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Abstract Simocyclinone D8 is a potent inhibitor of
bacterial gyrase, produced by Streptomyces antibioticus
Ti 6040. It contains an aminocoumarin moiety, similar
to that of novobiocin, which is linked by an amide bond
to a structurally complex acyl moiety, consisting of an
aromatic angucycline polyketide nucleus, the deoxy-
sugar olivose and a tetraene dicarboxylic acid. We have
now investigated the enzyme SimL, responsible for the
formation of the amide bond of simocyclinone. The gene
was cloned, expressed in S. lividans T7, and the protein
was purified to near homogeneity, and characterized.
The 60 kDa protein catalyzed both the ATP-dependent
activation of the acyl component as well as its transfer to
the amino group of the aminocoumarin ring, with no
requirement for a 4’-phosphopantetheinyl cofactor.
Besides its natural substrate, simocyclinone C4, SimL
also accepted a range of cinnamic and benzoic acid
derivatives and several other, structurally very diverse
acids. These findings make SimL a possible tool for the
creation of new aminocoumarin antibiotics.
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Introduction

Aminocoumarin antibiotics are characterized by a
3-amino-4,7-dihydroxycoumarin moiety and are rela-
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tively rare in nature. The best-known representatives of
this class are novobiocin, clorobiocin and coumermycin
A, (Fig. 1), which are potent inhibitors of gyrase and are
produced by different Streptomyces strains. In the last
years, we have identified the biosynthetic gene clusters of
these three antibiotics, and the function of most genes
contained therein has been elucidated (Li and Heide
2004). Several genes encoding novel, unusual enzymes
were discovered in these clusters (Pojer et al. 2003a,
2003b), including the unusual amide synthetases NovL,
CloL and CouL (Steffensky et al. 2000; Schmutz et al.
2003; Galm et al. 2004a). The latter enzymes catalyze the
formation of an amide bond between the aminocoumarin
moiety of the antibiotic and an acyl moiety (Fig. 1). In
contrast to the well-studied non-ribosomal peptide syn-
thetases, which have been investigated in detail in the
biosynthetic pathways of many peptide antibiotics
(Marahiel et al. 1997), the amide synthetases of amino-
coumarin antibiotic biosynthesis do not contain a 4’-
phosphopantetheinyl cofactor and do not form a covalent
bond between the substrate and the enzyme. Rather, these
monomeric enzymes of approx. 60 kDa catalyze the
activation of the acyl moiety in form of an acyl adenylate
and its subsequent, direct transfer to the amino group of
the aminocoumarin ring (Steffensky et al. 2000).

We recently generated new aminocoumarin antibiotics
by mutasynthesis experiments, feeding synthetic ana-
logues of the genuine acyl moiety of clorobiocin, which is
3-dimethylallyl-4-hydroxybenzoic acid (3-DMA-4HB),
to a mutant strain of the clorobiocin producer (Galm et al.
2004a, 2004b). The product yields of these experiments
were limited by the substrate specificity of the amide
synthetase CloL: product yields obtained from feeding
different acyl moieties in vivo correlated directly with the
conversion rates of the acyl moieties by the amide syn-
thetase CloL in vitro (Galm et al. 2004a). In order to gain
access to further new aminocoumarin antibiotics by this
approach, we were therefore interested in expanding the
substrate specificity of the amide synthetase reaction. This
prompted us to search for additional amide synthetases
involved in aminocoumarin antibiotic biosynthesis.
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Besides novobiocin, clorobiocin and coumermycin
Ay, two other classes of aminocoumarin antibiotics have
been reported in nature, i.e. the simocyclinones and
rubradirin. Their acyl components are entirely different
from those of the aforementioned antibiotics (Fig. 1). In
the biosynthetic gene cluster of rubradirin (Sohng et al.
1997), several genes for putative adenylate-forming en-
zymes were identified, but is it unknown which of those
may be responsible for the acylation of the amino-
coumarin ring. Also the nature of the acyl substrate of
this reaction is unknown. In the simocyclinone biosyn-
thetic gene cluster (Galm et al. 2002; Trefzer et al. 2002),
however, a candidate gene for the amide synthetase was
identified and named sim L. It has been suggested that the
structurally complex acyl moiety (Fig. 1), called simo-
cyclinone C4, is assembled before this acyl moiety is
transferred to the aminocoumarin moiety (Schimana
et al. 2000, 2001; Holzenkdmpfer et al. 2002). Simocyc-
linone has recently been identified as a potent inhibitor of

