15022 Biochemistry2004,4

3, 15022-15036

Assembly of Dimeric Variants of Coumermycins by Tandem Action of the Four

Biosynthetic Enzymes Cou

L, CouM, CouP, and NévN

Caren L. Freel MeyersMarkus Oberth® Lutz Heide! Daniel Kahné and Christopher T. Walsk*

Department of Biological Chemistry and Molecular Pharmacology, #ded Medical School, Boston, Massachusetts 02115,
Department of Chemistry, Princeton Wersity, Princeton, New Jersey 08544, and Pharmaceutical Institute, Tuebingen
University, 72076 Tuebingen, Germany

Receied July 19, 2004; Résed Manu

script Receed September 20, 2004

ABSTRACT. Coumermycin A is a member of the aminocoumarin family of antibiotics. Unlike its structural

relatives, novobiocin and clorobiocin, coumermycin
scaffold and bears two decorated noviose sugar ¢

ig\a dimer built on a 3-methyl-2,4-dicarboxypyrrole
omponents which are the putative target binding motifs

for DNA gyrase. Starting with this scaffold, we have utilized the ligase CouL for mono- and bisamide
formation with aminocoumarins to provide substrates for the glycosyltransferase CouM. CouM was
subsequently shown to catalyze mono- and bisnoviosylation of the resulting CoulL products. CouP was

shown to possess-O-methyltransferase activity on

products from tandem CoulL, CouM assays. A fourth

enzyme, NovN, the'30-carbamoyltransferase from the novobiocin operon, was then able to carbamoylate
either or both arms of the CouP product. The tandem action of CoulL, CouM, CouP, and NovN thus
generates a biscarbamoyl analogue of the pseudodimer coumermy&itaAing from alternative dicarboxy

scaffolds, these four enzymes can be utilized
aminocoumarin antibiotics.

The bacterial type Il topoisomerases, DNA gyrase and
topoisomerase 1V, are required for DNA replication and
catalyze the biochemical reactions that control the topology
of DNA including steps in DNA decatenation and topoisomer
relaxation number control1lf. Both DNA gyrase and
topoisomerase IV (topo IWare antibiotic targets in bacterial
pathogens. Among the known inhibitors of gyrase and topo
IV are the synthetic fluoroquinolone class of antibiotics
which target the A subunit2{-4) and the natural product
aminocoumarins which target the B subunits of both
enzymes, respectively6{-9). The fluoroquinolines cipro-
floxacin and levofloxacin are potent inhibitors of gyrase and

topo IV and have experienced widespread clinical use as

antibiotics. However, the aminocoumarin family of antibiot-
ics including novobiocin, clorobiocin, and coumermycin A
has found limited use in the clinic because of problems
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in tandem to create additional variants of dimeric

associated with low solubility, poor pharmacokinetics, and
poor cell wall penetration10—12). Novobiocin has, how-
ever, received renewed attention as a result of its potent
activity against methicillin-resistar8taphylococcus aureus
(MRSA) bacterial strainsl3). The increasing prevalence of
antibiotic resistance to the synthetic antibacterial fluoro-
quinolones in addition to the recent sequencing of the
biosynthetic gene clusters for novobiocitd), clorobiocin
(15, and the pseudodimer coumermycin Al6) has
prompted an interest in the optimization of aminocoumarin
antibiotics by structural variation.

A comparison of the biosynthetic gene clusters for
novobiocin, clorobiocin, and coumermycin; Aeveals a
similar logic for the biosynthetic assembly of all three family
members. The components of the tripartite scaffolds of
novobiocin and clorobiocin are constructed by enzymes
encoded in subclusters nbv andclo genes. The prenylated
4-hydroxybenzoate component is derived from 4-hydroxy-
phenylpyruvate17) while the 7-hydroxy-3-aminocoumarin
‘and theL-hexose substrate TDRnoviose are derived from
‘tyrosine andp-glucose, respectivelyl@—20). The planar
scaffolds in novobiocin and clorobiocin are formed following
enzymatic ligation of the prenylated benzoate and aminocou-
marin by the ligases NovL and Cloll%, 21). Attachment
of the noviose moiety to the planar scaffold is catalyzed by
the dedicated glycosyltransferases NovM and CIa8] 22).
Antibiotic activity is only attained following two subsequent
enzymatic tailoring reactions on the noviose ring-O4
Methylation is catalyzed by methyltransferases No2B) (
and CloP 15), and 3-O-carbamoylation (novobiocin) of-3
O-acylation (clorobiocin) is catalyzed by the carbamoyl-
transferase NovN2@) and acyltransferase CloN24). The
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oH |, OH MATERIALS AND METHODS
N
m T < Bacterial Strains, Plasmids, Materials, and Instrumenta-
Q oo tion. Chemically competertt. coli TOP10 and BL21(DE3)
o #7 R cell strains were purchased from Invitrogen. Restriction
’ endonucleases and T4 DNA ligase were purchased from New

R,O  OH
England BioLabs. The pET37b overexpression vector was
Novobiocin: R, = CH,, R, = CONH, purchased from Novage®fu DNA polymerase was pur-
Clorobiocin: R, = Cl, R, = ),/4?\ chased from Stratagene. DNA primers for PCR amplification
[e]

were purchased from Integrated DNA Technologies. HPLC
analysis of crude enzymatic reaction mixtures was carried
out using a Beckman Gold Nouveau System Gold with a

o n OH
N/ _
on nﬁomo E;i“ Vydac small-pore C18 column (250 4.6 mm). Enzymatic
=~ N CH, %ﬁ o reaction products were confirmed by LCMS using a Shi-
O (0) Oo
W CH,

X %oon, madzu LCMS-QP80ag.

OH

H.CO All chemicals were purchased from Aldrich or Sigma and

3 on used without further purification. Solvents were of reagent
/0 Coumermycin A, grade and were further dried when necessary. Analytical thin-
N_NH layer chromatography was performed on glass plates pre-
coated with silica gel (25@m, Sorbent Technologies), with
FIGURE 1: Aminocoumarin family of antibiotics. detection by UV and/or spraying with,BO, (50%). Flash

chromatography was carried out on silica gel (60 A-83
aminocoumarins target DNA gyrase by inhibiting ATP um), purchased from Sorbent Technologies. Analytical
hydrolysis in the B subunit. The-8ubstituent on the noviose HPLC of reaction mixtures was performed on a Hewlett-
ring, carbamoyl in novobiocin and methylpyrrolyl in cloro- Packard 1100 series instrument using a Phenomenex Luna
biocin, is presented by the planar aminocoumarin scaffold 5 um C18 column (250 mnmx 4.6 mm). Reactions were
to the ATP binding site of the GyrB subunb,(6). monitored by HPLC using a linear gradient from 20% £H

