the four genes cloV, cloT, cloW and cloS in the cloU-

defective mutant. Therefore, these four genes of clorobiocin

biosynthesis must be assumed to direct the same reaction

sequence as catalyzed by OleS/OleE/OleL/OleU. OleL is a 3,5-

epimerase.36,42

Possibly, the very slow deuterium incorporation into position

5 of dTDP-4-keto-6-deoxyglucose observed by Tello et al.38 in an

equilibrium reaction with NovW can be explained by a sequential

mechanism for the enzymatic reaction, in which 3-epimerization

precedes 5-epimerization. An example for such a sequential

mechanism of a 3,5-epimerase has been reported.43

The 3-O-acylation and the 4-O-methylation of the deoxysugar

moieties of novobiocin, clorobiocin and coumermycin occur only

after attachment of the sugar to the aglycone and are discussed in

Section 6.

Simocyclinone and rubradirin contain different deoxysugars

than novobiocin, clorobiocin and coumermycin. A hypothetical

pathway for the formation of the 2,6-dideoxsugar D-olivose in

simocyclinone biosynthesis has been discussed by Trefzer et al.5

Rubradirin contains D-rubranitrose, an unusual 2,6-dideoxy-3-

methyl-3-nitro sugar, and a biosynthetic pathway to this

compound has been proposed by Kim et al.6

Scheme 4 Biosynthesis of noviose, the deoxysugar moiety of novobiocin.
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5 Linkage of the aminocoumarin, the acyl and the
deoxysugar moieties

In all aminocoumarin antibiotics, the amino group of the 3-

amino-4,7-dihydroxyaminocoumarin moiety is attached via an

amide bond to an acyl moiety (Scheme 1). The enzymes cata-

lyzing the formation of this amide bond have been biochemically

investigated in novobiocin, clorobiocin, coumermycin and

simocyclinone biosynthesis and are termed NovL,44 CloL,45

CouL46,47 and SimL,48,49 respectively. In the biosynthesis of

non-ribosomally formed peptide antibiotics, the amide bond

formation is catalyzed by modular enzymes which comprise an

adenylation domain for the activation of the acyl moiety, a pep-

tidyl carrier protein (PCP) domain with a phosphopantetheinyl

cofactor for attachment of the activated acyl moiety via a thio-

ester bond, and a condensation domain for transfer of the acyl

moiety to the amino group of the acceptor substrate.50,51 In

contrast, the enzymes involved in amide bond formation in

aminocoumarin antibiotic biosynthesis do not form covalent

thioester intermediates with their acyl substrates and do not

show domains with similarity to PCP or condensation domains.

They are monomeric proteins of approximately 60 kDa and

catalyze both the activation of the acyl substrate via formation of

an acyl adenylate and the transfer of the acyl group to the amino

group. All four enzymes mentioned above contain only a single

adenylation domain. Remarkably, CouL catalyzes two consec-

utive reactions, forming first the monoamide and then the

diamide of 3-methylpyrrole-2,4-dicarboxylic acid with 3-amino-

4,7-dihydroxycoumarin. As may be expected, the substrate

specificities of the amide synthetases involved in the biosynthesis

of different aminocoumarin antibiotics are different, and these

differences have been exploited for the mutasynthetic generation

of new aminocoumarin antibiotics in genetically engineered

producer strains.16 Also the rubradirin cluster contains candidate

genes for the amide synthetase reactions, but these have not yet

been biochemically investigated.

In novobiocin, coumermycin and clorobiocin biosynthesis,

formation of the amide bonds between the acyl and the amino-

coumarin moieties is followed by methylation or chlorination

of position 8 of the aminocoumarin moieties under catalysis of

NovO, CouO or Clo-hal, as discussed above. This concludes the

assembly of the aglycones of these antibiotics and is followed by

transfer of the 5-C-methyl-L-rhamnosyl moieties onto the

7-hydroxyl group of the aminocoumarin moiety under catalysis

by the glycosyltransferase NovM52–54 or CouM.47 The same

reaction is expected to occur in clorobiocin biosynthesis, cata-

lyzed by the gene product of cloM, but this enzyme has not yet

been investigated in vitro.

No glycosylation of the 7-hydroxyl group of the amino-

coumarin moiety occurs in simocyclinone and rubradirin

biosynthesis (Scheme 1). In rubradirin, this hydroxyl group is

methylated, but the responsible methyltransferase is unknown.