Fig. 1 Structures of the aminocoumarin antibiotics novobiocin,
clorobiocin, coumermycin A, simocyclinone D8 and rubradirin.
The amide bond generated by SimL/NovL/CloL/CouL is high-
lighted in grey, and the names of the amide synthetases catalyzing
the formation of these amide bonds are given. Within the formulae
of simocyclinone D8 and novobiocin, the simocyclinone C4 moiety
and the substituted aminocoumarin moiety (Ring B), respectively,
are indicated by a hox

bacterial gyrase with a novel mechanism of action
(Flatman et al. 2005).

In the present study, we have provided experimental
evidence that SimL indeed catalyzes the amide bond
formation between the acyl component simocyclinone
C4 and a 3-amino-4,7-dihydroxycoumarin moiety. The
enzyme, which was overexpressed and purified to
apparent homogeneity, showed surprisingly high sub-
strate tolerance, making it an attractive tool for the
generation of new aminocoumarin antibiotics.

Materials and methods
Bacterial strains, plasmids and culture conditions

For standard cloning procedures Escherichia coli XL1
Blue MRF’ (Stratagene) and standard protocols as de-
scribed by Sambrook and Russell (2001) were used.
Streptomyces lividans TK23 (Kieser et al. 2000) was used
as host strain for the isolation of the Streptomyces vector
pGM9 (Muth et al. 1989) and was grown in YMG
medium (Kieser et al. 2000) at 28°C for 2-3 days. Pro-
toplast preparation and transformation of S. lividans T7
(Heinzelmann et al. 2001) for protein expression was
carried out according to standard methods (Kieser et al.
2000). E. coli transformants with pGM9 fusion plasmids
were selected with kanamycin (50 mg'ml™"); transfor-
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mants with pRSET B were selected with carbenicillin
(50 mg'ml™"). For selection of transformants of S. /ivi-
dans T7, kanamycin (50 mg:ml™") was used.

Inactivation of simL

For the inactivation of simL two fragments of 1,546 bp
and 1,493 bp were amplified by PCR using the primers
AsimL1_for (5-TAGCCG TCTAGACTTTCACC-3'), A
simL1_rev (5-TGTTCAG GATATCCCGGACG-3'),
AsimL2_for (5-GAGGCCACC GATATCGAATGAG-
3) and A simL2 rev (5-CGGGGTCGAT CTGCAG
GAATCC-3’). Restriction sites introduced in the
sequence are underlined in the primer sequences. PCR was
performed using Pfu polymerase (Amersham Biosciences,
Freiburg, Germany). The conditions for the PCR were
one cycle at 96°C (5 min) followed by 25 cycles at 96°C
(60 s), 55°C (60 s) and 72°C (3.5 min), and finally one
cycle at 72°C (5 min). The amplified PCR fragment
AsimL1 was digested with Xbal and EcoRV and cloned
into the corresponding sites of the cloning vector
pcDNAZ2.1 (Invitrogen, La Jolla, Calif., USA), resulting
in pTLAsimL-1. The PCR fragment AsimL2 was digested
with EcoRV and Pstl and ligated into the same sites of
pTLAsimL-1 to give pTLAsimL-2, containing an in-frame
deletion of 1,521 bp within simL. The fusion product of
A simL1 and AsimL2 was excised from pTLAsimL-2 as
a 3.0-kb Xbal-it/Pstl fragment and cloned into the
same sites of pKC1132 (Bierman et al. 1992), a suicide
vector containing the apramycin resistance gene, resulting
in pTLAsimL-4. S. antibioticus Tii 6040 was transformed
with pTLAsimL-4 as described by Kieser et al. (2000)
using 4 mg lysozyme ml~'. The regeneration took place
on R2YE plates for 16 h at 30°C.

Selection of recombinant mutants

After the transformation of S. anmtibioticus Ti 6040
protoplasts, resistant colonies were selected using
100 pg'ml~! apramycin. The single crossover mutant
SASCO4 was grown in the absence of apramycin, allowed
to sporulate and then examined for loss of resistance
to apramycin due to double-crossover events. Two
mutants, SADCO02312 and SADCO02414, were examined
further. Chromosomal DNA from wild-type S. antibi-
oticus Tii 6040, as well as from mutants SASCO4, SAD-
C0O2312 and SADCO02414, was digested with Sa/l and
hybridized with a probe containing parts of simK, which is
located upstream of sim L. The signal of the wild-type was
expected at 3.2 kb, that of the simL ™ mutant at 1.7 kb.