Coumermycin A bears resemblance to the tripartite CN in H,0/0.1% TFA to 100% CKCN/0.1% TFA over 20
aminocoumarin antibiotic novobiocin in the aminocoumarin Min. Preparative HPLC was performed on a Varian ProStar
component and to clorobiocin in the noviose sugar compo- instrument (flow rate 45 mL/min) using a Phenomenex Luna
nent (Figure 1). The most striking feature of coumermycin 10u4m C18 column (250< 50 mm) or on a Hitachi L6200
A1, however, is that it is pseudodimeric, containing five instrument (flow rate 7.5 mL/min) using a Phenomenex Luna
structural elements consisting of two decorated noviosyl- > um C18 column (250x 21.2 mm). NMR spectra were
aminocoumarin elements linked through a dicarboxypyrrole recorded on Varian Mercury 300 MHz and Inova 400 or
scaffold. Furthermore, coumermycin, Ahows the highest 500 MHz spectrometers. Designation of NMR peaks: H-5,
antibiotic potency in the aminocoumarin familgg). The  H-6, H-8, or 8-Me (coumarin); H*1H-2, H-3,, ... (noviose).
four enzymes that catalyze the five-part assembly and Mass spectra (ESI) were obtained at the Mass Spectroscopy
tailoring in coumermycin biosynthesis are the ligase CouL, Facility at the Department of Chemistry, Princeton Univer-
the glycosyltransferase CouM, the methyltransferase CouP Sity.
and the acyltransferase CouN2. In principle, the five-part TDP--noviose 22) and 8-demethylaminocoumaria3
enzymatic assembly could be achieved using purified (27) were prepared according to previously reported proce-
enzymes. This would establish a foundation for variation of dures. CouL was overproduced and purified as previously
one or more of the elements of the scaffold and pharma- reported 26).
cophores. Coul has previously been reported by Heide and Preparation of Aglycon Substrates. (A) 3-Amino-4,7-
co-workers to catalyze the double ligation of 3-methyl-2,4- dihydroxy-8-methylcoumari(l) was prepared according to
dicarboxylic acid with two aminocoumarin componerge)( a previously reported metho@®) with modifications in the

We report herein the overproduction and purification of isolation procedure. Novobiocin sodium salt (Sigma, 5.0 g)
both CouM and CouP fronischerichia coliand confirm was heated in a mixture of pyridine and acetic anhydride
the catalytic functions of each enzyme for single and double (5:1, 120 mL) under reflux for 4 h. After being cooled to
glycosylation and 40-methylation, respectively. A full  room temperature, the mixture was then carefully acidified
reconstitution of late stage coumermycinosynthesis has  with 5 N HCI while the temperature of the reaction mixture
not been possible because the methylpyrrolyl transferasewas kept below 28C, upon which a brown gum precipitated.
CouNz2 is not soluble when heterologously overproduced in After the mixture was allowed to settle, the aqueous phase
E. coli. Alternatively, we have used the novobiocin carbam- was decanted. Precipitation of the crude aminocoumarin
oyltransferase NovN to effect biscarbamoylation on the cleavage product was induced by the addition of EtOAc (250
coumermycin scaffold. Thus, the four-enzyme sequence mL). Following filtration, the gray precipitate was refluxed
CoulL, CouM, CouP, NovN has been employed to achieve ain EtOAc (125 mL) for 1 h, cooled to room temperature,
total of eight enzymatic transformations to create variants filtered, and dried, which afforded the 3,4-oxazole derivative
of the dimeric aminocoumarin coumermycin.ANith the of 7-O-(2'-O-acetyl-3-O-carbamoyl-4O-methyl-a-L-novio-
tandem action of the four enzymes we demonstrate that it issyl)-3-amino-4,7-dihydroxy-8-methylcoumarin (3.3 g) as a
possible to vary all five structural elements in the coumer- light brown amorphous powdeR: = 0.13, petroleum ether/
mycin scaffold to generate novel coumermycin analogues. EtOAc, 1:2. The oxazole derivative (1.4 g) was suspended
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CHg), 2.48 (s, 3 H, 3-Me), 1.24 (t, 3 H,= 7.1 Hz, CHCHg);

and was refluxed for 2 h. The clear solution was evaporated3C NMR (75 MHz, DMSO«dg): 6 164.0, 162.3, 128.1,

until precipitation started (ca. 15 mL final volume) and kept
at 4 °C overnight. The precipitate was filtered and washed
with ice-cold MeOH to give a first crop of aminocoumarin
1. Evaporation of the mother liquor to a small volume to
induce precipitation was repeated twice, which afforded a
total of 510 mg ofl.

(B) 3-Methylpyrrole-2,4-dicarboxylic acid diethyl ester
(34) was prepared in analogy to a previously published
procedure?9). A mixture of ethyl isocyanoacetate (4.4 mL,
40 mmol) and DBU (6.0 mL, 40 mmol) in THF (60 mL)
was heated to 50C. A solution of acetaldehyde (2.8 mL,
25 mmol) in THF (20 mL) was added dropwise over 15 min,
and stirring of the mixture was continuedrf@ h atthis

127.1, 121.1, 115.2, 59.0, 14.3, 11.1. MS(ESI) feHG-
NO;4 (197.19): 196 [M— H] .

(E) 3-Methylpyrrole-2,4-dicarboxylic Acid 2-(3-Amino-4,7-
dihydroxy-8-methylcoumarin Amide) 4-Ethyl Est&). (To
a solution of aminocoumarii (24 mg, 0.1 mmol) and
monoester35 (20 mg, 0.1 mmol) in DMF (1.5 mL) was
addedN-methylmorpholine (33:L, 0.3 mmol) and PyBOP
(52 mg, 0.1 mmol) under argon. After being stirred at room
temperature for 40 h, the mixture was purified by preparative
reversed-phase HPLC (20% @EN in H0/0.1% TFA to
100% CHCN/0.1% TFA over 40 min) to the give 4-ethyl
ester36 (30 mg, 78%)H NMR (300 MHz, DMSO¢g): o
12.00 (br s, 2 H, OH, NH), 10.50, 8.72 (2 s, each 1 H, NH,

temperature. The solution was cooled to room temperature,OH), 7.58 (d, 1 HJs nw = 3.4 Hz, H-5yr), 7.57 (d, 1 HJs6
neutralized with AcOH, and evaporated. The residue was = 8.7 Hz, H-5), 6.90 (d, 1 HJss = 8.7 Hz, H-6), 4.19 (q,

dissolved in EtOAc (300 mL) and washed it N HCI,
saturated aqueous NaHg@nd brine. The organic phase
was dried (MgSQ), filtered, and evaporated, and the residue
was purified by flash chromatography using silica gel
(petroleum ether/EtOAc, 6:1 to 4:1). Evaporation of the
product-containing fractions gave the pyrrole diethyl ester
(3.2 g, 70%) as a light yellow solidR; = 0.20, petroleum
ether/EtOAc, 6:1*H NMR (300 MHz, CDC}): ¢ 9.65 (br

s, 1 H, NH), 7.48 (d, 1 HJsn = 3.5 Hz, H-5), 4.34, 4.28
(2qg,each2HJ=7.1Hz, 2 ¢H,CHy), 2.59 (s, 3 H, 3-Me),
1.37 and 1.34 (2 t, each 3 H,= 7.1 Hz, 2 CHCHjy). °C
NMR (75 MHz, CDCE): 6 165.0, 162.0, 129.9, 127.3, 121.0,
117.0, 60.7, 59.9, 14.6, 11.5. MS(ESI) for;18:sNO,
(225.24): 226 [M+ H]*, 248 [M + NaJ*.