After the 5-C-methyl-L-rhamnosyl moiety has been transferred

to the aglycone of novobiocin, clorobiocin and coumermycin, its

4-OH group is methylated by the SAM-dependent methyl-

transferases NovP, CloP and CouP, respectively. Inactivations of

the genes cloP and couP resulted in the accumulation of clor-

obiocin and coumermycin derivatives which lacked the respective

methyl groups.55,56 NovP and CouP have been expressed and

purified in E. coli, and their reactions have been characterized in

vitro.47,54,57 NovP has been crystallized, and a preliminary struc-

tural elucidation by X-ray crystallography has been reported.58

6 Acylation of the deoxysugar moieties
of novobiocin, clorobiocin and coumermycin

The final reaction of novobiocin biosynthesis is the carbamoy-

lation of the 3-OH group of the deoxysugar moiety. This reaction

is catalyzed by NovN, which has been heterologously expressed

and purified in Streptomyces lividans59 and in E. coli.57 The

enzyme uses carbamoyl phosphate as the carbamoyl donor, and

in contrast to most other carbamoyl transferases requires ATP

for its reaction. NovN has been crystallized,60 but its structure

has not been reported yet. It has been used for the generation of

new aminocoumarin antibiotics in vitro and in vivo.47,59,61

Also, in clorobiocin and coumermycin A1, the 3-OH group of

the deoxysugar moiety is acylated, but not with a carbamoyl

but with a 5-methyl-pyrrole-carboxyl moiety (Scheme 1). This

moiety is derived from L-proline, which is activated by acyl

adenylate formation under catalysis of CloN4 or CouN4

in clorobiocin or coumermycin biosynthesis, respectively

(Scheme 5). It is subsequently transferred by CloN4/CouN4 onto

the phosphopantetheinyl cofactor of the small acyl carrier

protein CloN5/CouN5 and oxidized to a pyrrole derivative by

Scheme 5 Biosynthesis and transfer of the 5-methyl-pyrrole-2-carboxyl moiety of clorobiocin.
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the flavoprotein CloN3/CouN3. These reactions have been

demonstrated in vitro.62,63 Inactivation of the gene cloN2, which

showed sequence similarity to acyl transferases, in a clorobiocin

producer strain led to the accumulation of free pyrrole-2-

carboxylic acid and of a clorobiocin derivative lacking the

5-methyl-pyrrole-2-carboxyl moiety.64 Furthermore, inactivation

of the putative methyltransferase gene cloN6 led to accumulation

of a clorobiocin derivative lacking the 5-methyl group at the

pyrrole-2-carboxyl moiety.65 This suggested that CloN2 might

catalyze the transfer of the pyrrole-2-carboxyl moiety from the

acyl carrier protein CloN5 to the 3-OH group of the deoxysugar,

and that subsequent methylation of C-5 of the pyrrole moiety

might be the last step of clorobiocin biosynthesis.

However, detailed genetic and biochemical investigations

revealed that the true reaction sequence is more complicated.

Unexpectedly, inactivations of the gene cloN1, coding for a small

95 aa protein with no sequence similarity to known genes from

the database, as well as inactivation of cloN7, coding for

a protein with sequence similarity to the a/b hydrolase family,

both resulted in the accumulation of free pyrrole-2-carboxylic

acid and of a clorobiocin derivative lacking the 5-methyl-pyrrole-

2-carboxyl moiety, i.e. to the same phenotype as produced by

inactivation of cloN2.66 The logical explanation was that CloN1,

CloN2 and CloN7 were all required for the transfer of the

pyrrole-2-carboxyl group from CloN5 to the deoxysugar. Closer

inspection of the sequence of CloN1 revealed that it showed an

Asp-Ser-Leu motif at the second of four predicted a-helices,

reminiscent of a phosphopantetheinyl attachment site of an acyl

carrier protein. This, and a study of the reported functions of

thioesterases with sequence similarity to CloN7 in the biosyn-

thesis of other antibiotics, led to the suggestion that the transfer

of the pyrrole-2-carboxyl moiety from the acyl carrier protein

CloN5 to the 3-OH group of the deoxysugar is a two-step

process:66

1. Transfer of the pyrrole-2-carboxyl moiety from the acyl

carrier protein CloN5 to a second acyl carrier protein, CloN1,

catalyzed by the acyl transferase CloN2.

2. Transfer of the pyrrole-2-carboxyl moiety from the acyl

carrier protein CloN1 to the 3-OH group of the deoxysugar

moiety of clorobiocin, catalyzed by the acyl transferase CloN7.