Culturing of S. antibioticus and analysis of
simocyclinone formation

For the production of simocyclinone D8, wild-type and
mutant strains of S. antibioticus Tii 6040 were grown
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5-8 days at 28°C in a medium consisting of 2.0%
soybean meal and 2.0% glycerol in baffled shake-flasks.
For analysis of secondary metabolites the medium was
centrifuged (5,000 rpm, 4°C) and analysed as described
below using a Nucleosil RP120-5 column (5 uM,
250x2 mm, Macherey-Nagel, Diiren, Germany).

Cloning of simL

The gene encoding SimL was PCR amplified from
cosmid VII-8g isolated from S. antibioticus Ti 6040
(Galm et al. 2002). The PCR amplification was accom-
plished using the forward primer simLN_for (5'-
GGAGGATGTGCTGCAGAAGGCAACGAG-3") and
the reverse primer simLN_rev (5-TCACAAGCTTCTC-
ATTCGCCATGGGTG-3’). These primers introduced a
Pstl and a HindIII restriction site (highlighted in bold-
face). The PCR was performed using Pfu polymerase
(Amersham Biosciences), and the fragment was cloned
in the vector pBluescript SK(-) (Stratagene) after diges-
tion of insert and vector with PstI and HindIII and gel
purification. The conditions for the PCR were one cycle
at 96°C (5 min) followed by 30 cycles at 96°C (90 s),
65°C (90 s) and 72°C (5 min), and finally one cycle at
72°C (10 min). The resulting vector pTLsimLNI11
was digested with PstI and HindIIl and gel-purified.
The fragment was ligated into linearized pRSET B
(Invitrogen) to give the N-terminal (His)s-tagged prod-
uct pTLsimLNI2. The construct was linearized
with HindIll and fused with HindIII-digested Strepto-
myces expression vector pGM9 resulting in the vector
pTL2.

Protein expression and purification

S. lividans T7 strains harbouring the expression
constructs were cultured in YEME medium (Kieser
et al. 2000) supplemented with kanamycin (10 mgml™")
for 2 days at 28°C in 300 ml baffled flasks. Each
flask containing 50 ml YEME medium, supplemented
with kanamycin (10 mgml™') and thiostreptone
(25 mg'ml™"), was inoculated with 1 ml of the preculture.
After 24 h cultivation at 28°C (170 rpm in baffled flasks
with steel springs) cells were harvested by centrifugation
(5,000 g, 4°C, 10 min) and frozen overnight at —70°C.
For lysis the cells were thawed and resuspended in 1 ml
lysis buffer (50 mM NaH,PO,, pH 8.0, 300 mM NaCl,
8 mg lysozyme'ml ') per gram (wet wt.) and incubated
on ice for 30 min. Cells were broken by sonication
(Branson Sonifier 250) for 10 min in 2-min intervals. The
lysate was cleared by centrifugation (17,000 g, 4°C,
30 min). The His-tagged proteins were purified by nickel
affinity chromatography by using Ni-nitrilotriacetic acid
resin (Qiagen, Valencia, Calif., USA) to obtain nearly
homogeneous protein fractions. The storage buffer con-
tained 50 mM KH,PO,, pH 8.0, 5mM DTT, 50 uM
PMSF and 10% (v/v) glycerol.
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The collected fractions were analysed by SDS-PAGE
according to the method of Laemmli (1970) in 10% gels.