(C) 3-Methylpyrrole-2,4-dicarboxylic Acid2]. 3-Meth-
ylpyrrole-2,4-dicarboxylic acid diethyl este34) (1.0 g, 4.44
mmol) and NaOH (1.76 g, 44 mmol) were heated to reflux
in a H,O/EtOH mixture (1:1, 60 mL) overnight. After being
cooled to room temperature @8 (30 mL) was added, and
the solution was acidified with concentrated HCI (gtH_2)
to precipitate the acid. The mixture was kept &tCifor 4

2 H,J=7.2 Hz, H,CHy), 2.48 (s, 3 H, 3-Mgy), 2.17 (s,
3 H, 8-Me), 1.28 (t, 3 HJ = 7.2 Hz, CHCH,).

To this compound was added concentrate® (0.4
mL), and the mixture was stirred at 4C for 2 h. The
solution was carefully diluted with DMFA® (1:1, 1.5 mL)
and purified by reversed-phase HPLC to give monoier
(8 mg, 66%) as a powdetd NMR (500 MHz, DMSO«):

0 12.00 (br s, 2 H, OH, NH), 10.45, 8.65 (2 s, each 1 H,
NH, OH), 7.59 (d, 1 HJs¢ = 8.6 Hz, H-5), 7.55 (d, 1 H,
JS,NH =3.2 HZ, H-Qyn), 6.89 (d, 1 H,J5’6 = 8.6 HZ, H-6),
2.57 (s, 3 H, 3-Mgyn), 2.18 (s, 3 H, 8-Me).

Preparation of pCouM-pET37b and pCouP-pET28260
expression ConstructsThe gene encoding CouM was
amplified from Streptomyces rishiriensi§DSM 40489)
genomic DNA. Amplification was accomplished using the
foward primer 5AATTCACATATGAGAGTGCTGTTCAC-
GAGC-3 and the reverse primer-3GCGGCCGCAAG-
CTTTTACTGTCGACCGTGCGA-3 The forward primer
introduced arNdd restriction site (restriction site underlined
above), and the reverse primer introducddiadlll restric-
tion site. PCR reactions were carried out uskigi DNA

h and then filtered, and the residue was washed with cold polymerase as described by Stratagene. The amplified gene
H-O and cold acetone and dried under high vacuum to yield was inserted into the linearized pET37b vector following a

2 (0.6 g, 80%) as a yellow powdetd NMR (500 MHz,
CD;0OD): 6 7.43 (s, 1 H, H-5), 2.58 (s, 3 H, 3-Me}3C
NMR (125 MHz, CDC}): ¢ 167.3, 163.2, 129.9, 127.8,
121.1, 116.0, 10.3. MS(ESI) for8/,NO,4 (169.14): 168 [M
— H]~.

(D) 3-Methylpyrrole-2,4-dicarboxylic Acid 4-Ethyl Ester
(35). Diethyl ester34 (500 mg, 2.22 mmol) and KOH (148
mg, 2.64 mmol) were heated to reflux in a,®IEtOH
mixture (1:4, 9 mL) for 2.5 h. After being cooled to room
temperature, the yellow solution was poured into-e&ater
(60 mL) and acidified wit 1 N HCI (pH= 3). The aqueous
phase containing a white precipitate was extracted with
EtOAc (3 x 150 mL), and the combined organic phases were
washed with brine (2< 100 mL), dried (MgSQ), filtered,

and evaporated. The residue, which contained small impuri-

ties of starting materiaR; = 0.85, CHCI,/MeOH, 9:1) and
2-ethyl ester i = 0.28, CHCI,/MeOH 9:1), was purified
by flash chromatography using silica gel (&3H,/MeOH,
15:1) to afford the monoest86 as a colorless powder (290
mg, 66%): R = 0.21, CHCIl,/MeOH, 9:1.*H NMR (300
MHz, DMSO-dg): 6 12.00 (br s, 2 H, COOH, NH), 7.39 (d,
1 H, Jsnu = 3.6 Hz, H-5), 4.16 (q, 2 H) = 7.1 Hz, (H,-

restriction digest witiNdd/Hindlll. Expression of pCouM-
pPET37b was accomplished following transformation iEto

coli TOP10 competent cells. The gene sequence was
confirmed by comparison to th8. rishiriensissequence
reported by Heide et al. (Accession Number AF235050).

Generation of the expression construct pCouP-pET28a was
accomplished as described for pCouM-pET37b. The forward
primer used for PCR amplification was'-6CGTAT-
CATATGGAGGTGGCACCTATCGTAAGC-3 and intro-
duced arNdd restriction site. The reverse primer used was
5-ACGGAAAAGCTTTCACTCGGTCTGCCAGTA-3and
introduced aHindlll restriction site.

Overproduction and Purification of CouMPurified pCouM-
pPET37b plasmid was transformed into BL21(DE3) competent
E. coli cells. Transformants harboring the pCouM-pET37b
construct were grown in LB medium supplemented with
kanamycin (5Qug/mL). The cells were grown at 25C to
an OD of~0.6 and induced with 60M IPTG. Shaking was
continued overnight at 25C. Cells were harvested by
centrifugation (20 min at 60@) and frozen at-20°C. Cells
were thawed and resuspended in 75 mL of buffer A (25 mM
Tris-HCI, pH 8.0, 400 mM NaCl, 2 mM imidazole, 10%
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glycerol). Resuspended cells were lysed by French press (twdng 75 mM Tris-HCI (pH 7.5), 10 mM MnG| 1 mg/mL
passages at 15000 psi), and the cell debris was removed byBSA, 5% DMSO, 10uM monoamide7, 100 uM TDP-L-

centrifugation (30 min at 95@). The supernatant was
incubated with 2 mL of superflow Ni(ll) affinity resin
(Qiagen) at 4°C for 1.5 h. The resin was loaded onto a
column and washed with 10 mL of buffer B (25 mM Tris-
HCI, pH 8.0, 400 mM NaCl, 5 mM imidazole, 10% glyceral).
CouM was eluted from the column in a stepwise imidazole
gradient (26-200 mM imidazole). Fractions containing pure
CouM (as determined by SDIAGE) were combined and
dialyzed agairtsl L of buffer C (50 mM Tris-HCI, pH 8.0,
100 mM NaCl, 1 mM EDTA, 10% glycerol) overnight at 4
°C. A second dialysis was carried out1 L of buffer D (50
mM Tris-HCI, pH 8.0, 100 mM NaCl, 1 mM TCEP, 10%
glycerol). The protein was flash frozen in liquid nitrogen
and stored at-80 °C. The concentration of purified CouM

noviose, and 200 nM CouM. Aliquots (5@L) were
guenched at the time points specified above and analyzed
as previously described. The formation of glycosylated
monoamide8 was monitored by reversed-phase HPLC
[gradient 15:85 CHCN/H,O (0.1% TFA) to 100% CBECN
over 20 min] and confirmed by LCMS (ESI forE1,6N2011:
calcd, 518.1; obsd, 569.0 [M H]").