Biochemical evidence for this hypothesiswasprovidedbyWalsh

and co-workers.67 They proved that CouN1, orthologous to

CloN1, is indeed an acyl carrier protein that can covalently bind

thepyrrole-2-carboxylmoiety via aphosphopantetheinyl cofactor,

and that CouN7, orthologous to CloN7, can catalyze the transfer

of the pyrrole-2-carboxyl moiety to descarbamoylnovobiocin,

which was used as an analog of the genuine coumermycin

precursor. These authors also postulated that CouN2 catalyzes

the transfer of the pyrrole-2-carboxyl moiety from CouN5 to

CouN1, but this reaction hasnot yet been shown in vitro. In further

enzymatic studies, they proved that during the transfer from

CouN1 to the 3-OH group of the deoxysugar moiety of clor-

obiocin, the pyrrole-2-carboxyl group binds covalently to the

hydroxyl groupof Ser101of theCouN7protein.68The reversibility

of this reaction allowed the transfer of the pyrrole-2-carboxyl

groupbetweendifferent aminocoumarin scaffolds usingCouN7as

catalyst.68

The 5-methylation of the pyrrole-2-carboxyl moiety has not

yet been demonstrated in vitro, and its precise substrate is

unknown. Biochemical investigations did not allow the deter-

mination of whether pyrrole-2-carboxyl-CouN1 or rather its

5-methylated form is the preferred substrate of CouN7.67 As

mentioned, inactivation of cloN2 led to the accumulation of free

pyrrole-2-carboxylic acid and of a clorobiocin derivative lacking

the 5-methyl-pyrrole-2-carboxyl moiety.64 Feeding of a synthetic

analog of pyrrole-2-carboxyl-CloN1, i.e. pyrrole-2-carboxyl-S-

(N-acetyl-)cysteamine, led to the formation not of clorobiocin

but of a clorobiocin derivative lacking the methyl group at C-5 of

the pyrrole moiety.69 The fact that this compound was not

methylated by the strain, despite the presence of an intact cloN6

gene, disproved the earlier hypothesis65 that the methyltransfer-

ase CloN6 utilizes 5%-desmethyl-clorobiocin as a substrate. The

obvious alternative would be that CloN6 utilizes the intermediate

pyrrole-2-carboxyl-CloN1, i.e. that the pyrrole-2-carboxyl

moiety is first methylated and then transferred to the deoxysugar.

However, in a mutant strain defective in the gene cloN7 (which

codes for the enzyme which catalyzes the acyl transfer to the

deoxysugar), only the non-methylated pyrrole-2-carboxylic acid

but no trace of 5-methyl-pyrrole-2-carboxylic acid was found,

even using sensitive LC-MS techniques (selective reaction

monitoring). Therefore, the 5-methylation and the transfer of the

pyrrole-2-carboxyl moiety may occur simultaneously, requiring

the interaction of CloN1, CloN6 and CloN7.69

7 Regulation of aminocoumarin biosynthesis

The gene clusters of novobiocin, clorobiocin and coumermycin

A1 each contain a regulatory gene termed novG, cloG or couG,

respectively, which shows sequence similarity to strR, a positive

regulator of streptomycin biosynthesis.70 Electrophoretic

mobility shift assays have shown that NovG binds to a well-

conserved inverted repeat located in the intergenic region

between novG and novH.71 This sequence is similar to the StrR

binding sites in the streptomycin cluster, and to the binding sites

of the closely related Bbr in the balhimycin cluster.72 These data

suggested that NovG and its orthologs CloG and CouG act as

positive regulators of the transcription of the genes located

downstream of their respective binding sites.

The novobiocin gene cluster contains, besides novG, only

one additional regulatory gene, i.e. novE. Orthologs of novE are

found in the biosynthetic gene clusters of clorobiocin, cou-

mermycin A1, rubradirin and lincomycin (cloE, couE, rubC4 and

lmbU, respectively), and further orthologs have been identified in

other bacterial genomes. Inactivation of novE in a heterologously

expressed novobiocin cluster led to a strong reduction in novo-

biocin formation, and overexpression of novE led to a two-fold

increase in production. Notably, inactivation of novE could be

complemented by overexpression of novG.73 This suggested a role

of novE as a positive regulator of novobiocin biosynthesis.