Isolation of simocyclinone C

For the production of simocyclinone C4, S. antibioticus
Ti 6040 was cultivated in 300 ml baffled flasks con-
taining 1.0 g NaCl, 1.0 g KH,PO,, 0.5 g MgSO,47 H,0,
2 ml trace elements solution, 25 g soluble starch and
1.46 g L-glutamine per litre as described by Schimana
et al. (2001). The components were dissolved in bidis-
tilled H,O, adjusted to pH 7.3 and sterilized. The trace
elements solution contained 1.0 g FeSO4,7 H,0, 0.1 g
CuSO45H,0, 0.1 g MnSO4H>O and 0.1 g ZnSO47
H,O per litre bidistilled H,O. After growth of these
cultures for 48 h at 28°C and 120 rpm, 5 ml of these
cultures was inoculated into 500 ml baffled flasks con-
taining 250 ml media. After inoculation the cells were
cultured at 28°C and 120 rpm for 6 days. The medium
was acidified with 1 M HCI to pH 4.0 and extracted
twice with an equal volume of ethyl acetate. After
evaporation of the solvent the residue was dissolved in
40 ml methanol, passed through a Sephadex LH-20
column (100 cm x 5 cm, Amersham Biosciences) and
eluted with methanol. The fractions from the Sephadex
LH-20 column were analysed with HPLC using the
method described below. Fractions containing simo-
cyclinone C4 were pooled and further purified on a
preparative HPLC column (Multosphere 120 RP18-5,
5 pm, 250 mm X 20 mm, C&S Chromatographie Service,
Diiren, Germany) using the same gradient as described
below but with a flow of 3 ml'min~! and 1% aqueous
formic acid instead of the phosphoric acid. A 7.4-mg
simocyclinone C4 sample was obtained. The structure of
simocyclinone C4 was confirmed by '"H-NMR measured
on an AMX 400 spectrometer (Bruker, Karlsruhe,
Germany) using CD5;0D as solvent.

Enzyme activity assay

For the characterization of SimL the assay established
for NovL (Steffensky et al. 2000) was slightly modified.
The assay was carried out in buffer containing a final
concentration of 50 mM Tris-HCI (pH 8.0), 5 mM ATP
and 5 mM MnCl,. The concentration of 3-amino-4,7-
dihydroxy-8-methylcoumarin (ring B) was 200 uM and
1 mM of the acid component was used. Reactions were
started by adding 2 pg purified SimL-N-His. Incubation
was carried out at 30°C and stopped at specific time
points with 5 pl 1.5 M trichloroacetic acid. The quen-
ched reactions were centrifuged to remove precipitated
protein (5 min, 15,000 rpm) and extracted with 1 ml
ethyl acetate. An amount of 900 pl of the extract was
transferred into a new tube and evaporated. The residue
was dissolved in 30 pl methanol for HPLC analysis. For
each reaction a control with heat-inactivated SimL was
incubated.

HPLC analysis of enzymatic assay

Assay products were analyzed by using a Nucleosil
RP120-5 column (5 uM, 250x2 mm, Macherey-Nagel)
with a linear gradient from 30% to 100% acetonitrile in
0.01% aqueous phosphoric acid. Flow rate was
0.2 mI'min~' and UV absorption was recorded at
340 nm. Authentic novobiocic acid (Pfizer, Kalamazoo,
Mich., USA) and simocyclinone D-Met (Galm et al.
2002) were used as standard.

For the quantification of the different acyl compo-
nents tested with SimL 1 mM 3-amino-4,7-dihydroxy-8-
methylcoumarin (ring B) was incubated with 1 mM acyl
component under conditions described above. The rel-
ative activity was calculated by using novobiocic acid as
standard for UV absorption.

Liquid chromatography—mass spectrometry analysis of
newly generated amincoumarins

Liquid chromatography-mass spectrometry (LC-MS)
analysis was used to confirm the existence of newly
generated aminocoumarins. Negative electrospray ioni-
zation mass spectra were obtained from a Thermo-
Finnigan TSQ Quantum instrument (electrospray
voltage, 3 kV; heated capillary temperature, 300°C;
sheath and auxiliary gas, nitrogen) equipped with a
Multosphere RP18-5-column (5 pm, 4 mm X 250 mm,
Macherey-Nagel) under basic conditions achieved by
adding ammonia (15 pl'min~"). The solvents used were
solvent A (99.9% H,0, 0.1% HCOOH) and solvent B
(99.9% acetonitrile, 0.1% HCOOH). The profile for
separation was a linear gradient from 70% A/30% B to
100% B in 14 min, 100% B for 15 min and then equil-
ibration time with 70% A/30% B for 11 min. The flow
rate was 0.5 ml'min~—'. The collision-induced dissocia-
tion spectra during HPLC run were recorded with col-
lision energy of +20 eV, collision gas argon and
collision pressure 1.0x1072 torr (133 mPa).