Characterization of CouPMethyltransferase activity of
CouP was confirmed in a reaction (44Q) containing 75
mM Tris-HCI (pH 7.5), 1 mg/mL BSA, 10% DMSO, 100
uM CouM product4 (obtained from a tandem enzymatic
incubation of diamide3 with TDP+.-noviose and CouM),
500uM S-adenosylmethionine (SAM), andidM CouP. The
distributive action of CouP to catalyze monomethylation of

was measured spectrophotometrically at 280 nm using the4 followed by bismethylation to form CouP product was

calculated extinction coefficient 38820 Mcm™. Large-

scale overproduction afforded an overall yield>2 mg/L

CouM. CouM could not be concentrated above 0.9 mg/mL.
Overproduction and Purification of CoufPurified pCouP-

monitored by reversed-phase HPLC [gradient 15:85-CH
CN/H,O (0.1% TFA) to 100% CBCN over 20 min].
Aliguots (50uL) were quenched at 5 min, 30 min, 60 min,
90 min, 2 h, and 3 h. The formation of the monomethylated

pET28a plasmid was transformed into BL21(DE3) competent intermediates9 and 10 was observed by reversed-phase
E. coli cells. Transformants harboring the pCouP-pET28a HPLC and confirmed by LCMS (ESI for £Hs7/N3Oss:

construct were grown in LB medium supplemented with
kanamycin (5Qug/mL). The cells were grown at 25 to

an OD of~0.6 and induced with 60M IPTG. Shaking was
continued overnight at 25C. Cell lysis and CouP purifica-

tion were carried out as described for CouM above. Large-

scale overproduction afforded an overall yield>a®3 mg/L
CouP.

Characterization of CouM.Initial characterization of
CouM was carried out in a tandem CoulL, CouM reaction
(360uL) at ambient temperature and contained 75 mM Tris-
HCI (pH 7.5), 10 mM MnC}, 5 mM ATP, 1 mg/mL BSA,
5% DMSO, 10QuM aminocoumarirl, 100uM dicarboxylic
acid2, 200uM TDP-L-noviose, 500 nM Coul, and 500 nM
CouM. Aliquots (50uL) were quenched at specified time
points (5 min, 10 min, 30 min, 60 min, and 2 h) in 16D

calcd, 881.3; obsd, 880.3 [M H] 7). The formation of CouP
productll was confirmed by LCMS (ESI for £8H49N301s:
calcd, 895.3; obsd, 894.3 [M H]7).

Carbamoylation of the Coumermycin Scaffold byvNo
The ability of NovN to catalyze carbamoylation on a
coumermycin scaffold was confirmed in a reaction (21Q
containing 75 mM Tris-HCI (pH 7.5), 1 mg/mL BSA, 10%
DMSO, 100uM CouP productll (obtained from a tandem
enzymatic incubation of diamid8 with TDP--noviose/
CouM and SAM/CouP), 500M carbamoyl phosphate, and
1 uM NovN. The distributive action of CouN to catalyze
monocarbamoylation of1 followed by biscarbamoylation
to form NovN productl4 was monitored by reversed-phase
HPLC [gradient 15:85 CECN/H,O (0.1% TFA) to 100%
CH3CN over 20 min]. Aliquots (5Q:L) were quenched at

of cold methanol. Quenched aliquots were incubated at 4 1, 5, 30, and 60 min. The formation of the monocarbamoy-
°C for 20 min, and the supernatant was analyzed by reverseddated intermediate42 and 13 was observed by reversed-

phase HPLC [gradient 15:85 GEIN/H,O (0.1% TFA) to
100% CHCN over 20 min]. The bisnoviosyl CouM product
4 was confirmed by LCMS (ESI for £H4sN3O,g calcd,
867.3; obsd, 866.4 [M- H]).

The distributive action of CouM for mononoviosylation
followed by bisnoviosylation was confirmed in a reaction
(370 uL) carried out at ambient temperature containing 75
mM Tris-HCI (pH 7.5), 10 mM MnCJ, 1 mg/mL BSA, 5%
DMSO, 100uM diamide 3, 200 uM TDP-L-noviose, and
200 nM CouM. Aliquots (5Q«L) were quenched at 1, 5, 10,

phase HPLC and confirmed by LCMS (ESI fox850N4O;g:
calcd, 938.3; obsd, 937.2 [M H] ). The formation of NovN
productl4 was confirmed by LCMS (ESI for £8H5:N50x0:
calcd, 981.3; obsd, 980.2 [M H]7).

Small-Scale Generation of Coumermycin Varianta
Four Enzyme Tandem Incubatioms.general procedure is
described for the generation of coumermycin varidrés
22 on a small scale via four enzyme tandem incubations.
For the generation of compound$ and 19, the reaction
mixture (100uL) contained 75 mM Tris-HCI (pH 7.5), 10

30, and 60 min and analyzed as described above. ThemM MnCl,, 4 mM ATP, 1 mg/mL BSA, 10% DMSO, 150

formation of the monoglycosylated intermediatesnd 6
was observed by reversed-phase HPLC [gradient 15:85 CH
CN/HO (0.1% TFA) to 100% CKCN over 20 min]
followed by formation of the bisglycosylated CouM product

uM diacid substrate, and 2QfM aminocoumarirl. For the
generation of compounds/, 18, and20—22, a 1:1 mixture
of aminocoumarinl (200 uM) and 8-demethylaminocou-
marin33 (200uM) was added to the reaction mixture. CouL