However, no DNA-binding activity of the NovE protein to the

DNA region upstream of novG was found in electrophoretic

mobility shift assays.73

No ortholog of novG is found in the biosynthetic gene clusters

or simocyclinone and rubradirin. The rubradirin cluster, but not

the simocyclinone cluster, contains an ortholog of novE, termed

rubC4, and both clusters contain additional regulators. However,

no experimental data are available on the regulation of gene

expression in these two gene clusters.
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8 Resistance genes in the aminocoumarin
biosynthetic gene clusters

Novobiocin is a well-established inhibitor of bacterial gyrase and

interacts with the B subunit of the heterotetrameric (GyrA)2
(GyrB)2 gyrase holoenzyme. The novobiocin producer must

protect its own gyrase from the inhibitory effect of the antibiotic.

Already before the novobiocin biosynthetic gene cluster was

cloned, Thiara and Cundliffe74–76 reported that the principal

resistance mechanism of the novobiocin producer strain is the de

novo synthesis of an aminocoumarin-resistant gyrase B subunit,

which replaces the sensitive GyrB subunit in the active

(GyrA)2(GyrB)2 heterotetramer. They cloned the promoter

region of gyrBR into a promoter probe vector and showed, by

expression in Streptomyces lividans TK24, that the promoter

was induced by cultivation in the presence of novobiocin. The

authors suggested that the induction of gyrBR is mediated by the

change of superhelical density of chromosomal DNA (i.e. loss of

negative supercoils), caused by the gyrase inhibitor novobiocin.75

Besides the resistance gene gyrBR, the novobiocin producer strain

was shown to contain a constitutively expressed gene gyrBS,

encoding the aminocoumarin-sensitive gyrase B subunit which is

expressed under normal growth conditions, i.e. when no novo-

biocin is formed.

Cloning and sequencing of the novobiocin biosynthetic gene

cluster1 showed that the gyrBR resistance gene is located at the

border of this cluster, while the gyrBS gene is encoded elsewhere

in the genome. Orthologs of the gyrBR resistance gene are present

in the clusters of clorobiocin and coumermycin.77 Expression,

purification and biochemical investigation of gyrBR from the

coumermycin cluster proved that it indeed encodes an amino-

coumarin-resistant GyrB subunit.78

The biosynthetic gene clusters of clorobiocin and coumermy-

cin, but not of novobiocin, were found to contain an additional

gene, parYR, which was located immediately downstream of

gyrBR and showed sequence similarity to genes coding for gyrase

B subunits.77 Upon expression in Streptomyces lividans, both

gyrBR and parYR conferred resistance to aminocoumarin anti-

biotics. Expression, purification and biochemical investigation

of parYR from the coumermycin cluster proved that it encodes

an aminocoumarin-resistant topoisomerase IV subunit.78 Gyrase

as well as topoisomerase IV are type II topoisomerases, involved

in controlling the topological state of bacterial DNA by an

ATP-dependent reaction mechanism.79 Topoisomerase IV is

composed of the subunits ParC and ParE, which form

a (ParC)2(ParE)2 heterotetrameric holoenzyme. The function of

topoisomerase IV is the decatenation of daughter chromosomes

following DNA replication, and the relaxation of superhelical

DNA. Most, but not all bacteria possess both these type II

topoisomerases. The investigation of the resistance genes of the

clorobiocin and the coumermycin cluster provided the first

evidence for the existence of a separate topoisomerase IV in the

class of actinobacteria.

The simocyclinone cluster contains no resistance genes related

to gyrase or topoisomerase IV, but two putative transporter

genes which may be involved in antibiotic export.5 One of them,

termed simX, and the neighbouring, divergently transcribed

gene simR resemble the TetR/TetA repressor–efflux pump pair

that causes resistance to tetracyclines in many clinical isolates of

pathogenic strains. Recently, simX was expressed from a strong,

heterologous promoter in Streptomyces lividans, and this

conferred high level simocyclinone D8 resistance.80 Therefore,

simX indeed codes for a simocyclinone efflux pump. The

repressor protein SimR binds to two operator sites in the simX–

simR intergenic region. Binding of simocyclinone D8 leads to

release of SimR from its binding site, providing a mechanism that

couples the biosynthesis of simocyclinone to its export.

The rubradirin cluster contains a putative ABC transporter

gene, rubT1, and several other genes for which a function as

resistance genes appears possible,6 but no experimental data have

been provided yet.