Results
Sequence analysis of SimL

Figure 2 shows an alignment of the predicted gene
product of simL with the established amide synthetases
NovL, CloL and CouL. Typical motifs of adenylate-
forming enzymes, including BoxI, BoxII, motif A8 and
motif A10 (Stuible et al. 2000; Marahiel et al. 1997) are
highlighted. None of these proteins shows a 4’-phos-
phopantetheinyl attachment site, in clear contrast to the
non-ribosomal peptide synthetases (Marahiel et al.
1997). Whereas NovL, CloL and CouL share, on aver-
age, 89% identity with each other on the amino acid
level, the predicted SimL shows only 35% identity to
these enzymes. Especially motif A8, which was shown to



Fig. 2 Alignment of the amide
synthetases SimL, CouL, NovL
and CloL. Conserved motifs
of adenylate-forming enzymes
are boxed
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be involved in the coordination of pyrophosphate
release in adenylate-forming enzymes (Stuible et al.
2000) is poorly conserved in SimL. Therefore, the
function of SimL had to be confirmed experimentally.

Inactivation of simL

The gene simL, which codes for a protein of 519 amino
acids, was inactivated in the simocyclinone producer, S.
antibioticus Ti 6040, by an in-frame deletion of 1521
nucleotides (507 amino acids) within the coding se-
quence. An inactivation construct containing the short-
ened gene flanked by approx. 1.5 kb of homologous
sequences on both sides was introduced into the S. an-
tibioticus genome by protoplast transformation and
homologous recombination (Kieser et al. 2000).
Mutants resulting from single crossover events were
selected, and subsequent selection for double crossover
events yielded the desired gene replacement mutant. The
correct simL~ genotype was confirmed by Southern
blotting, in comparison to the wild type, single crossover
mutants and revertants to the wild type (Fig. 3). The
simL~ mutant and the wild-type strain, were cultured in
production medium, and antibiotic formation was ana-
lyzed by HPLC. Whereas the wild type clearly produced
the complete antibiotic, simocyclinone D8 (30 mg1™1),
no antibiotic formation was detected in the simL™ mu-
tants, suggesting that simL is essential for simocyclinone
D8 formation. However, our attempts to unequivocally
show the accumulation of the presumed substrates of the
SimL reaction, i.e. the aminocoumarin ring and simo-
cyclinone C4, remained unsuccessful. The aminocoum-
arin moiety is chemically unstable and may therefore
have escaped detection. However, explanations for the
lack of simocyclinone C4 accumulation remain specu-
lative and therefore the experiment did not give definite
proof of the function of simL. To obtain such proof, we
decided to overexpress and purify the SimL protein and
to investigate its reaction in vitro.
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Fig. 3 Inactivation of simL. Southern blot analysis of the wild-type
and mutant strains. Genomic DNA was digested with Sa/l. A part
of the upstream simK was used as probe

Overexpression and purification of recombinant SimL

The protein SimL was expressed as a histidine fusion
protein for purification by metal affinity chromatogra-
phy. A (His)s-tag was fused to the N-terminus of the
protein by use of the pRSET B expression vector (In-
vitrogen). This construct was subsequently ligated into
the Streptomyces expression vector pGM9 (Muth et al.
1989) and transformed into S. lividans T7. After induc-
tion with thiostreptone the formation of a protein of
about 60 kDa (calculated mass, 59.338 kDa) could be
clearly detected by SDS/PAGE (Fig. 4). Metal affinity
chromatography with Ni-NTA resin yielded the protein
in near homogeneity after this one step procedure, in a
yield of 0.6 mg1™" culture.

Demonstration of the enzymatic activity of SimL

The presumed acyl substrate of SimL, i.e. simocyclinone
C4 (Fig. 1), was isolated from cultures of S. antibioticus
Ti 6040 and purified by column chromatography on
Sephadex LH-20 followed by preparative reversed-phase
HPLC. The structure of the isolated compound was
confirmed by '"H NMR in comparison to the literature
data (Holzenkdmpfer et al. 2002).

The presumed amino substrate of SimL, i.e. 3-amino-
4,7-dihydroxy-8-chlorocoumarin  (Fig. 1) was not
available as such, but the very similar 3-amino-4,7-di-
hydroxy-8-methylcoumarin was kindly provided by
Pfizer. A previous mutasynthesis experiment had estab-
lished that this compound was readily accepted by the

20,1

Fig. 4 SDS-PAGE of recombinant SimL. Purification of the amide
synthetase SimL after overexpression in S. lividans T7. Lane 1 total
protein before induction, lane 2 total protein after induction with
thiostreptone over 4 h, lane 3 molecular weight marker, lane 4
eluate from nickel affinity chromatography



amide synthetase of simocyclinone biosynthesis in vivo
(Galm et al. 2002).