4 characterized above. The mixture of monoglycosylated was added to a final concentration oftll, and the reaction

intermediatess and 6 was confirmed by LCMS (ESI for
C34H33N30414: calcd, 707.2; obsd, 706.0 [M‘ H]f) Sub-

mixture was incubated at room temperature for 4 h. TDP-
L-noviose (final concentratiosr 150 4M) and CouM (final

sequent optimization of reaction conditions revealed an concentration= 1 uM) were added, and the reaction mixture

optimal buffer and pH of MES, pH 6.
The glycosylation of monoamidé was carried out at
ambient temperature in a reaction mixture (3L contain-

was incubated for an additiohd h atroom temperature.
SAdenosylmethionine (SAM) (final concentratisnl mM)
and CouP (final concentratioss 1 uM) were added, and
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the reaction mixture was incubated overnight at room incubated at ambient temperature for 24 h. The reaction was
temperature. Finally, carbamoyl phosphate (final concentra- followed by reversed-phase HPLC [gradient 15:85;CN/
tion = 500 uM) and NovN (1x«M) were added, and the H;O (0.1% TFA) to 100% CKCN over 20 min]. Additional
reaction mixture was incubatedrfé h atroom temperature.  CouL (1.6 mL of 48.6«M stock) was added two times over
The reaction was then quenched with methanol (20D the next 48 h to ensure complete conversion of the diacid
and incubated at 4C for 20 min. The supernatant was and aminocoumarin substrates to the CoulL diamide product
analyzed by reversed-phase HPLC and LCMS. 3. When ligation was>90% complete (as determined by
For the generation of mixed diamide coumermycin ana- HPLC), TDP+-noviose (21.4 mg, 38.2mol) was added
logue 15, the reaction mixture (200QL) contained 75 mM followed by the addition of CouM (0.74 mL of 208\
Tris-HCI (pH 7.5), 10 mM MnCJ, 4 mM ATP, 1 mg/mL stock) to a final concentration of 100 nM. The reaction
BSA, 10% DMSO, 5:M monoamide substratg and 100 mixture was incubated overnight at room temperature.
uM 8-demethylaminocoumari®3. CouL (final concentration ~ Reversed-phase HPLC analysis indicated that glycosylation
= 1 uM) was added, and the four-enzyme tandem incubation was complete after 10 h.

sequence was carried out as described for compolLéds The reaction mixture was diluted by the addition of 50
22 above. The formation of compourith was monitored mL of 10% DMSO in 75 mM MES, pH 7, since CouP
by reversed-phase HPLC and confirmed by LCMS. operates more efficiently at low substrate concentration.

LCMS Characterization of Analogud$—22. The forma- CouP was added to a final concentration giMl (3.3 mL
tion of the coumermycin analogues described above wasof 60.2uM stock) followed by the addition of SAM (33.3
confirmed by LCMS. It is assumed that a mixture of mg, 76.6umol). The reaction was monitored by reversed-
2-aminoterephthalic acid mixed diamide analog26sand phase HPLC. Additional CouP (3.3 mL of 6Qu&1 stock)
21 is formed as a result of adding a 1:1 mixture of was added after 24 h, and monitoring was continued by
aminocoumarind and 33 to the reaction mixture. Further HPLC. Slow but complete conversion of CouM proddct
analysis of the fragmentation patterns of these analogues igo the bismethyl CouP product was observed over 4 days,
necessary in order to confirm this assumption: mixed indicating that CouP retains activity for an extended period
diamide analogud5 (ESI for CyyHi9NsO20: calcd, 967.3; of time at ambient temperature.

obsd, 966.1 [M— H]"); terephthalic acid analogus (ESI Carbamoy! phosphate (11.6 mg, 7Gutol) was added
for CyeHsoN4Oo0: caled, 978.3; obsd, 977.1 [M- H]); followed by the addition of NovN (2.2 mL of 45,8V stock)
terephthalic acid analoguer (ESI for CysH4sN4O20: calcd, to a final concentration of 500 nM. The reaction was

964.3; obsd, 963.4 [M~ H]"); terephthalic acid analogue incubated at room temperature and monitored by HPLC and
18 (ESI for CiyH4eN4O20: calcd, 950.3; obsd, 950.2 [M LCMS. Very slow conversion of the CouP produd was

H]7); 2-aminoterephthalic acid analogud (ESI for observed under these conditions. It was necessary to add
CueHs1Ns040: caled, 993.3; obsd, 992.3 [M H]7); 2-ami- NovN and carbamoyl phosphate three additional times over
noterephthalic acid analogu28 and21 (ESI for CsH4gNsOx0: the next 72 h in order to ensure complete conversion to the
calcd, 979.3; obsd, 978.1 [M H]"); 2-aminoterephthalic ~ biscarbamoyl NovN product4.

acid analogu@?2 (ESI for G4H47NsO50: calcd, 965.3; obsd, The crude reaction mixture was adjusted to pH 6 by the

964.2 [M — H]"). addition of concentrated HCI and desalted and concentrated

LCMS Characterization of Intermediat&3—30. Inter- by passage over a C18 SepPak (900 mg bed) conditioned
mediates arising from incomplete ligation, methylation, and with 75 mM MES, pH 6. Following loading of the crude
carbamoylation in the tandem incubation to produce analoguereaction product, the SepPak was washed with 75 mM MES,
16 (Figure 9) were characterized by LCMS: intermediate pH 6 (10 mL), followed by water (10 mL). The crude
23 (ESI for GiaH4eN2O1g: calcd, 878.3; obsd, 877.4 [M reaction product was eluted from the SepPak using DMSO
H]"); intermediate24 (ESI for C2H44N20,6: calcd, 864.3; (5 mL). Fractions containing produd# (as determined by
obsd, 863.4 [M— H]"); intermediate25 (ESI for G7HgNOy2: HPLC) were combined, and the product was purified by
calcd, 572.2; obsd, 571.2 [M H]"); intermediate26 (ESI preparative reversed-phase HPLC [gradient 15:85CN
for CusHpsNOqq: caled, 515.1; obsd, 514.2 [M- H]); H,O (0.1% TFA) to 100% CKCN over 20 min]. Lyo-
intermediate27 (ESI for GeH26N2O12: calcd, 558.2; obsd,  philization of the product-containing fractions afforded
557.2 [M — H]"); intermediate28 (ESI for CysHssN3O01: coumermycin analogug4 (9.6 mg, 65% yield) as a white
calcd, 907.3; obsd, 906.3 [M H]"); intermediate29 (ESI powder.'H NMR (500 MHz, DMSO#g): 6 12.45-12.25
for CuHaeN4Oy0: calcd, 950.3; obsd, 949.2 [M- H]"); (br s, 2 H, OH, NH), 11.93, 9.00, 8.69 (3 s, 3 H, NH, OH),
intermediate30 (ESI for CyHagN,O1g: calcd, 892.3; obsd,  7.82 (brs, 1 H, H-5), 7.76 (2 d, 2 HJs ¢ = 8.7 Hz, H-5),
891.4 [M — H]"). 7.17 (2d, 2 HJss = 8.7 Hz, H-6), 6.73, 6.52 (2 br s, 4 H,