9 Targets of the aminocoumarin antibiotics

Novobiocin, clorobiocin and coumermycin A1 are inhibitors of

bacterial gyrase, a well-validated drug target.79 X-ray crystallo-

graphic analysis showed that both the aminocoumarin and the

substituted deoxysugar moieties are involved in binding to the B

subunit of DNA gyrase.81,82 The carbamoyl group of novobiocin

and the 5-methylpyrrole-2-carboxyl moiety of clorobiocin are

important for the hydrogen bonding network between the

antibiotic and the GyrB subunit. The binding site of the ami-

nocoumarin antibiotics overlaps with the binding site of ATP,

and the aminocoumarins competitively inhibit the ATP-depen-

dent supercoiling of DNA, which is a key function of bacterial

gyrase. The prenylated 4-hydroxybenzoyl moiety may facilitate

the uptake of these antibiotics across the bacterial membrane,83

and possibly contribute to the binding of the antibiotic to

gyrase.84 The coumermycin A1 molecule has been shown to

stabilize a dimer form of the 43 kDa fragment of GyrB.85,86

The affinity of the aminocoumarin antibiotics to bacterial

gyrase is extremely high. The equilibrium dissociation constants

(KDs) are in the 10 nM range.79 Novobiocin (Albamycin�) has

been licensed as a drug for the treatment of bacterial infections in

humans. However, due to their toxicity in eukaryotes, their poor

solubility in water, and their low activity against Gram-negative

bacteria, clinical use of the aminocoumarin antibiotics remains

restricted.

Topoisomerase IV is an additional target of some amino-

coumarin antibiotics.79 A comparison of the inhibition of gyrase

and topoisomerase IV by different aminocoumarin antibiotics

showed that clorobiocin, but not novobiocin, is a potent inhib-

itor of topoisomerase IV.87 Clorobiocin shows not only 10-fold

higher gyrase-inhibitory activity than novobiocin but also

70-fold-higher topoisomerase IV inhibition. The biological

significance of the topoisomerase IV inhibition is underlined by

the above-mentioned fact that the clorobiocin producer strain,

but not the novobiocin producer strain, contains a gene for an

aminocoumarin-resistant topoisomerase IV subunit. Since clor-

obiocin attacks two distinct targets, gyrase and topoisomerase

IV, the development of resistance against clorobiocin is expected

to proceed less readily than development of resistance against

novobiocin, which has been a limiting factor in the clinical use of

the latter antibiotic.

Simocyclinone and rubradirin do not carry deoxysugar

moieties at the 7-OH group of the aminocoumarin moiety and

therefore cannot interact with the well-characterized binding site

for novobiocin, clorobiocin and coumermycin located on the B
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subunit of gyrase. Surprisingly, however, it was found that

simocyclinone D8 is nevertheless a potent inhibitor of the gyrase-

catalyzed supercoiling reaction, with a 50% inhibitory concen-

tration lower than that of novobiocin.88,89 However, it does not

competitively inhibit the DNA-independent ATPase reaction

of GyrB, which is characteristic of other aminocoumarins.

Binding studies suggest that simocyclinone D8 interacts with the

N-terminal domain of GyrA. This finding represented a novel

mechanism for a gyrase inhibitor and presents new possibilities

for antibacterial drug development.88

No inhibitory effect on gyrase or topoisomerase IV has been

reported for rubradirin. The polyketide moiety of rubradirin is

structurally related to the ansamycin family of antibiotics. The

most prominent member of this family is rifamycin, precursor of

the semisynthetic antibacterial drug rifampicin, a specific inhib-

itor of bacterial RNA polymerase. Likewise, the aglycone of

rubradirin is a potent inhibitor of RNA polymerase.90 However,

the glycosylated form of rubradirin does not inhibit RNA

polymerase, but inhibits the peptide chain initiation process in

protein biosynthesis at the ribosomes.90

10 Conclusions

Few antibiotics have been as thoroughly examined for their

biosynthesis and biology as the ‘‘classical’’ aminocoumarin

antibiotics novobiocin, clorobiocin and coumermycin A1. In the

biosynthetic gene clusters of novobiocin and clorobiocin, the

precise function of nearly every gene has been established by

genetic and biochemical investigations. The molecular basis of

the interaction of these compounds with their principal target,

DNA gyrase, has been clarified by X-ray crystallography. This

provides an attractive basis for the generation of new and

possibly improved aminocoumarin antibiotics by metabolic

engineering, mutasynthesis and chemoenzymatic synthesis, and

considerable progress has already been achieved along this

road.91

The unexpected finding that the aminocoumarin antibiotic

simocyclinone D8 is a potent gyrase inhibitor with a different

mode of action opens further possibilities for antibacterial

drug development. It remains to be shown whether the common

biological function of simocyclinone and the classical amino-

coumarins, i.e. inhibition of gyrase, is a coincidence or the result

of the evolutionary relationship of these antibiotics.
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