When these two compounds were incubated with
SimL in the presence of ATP and Mn?", a very efficient
conversion of simocyclinone C4 into a new product was
detected by HPLC (Fig. 5). Formation of this product
was dependent on active SimL protein. The enzymatic
product cochromatographed with the product of the
aforementioned mutasynthesis experiment (Fig. 5), i.e.
simocylinone D-met, which differs from simocyclinone
D8 by carrying a methyl group (instead of a chlorine) in
position 8 of the aminocoumarin ring. LS-MS analysis
confirmed the expected molecular mass of this com-
pound ([M-H] =910), and the UV-Vis spectrum was
identical to that of the previously identified simocycli-
none D-met.

Optimal product formation was obtained at pH 8.0,
with ATP and MnCl, concentrations of 5 mM each.
Under these conditions, specific activity was 600
pkat'mg ™! protein which corresponds to a turn-over rate
of 2.5min"!. Aminocoumarin concentrations larger
than 200 pM inhibited the reaction. The reaction did not
require the presence of coenzyme A as cosubstrate, nor a
previous transfer of a 4’-phosphopantetheinyl cofactor to
the protein.

Kinetic constants were determined by holding the
aminocoumarin concentration constant at 200 uM and
varying the concentration of the acyl substrate, and
vice versa by holding the simocyclinone C4 concen-
tration constant at 1 mM and varying the concentra-

Fig. 5 HPLC analysis of the
product of the amide synthetase 1A

SimL. a SimL assay with heat- 1584
inactivated SimL. b Assay with 2 E
active SimL. ¢ Simocyclinone g 1ee

C4 and D-met from a feeding
experiment. Simocyclinone C4

) ; : 3 Simocyclinone C4
S . =24 M N
always showed two peaks in P S— A )
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tion of the amino substrate. This resulted in apparent
Ky values of 20.5 uM for the aminocoumarin substrate
and 20.4 pM for simocyclinone C4, calculated by the
Hanes—Woolf method. These results are in good
agreement with previous data obtained for the amide
synthetases NovL and CouL (Steffensky et al. 2000;
Schmutz et al. 2003).

Substrate specificity of SimL

Because we were interested in the potential of SimL for
mutasynthesis experiments (Galm et al. 2004a), we
focussed our attention on the specificity of SimL for
different acyl substrates. The genuine acyl substrate of
SimL, simocyclinone C4, is structurally very different
from the acyl substrates of the previously investigated
amide synthetases NovL, CloL and CouL (Fig. 1).
Incubation of the substrate of CouL, 3-methylpyrrole-
2,4-dicarboxylic acid, in the SimL assay did not result in
a product formation detectable by HPLC with UV
detection. However, the substrate of NovL and CloL,
ie. 3-DMA-4HB was clearly accepted by SimL,
prompting us to investigate the kinetic parameters for
this substrate. The Ky; for this compound was deter-
mined as 253 pM, with V. resulting as 1.7 nkat‘mg_l
protein. Therefore, though 3-DMA-4HB was less well
accepted than the genuine acyl substrate, this experiment
proved that SimL could tolerate substrates similar to the
genuine acyl moiety of novobiocin and clorobiocin,

O
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0 OH OH OH

o H3C/J'k
)K/\//\/\/

HPLC, which gave identical
molecular ions in mass
spectrometry and which, after
individual isolation, showed
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which may be useful for mutasynthesis experiments.
Conversion of 3-DMA-4HB was achieved at a very
reasonable rate at concentrations, which may easily be
reached in mutasynthesis experiments.

Subsequently, we tested a range of benzoic and cin-
namic acid derivatives (Table 1). Many of these com-
pounds were accepted by SimL. Highest conversion
rates were observed for cinnamic acid, 4-hydroxycin-
namic acid and 4-hydroxybenzoic acid. Benzoic acids
with different substituents in position 4, or with addi-
tional substituents in position 3, were accepted as well,
whereas 3,5-disubstiuted aromatic compounds yielded
no readily detectable product formation. Likewise,
product formation was below detection limit (UV
detection) for structurally different substrates like
DL-tyrosine or fatty acids. Muconic acid, which may be
regarded as an analogue of the tetraene dicarboxylic
acid attached directly to the aminocoumarin moiety in
simocyclinone D8 (Fig. 1), was likewise not readily
accepted.