Large-Scale Preparation of Coumermycin Analogues. (A) CONH,), 5.62 (d, 2 H,J;, = 5.1 Hz, H-1), 5.54 (s, 2 H,
Coumermycin Analogud 4. For the preparation of the 2'-OH), 5.15 (dd, 2 HJ,3= 3.1 Hz,J34 = 9.9 Hz, H-3),
biscarbamoyl coumermycin analogi4, aminocoumarirl 4.08-4.01 (m, 2 H, H-2), 3.48 (d, 2 HJ3 4= 9.9 Hz, H-4),

(9.3 mg, 38.3umol) and dicarboxylic aci® (2.6 mg, 15.3 3.47 (s, 6 H, 40Me), 2.62 (s, 3 H, 3-Mgn), 2.23 (s, 6 H,
umol) were each dissolved in DMSO (0.50 mL) and added 8-Me), 1.26, 1.05 (2 s, 12 H,/€Hs).

to a MES-buffered solution (131 mL, pH 7) containing (B) Coumermycin Analogued. Analoguel9was prepared
DMSO (14.3 mL, 10% v/v). ATP and Mgglvere added to  as described above starting with 2-aminoterephthalic acid
a final concentration of 4 and 10 mM, respectively, followed (2.8 mg, 15.3umol) and aminocoumarii (9.3 mg, 38.3

by the addition of BSA (153 mg, final concentratien 1 umol). Following lyophilization,19 (10.4 mg, 68% yield)
mg/mL). CouL was added to a final concentration of 500 was obtained as a bright yellow solitH NMR (500 MHz,

nM (1.6 mL of 48.6 uM stock), and the reaction was DMSO-tg): 6 7.90 (d, 1 H, H-@repn), 7.76 (d, 2 H,Js6 =
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8.8 Hz, H-5), 7.35 (s, 1 H, Hi@epn), 7.22-7.14 (M, 3 H,
H-6, H-5erepn), 6.78-6.60 (br s, 4 H, CONH), 5.62 (d, 2
H, J1»=5.2 Hz, H-1), 5.54 (s, 2 H, 20H), 5.18 (dd, 2 H,
J3=3.2Hz,J3,= 9.8 Hz, H-3), 4.10-4.00 (m, 2 H, H-2),
3.48 (d, 2 H,J34 = 9.9 Hz, H-4), 3.48 (s, 6 H, 40Me),
2.21 (s, 6 H, 8-Me), 1.26, 1.06 (2 s, 12 H;GBHs).

(C) Mixed Diamide Coumermycin Analogaé. For the
preparation of mixed diamide analoglié 8-demethylami-
nocoumarirB3(3 mg, 13.1umol) and terephthalic acid (21.8
mg, 131umol) were each dissolved in DMSO (0.50 mL)
and added to a MES-buffered solution (56 mL, pH 7)
containing DMSO (9 mL). ATP and Mgghwere added to
a final concentration of 4 and 10 mM, respectively, followed
by the addition of BSA (100 mg, final concentratien 1
mg/mL). CouL was added to a final concentration qiMl
(3.2 mL of 30.9uM stock), and the reaction was incubated

at ambient temperature for 1 h. The reaction was analyzed

by HPLC as described above; the mixture contairé®%
monoamide31 and <5% diamide.

The reaction mixture was adjusted to pH 3 and extracted
three times with ethyl acetate (50 mL). The organic extrac-

tions were combined and concentrated under reduced pres
sure. The crude reaction product was purified by preparative

reversed-phase HPLC and lyophilized to afford monoamide
31 as a bright yellow solid (3.2 mg, 72% yield).

Monoamide31 (2.5 mg, 7.33umol) and aminocoumarin
1 (8.9 mg, 36.6umol) were dissolved in DMSO (0.50 mL)
and added to a MES-buffered solution (60 mL, pH 7)
containing DMSO (6.9 mL). ATP and Mgg&lvere added
to a final concentration of 4 and 10 mM, respectively,
followed by the addition of BSA (100 mg, final concentration
=1 mg/mL). CouL was added to a final concentration of 1
uM (3.2 mL of 30.9uM stock), and the four-enzyme tandem
incubation and purification were carried out as described for
compoundd4 and19 above. Lyophilization of the purified
product afforded mixed diamide coumermycin analogjde
(4.7 mg, 67% yield) as a yellow solidH NMR (500 MHz,
DMSO-dg): 6 12.10-11.90 (br s, 2 H, OH), 9.65 (br s, 2
H, NH), 8.12 (s, 4 H, H-2,3,56cph), 7.85, 7.76 (2 d, 2 H,
Js6= 8.6 Hz, H-5), 7.17 (d, 1 H)s = 8.6 Hz, H-6), 7.0
7.00 (m, 2 H, H-6, H-8), 6.806.50 (br s, 4 H, CONL),
5.64-5.62 (m, 2 H, H-1), 5.59,5.55 (2d, 2 H},-on = 1.7
Hz, Z-OH), 5.16, 5.07 (2 dd, 2 H12,3= 3.1 HZ,J3,4= 9.9
Hz, H-3), 4.10-4.05 (m, 2 H, H-2, 3.48-3.44 (m, 8 H,
H-4', 4-OMe), 2.33 (s, 3 H, 8-Me), 1.27, 1.23, 1.08, 1.06
(4's, 12 H, 6:CHjy).

Determination of Minimum Inhibitory Concentrations for
Analogues14, 17, and 19. Twenty-two hour minimum
inhibitory concentrations (MICs) were determined against
strains grown in brairtheart infusion broth in a microdilution
format according to NCCLS guideline33). The following
strains were used for the MIC determinatioBnterococcus
faecium 49624; E. faecium resistant (VanA), CL4931,;
Enterococcus faecali®9212;E. faecalis resistant (VanB),
CL4877;S. aureus29213.

RESULTS

Overproduction and Purification of S. rishiriensis CouM
and CouP in E. coliCouM is the putative glycosyltransferase
in coumermycin A biosynthesis as it bears significant
sequence homology to the family of glycosyltransferases
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Ficure 2: Heterologous overproduction of CouL, CouM, and CouP
from E. coli.

including the novobiocin glycosyltransferase NoviMs,(22).
CouM presumably catalyzes the transfer of two noviosyl
moieties from TDP--noviose to the diamide aglycoB
(Scheme 2) to form the bisnoviosyl aminocoumarin diamide
4. The 42 kDa enzyme was overproduced heterologously and
purified fromE. coli BL21(DE3) cells harboring the CouM
expression construct. Cells were grown at°#5to an OD
of ~0.6 followed by induction with IPTG (6Q«M). The
C-terminal Hig fusion protein CouM was then purified to
homogeneity by Ni(ll) affinity chromatography (Figure 2).
CouP bears homology to the family @-methyltrans-
ferases including the novobioc®methyltransferase NovP
(16, 23). CouP presumably catalyzes the first step in sugar
decoration by O-methylation at the'-gosition of each
noviose component (Figure 6A) to form the precursor to
coumermycin A. The 31 kDa enzyme was overproduced
heterologously and purified fror&. coli BL21(DE3) cells
harboring the CouP expression construct as described above
for the overproduction and purification of CouM. The
N-terminal Hig fusion protein CouP was purified to homo-
geneity by Ni(ll) affinity chromatography (Figure 2).
Preparation of Aglycon SubstrateSminocoumarinl was
obtained from novobiocin through a two-step degradation
procedure (step 1, A®/pyridine; step 2, HCI/MeOH)2g).
3-Methylpyrrole-2,4-dicarboxylic acid?j was obtained by
DBU-catalyzed condensation of acetaldehyde with ethyl
isocyanoacetate (Scheme 29), which afforded diethyl ester
34 (70%). Both ester groups could be cleaved by heaihg
and sodium hydroxide (10 equiv) in a water/ethanol mixture
under reflux for 16 h to give diaci@ (80%). Monoethyl
ester35 was required for the synthesis of mononmeand
could be prepared from diest&4 based on the higher
reactivity of the 2-carboxyethyl group toward bas0)(
Thus, saponification using 1.2 equiv of potassium hydroxide
in an ethanol/water mixture under reflux for 2.5 h afforded
the 2-carboxylic acid35 in 66% yield. Coupling of ami-
nocoumarinl with acid 35 using HATU as the activating
agent proceeded in unsatisfying yields (only 10% of protected
monomei36 could be isolated). When the corresponding acid
chloride (obtained fron35 using oxalyl chloride/DMF) was
coupled withl in DMF in the presence of DIPEA, the yield
of 36 was slightly improved (40%). Finally, it was found
that activation of aci85 with PyBOP proceeded smoothly
and afforded6in 76% yield. Deprotection of the remaining
carboxylic ester under acidic conditions then gave monomer
7 in 66% vyield.
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nM) and TDPt-noviose was accompanied by the accumula-
tion of an intermediate product peak, presumably corre-
sponding to a mixture of mononoviosyl intermediabesnd

6 (m/z706.00 [M— H]~) and the bisnoviosyl CouM product
4 (m/z 866.45 [M — H]"). Under these conditions, greater
than 70% of diamid& underwent glycosylation over 60 min
(Figure 4C). In contrast, less than 25% of monoamide
underwent glycosylation to afford the corresponding glyco-
sylated monoamid& (m/z517.00, [M— H] ") under the same
conditions (Figure 5), suggesting that while CouM will accept
variant aminocoumarin scaffolds as substrates, dia®ide
most likely the preferred initial aglycon substrate for CouM.

The general pattern of partial accumulation of a monogly-
cosylated intermediate that then undergoes bisglycosylation
by tandem action of CouM is evident from Figure 4.
However, a detailed kinetic analysis of both initial monogly-
cosylation and tandem bisglycosylation has not yet been
carried out to obtain kinetic parameteks: and Ky. It is
assumed that a mixture of regioisomers resulting from
glycosylation at either 7-hydroxy group of the aglycon
scaffold is formed during the initial sugar transfer from TDP-
L-noviose b and6, Figure 4A). Until each regioisomer has
been prepared and characterized separately, and conditions
have been determined for the chromatographic separation
of 5 and6, the efficiency of CouM in the formation of either
isomer5 or 6 and the extent to which CouM prefers each
intermediate for bisglycosylation cannot be accurately de-
termined. However, it is apparent from the studies carried
out during the course of this work that CouM will effectively
process a diamide scaffold to the corresponding bisglyco-
sylated product, and efforts to utilize CouM as a glycosyl-
transferase for the large-scale preparation of variant coumer-
mycin analogues are described below.

Characterization of CouP Methyltransferase Aityi. Dec-
oration of the noviose sugar components in coumermycin
A1 biosynthesis is expected to follow the same biosynthetic
logic as that confirmed for sugar tailoring in novobiocin bio-
synthesis22). Thus, it is anticipated that the putative meth-
yltransferase CouP catalyzes bis-O-methylation at ‘tHpedi-
tion of each noviose ring following bisglycosylation by CouM.

The methyltransferase activity of CouP was confirmed
using as substrate the CouM produdt obtained via
enzymatic glycosylation of synthetic scaff@dNot surpris-