The identity of all products was confirmed by LC-MS
analysis. During this analysis, it became apparent that
even those acyl substrates, which had not resulted in a
UV-detectable product formation all showed traces of
product formation in the SimL assay, which could
clearly be identified in the highly sensitive LC-MS
analysis.

Unfortunately, novenamine, which is the glycoside of
novobiocic acid with 3-carbamoyl-noviose (i.e. novobi-
ocin lacking the 3-DMA-4HB moiety), was not accepted

by SimL, which shows a specificity of SimL for its amino
substrate.

Discussion

In the present study, we provided experimental evidence
that the gene simL of the simocyclinone biosynthetic
gene cluster codes for an amide synthetase, which links
the amino group of an aminocoumarin moiety to an acyl
moiety. Our study provides biochemical support to the
hypothesis, derived previously from the nature of the
metabolites accumulated in S. antibioticus Ti 6040
(Holzenkdmpfer et al. 2002; Schimana et al. 2001), that
the structurally complex acyl component of the simo-
cyclinones, consisting of an aromatic angucycline poly-
ketide nucleus, the deoxysugar olivose and a tetraene
dicarboxylic acid, is assembled before it is connected
with the aminocoumarin moiety during simocyclinone
D8 biosynthesis.

The substrate tolerance of SimL is clearly greater
than that of the previously examined amide synthetases
NovL, CloL and CouL, making SimL an attractive tool
for the generation of new aminocoumarin antibiotics,
both by chemoenzymatic synthesis (Freel Meyers et al.
2004) and by mutasynthesis (Galm et al. 2004a).

The substrate range for such experiments may be
even further expanded by use of the corresponding
amide synthetase involved in the biosynthesis of rub-
radirin (Fig. 1). Expression experiments with the gene

Table 1 Substrate specificity of SimL of Streptomyces antibioticus after expression in S. lividans T7

Relative activity (%) Expected molecular ion (M-H)™ Detected molecular ion (M-H)™

Substrate
Simocyclinone C4 100
3-Methylpyrrole-2,4-dicarboxylic acid <0.4%

3-Dimethylallyl-4-hydroxybenzoic acid (ring A) 12

Cinnamic acid 15
p-Coumaric acid 15
4-Hydroxybenzoic acid 13
Ferulic acid 8
Benzoic acid 6
4-(Methylthio)benzoic acid 4
4-Hydroxy-3-propylbenzoic acid 3
Caffeic acid 2
Salicylic acid 2
Vanillic acid 1
3-Chloro-4-hydroxybenzoic acid 1
3-Allyl-4-hydroxybenzoic acid 0.8
trans-3-(3-Pyridyl)acrylic acid 0.5
3-Bromo-4-hydroxybenzoic acid 0.5
4-Nitrobenzoic acid 0.4
3,5-Dibromo-4-hydroxybenzoic acid <0.4%
3,5-Dimethyl-4-hydroxybenzoic acid <0.4%
4-Hydroxyphenylacetic acid <0.4%
pL-Tyrosine <0.4%
Retinoic acid <0.4%
Stearinic acid <0.4%
Fumagillin <0.4%
Cyclohexylcarboxylic acid <0.4%
3-Geranyl-4-hydroxybenzoic acid <0.4%
4-Amino-3-methylbenzoic acid <0.4%

trans, trans-Muconic acid <0.4%

910 910
356 356
394 394
336 336
352 352
326 326
382 382
310 310
356 356
368 368
368 368
326 326
356 356
360 360
366 366
337 337
405/404 404
355 355
484/482 482
354 354
368 368
369 369
488 488
472 472
646 646
316 316
462 462
339 337
330 330




rubll (Sohng et al. 1997) resulted in soluble, purified
protein (data not shown), but this did not show enzyme
activity in our assays. This may be due to the fact that
the genuine acyl substrate of the amide synthetase of
rubradirin biosynthesis is still unknown. Further
experiments to identify the amide synthetase of rub-
radirin biosynthesis are in progress.
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