Heide and co-workers recently demonstrated that the ligaseingly, CouP exhibits a reaction profile similar to that
Coul catalyzes two amide bond forming reactioB)(the  observed during glycosylation by CouM (Figure 6C). The
first between the aminocoumarirand 3'methy|pyrr0|e'2,4' disappearance of in the presence of CouP (llM) and
dicarboxylic acid ) to form a monoamide which then  sadenosylmethionine (SAM) was monitored by reversed-
undergoes subsequent ligation with a second molecule ofphase HPLC (Figure 6B), and the formation of the presumed
aminocoumarir to form diamide3. Glycosylation by CouM  mixture of monomethy! intermediat&@and10 (m/z 880.30,
in coumermycin A biosynthesis presumably follows amide [M — H]~) followed by formation of CouP produdtl (nvz
bond formation (Scheme 2), and CouM is expected to processgg4.30, [M — H]") was confirmed by LCMS. As noted
the distinct scaffolds required for the first and second ghove, a detailed kinetic analysis of a reaction profile
glycosylation reactions in the same way that CouL processesinyolving the probable formation of a mixture of regioiso-
two distinct carboxylic acid substrates. mers is not feasible unless the reaction intermediates are
Initial confirmation of glycosyltransferase activity was prepared and studied separately. Therefore, a comprehensive
accomplished in a tandem CouL, CouM enzyme incubation kinetic analysis has not yet been carried out for the reactions
(Figure 3). The appearance of the bisnoviosyl produets catalyzed by CouP.
monitored by reversed-phase HPLC, and the CouM product It is interesting to note that the glycosyltransferase NovM
was confirmed by LCMSr{Vz 866.40 [M — H]"). Further and the methyltransferase NovP from the novobiocin bio-
HPLC analysis of CouM activity was carried out using puri- synthetic clusterZ2, 23) catalyze comparable transformations
fied diamide scaffold3 as substrate for CouM (Figure 4). on the coumermycin scaffold with similar relative efficiencies
Disappearance of substra&8én the presence of CouM (100 to CouM and CouP (data not shown). This suggests there is
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little deviation of the fundamental enzyme mechanisms for  Carbamoyltransferase Acity on a Coumermycin Scaf-
glycosylation and methylation by CouM and CouP compared fold. The characterization of the ligase CouR6[ and
to NovM and NovP. preliminary confirmation of CouM and CouP functions
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OH
oH Hj‘)\/\? " marizes ligase substrate usage as a result of a brief study
m” N CouM /@\)\I” aimed at identifying aromatic diacid substrates for CoulL that
HO oo © TDP-L-noviose o 0o © are distinct from the natural pyrrole dicarboxylic acid
vo 20 substrate. Interestingly, none of the isophthalic acids or
7 7 (77%) HO  OH 8 pyridine-2,5-dicarboxylic acid were accepted as substrates
for CouL whereas both terephthalic acid and 2-aminotereph-
thalic acid were. Clearly, a more rigorous study of substrate
specificity is required in order to better understand the
structural requirements of CoulL for its diacid substrate.
60 min The generation of compound$ and19 via four-enzyme
tandem incubation (CoulL, CouM, CouP, and NovN) was
40 min studied by reversed-phase HPLC using both terephthalic acid
and 2-aminoterephthalic acid as alternate CoulL diacid
substrates. Enzymes were added sequentially, and reactions
10 min were allowed to incubate for varying periods of time in order
to permit the accumulation of intermediates to be used
subsequently as substrates for the succeeding enzymes. As
3 min expected, the production of diacid-modified biscarbamoylated
8 10 12 14 16 18 20 analoguesl6 (m/z 977.05, [M — H]~; Figure 9A) andl19
Retention time, min (m/z992.27, [M— H]~; data not shown) was observed and
FIGURE 5: CouM-catalyzed glycosylation of monoamidé75 mM confirmed by LCMS. Not surprisingly, the presence of
MES, pH 6, 10% DMSO, 1 mg/mL BSA). intermediates arising from incomplete ligation, methylation,
and carbamoylation were also detected in the final enzyme
described here present an opportunity for diversification of reaction mixture as well as in control reactions, each lacking
coumermycin structural components. However, functional- one of the enzymes (Figure 9).
ization at the 3position of the noviose ring with either a Compoundl5was generated chemoenzymatically starting
carbamoyl! substituent (novobiocin) or a 2-methylpyrrole-5- from the synthetically prepared monoamides substrate
carboxy ester substituent (clorobiocin and coumermyain A for CouL. The second ligation by Coul was carried out using
is essential for antibiotic activity in the aminocoumarin 8-demethylaminocoumari@i3, available from a prior syn-
family of natural products. As we are not yet able to obtain thetic effort in our laboratory27), as the second substrate
soluble, active acyltransferase CouN2 (Scheme 2) for furtherfollowed by tandem action of CouM, CouP, and NovN as
diversification of the noviose ring, a study was carried out described above. The production of the mixed diamide
in order to determine whether the novobiocin carbamoyl- coumermycin analogud5 was monitored by HPLC as
transferase NovN would catalyze biscarbamoylation on a described above (data not shown) and confirmed by LCMS
coumermycin scaffold. Carbamoylation by NovN was moni- (n/z 966.10, [M — H]"). As noted above, the presence of
tored by reversed-phase HPLC (Figure 7). The disappearancentermediates arising from incomplete ligation, methylation,
of substratel 1 was accompanied by the accumulation of the and carbamoylation was also detected in the final enzyme
presumed mixture of monocarbamoylated intermedia®s  reaction mixture.
and13followed by subsequent disappearance of this mixture  Compounds7—18 and20—22 were generated enzymati-
to form the biscarbamoylated coumermycin analoieThe  cally using either terephthalic acid or 2-aminoterephthalic
formation of monocarbamoylated and biscarbamoylated acid as the diacid substrate for CouL and a 1:1 mixture of

Q O\ _on for potential large-scale tandem incubations. Table 1 sum-
x
N

8 (23%)

20 min

5 min

coumermycin analogues was confirmed by LCM3 - 13, aminocoumarind and33. All possible diamide and mixed

m/z 937.22, [M— H]7; 14, m'z 980.20, [M — H]"). diamide coumermycin analogud$—18 and 19—22 were
Combinatorial Biosynthetic Generation of k& Coumer- detected by LCMS (data not shown).

mycin AnaloguesThe activity of NovN on CouP product Large-Scale Enzymatic Preparation of Coumermycin

11 to form the novel coumermycin analogaé (Figure 7) Analogues for Biological Ealuation. As further demonstra-
shows that completion of sugar decoration in dimeric tion of the utility of the four-enzyme tandem incubation using
aminocoumarin biosynthesis is possible via carbamoylation, coumermycin and novobiocin enzymes to produce novel
and the generation of novel coumermycin analogues with coumermycin variants, three analogudst, (17, and 19,
potential antibiotic activity is conceivable. Furthermore, an Figure 8) were selected for enzymatic synthesis on sufficient
initial substrate specificity study of CouL carried out by scale for biological evaluation. In each case, the individual
Heide and co-workers26) suggests that alteration of the enzymatic reactions were monitored by HPLC and LCMS
coumermycin scaffold is also feasible. Our investigation to ensure complete conversion of substrates to products
confirms that the combinatorial biosynthetic generation of before proceeding to the subsequent step. In some cases,
coumermycin analogues via four-enzyme tandem incubationscomplete conversion of substrate to product was only
(CouL, CouM, CouP, NovN) is achievable, and the nine achievable by the repeated addition of enzyme or extended
coumermycin variants generated as a result of these studiesncubation times. As shown in Figure 10 for compouirgj
are shown in Figure 8. satisfactory conversion to the final product was accomplished
The introduction of structural diversity in the scaffold of using this strategy, and little or no formation of intermediates
coumermycin to generate compounti6—22 (Figure 8) arising from incomplete ligation, methylation, or carbam-
required some additional analysis of substrate usage by Couloylation was detected.
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For the preparation of mixed diamide analogé,
monoamide31 was preparedX95% by HPLC) by ligation
of 8-demethylaminocoumariB3 to terephthalic acid (in

aminocoumarin scaffolds for presentation to the GyrB
subunit. Compounds$7 and19, bearing the terephthalic and
2-aminoterephthalic spacer elements in the dimer, display

excess) in the presence of CoulL (Scheme 3). Monoamideantibiotic potencies 42 logs lower than compount4 and

31 was purified by preparative HPLC following an acidic

workup, and the purified product was reacted with ami-
nocoumarinl (in excess) in the presence of CoulL. Subse-
quent tandem reaction with CouM, CouP, and NovN was

are 3 logs less active than coumermycinigself.

DISCUSSION
The aminocoumarin antibiotics novobiocin, clorobiocin,

carried out as described above for the preparation of and coumermycin A(Figure 1), produced by various strains

analoguedl4 and 19. In all cases, the final products were

of Streptomycesuse the 40-methyl-3-O-acyl- or 4-O-

confirmed by LCMS prior to concentration by passage methyl-3-O-carbamoyl-noviosyl moiety as the pharma-
through a C18 SepPak and elution in DMSO. The crude cophore to inhibit ATP hydrolysis in the B subunits of DNA
products were then purified by preparative reversed-phasegyrase and topoisomerase |V. The decorated noviosyl

HPLC to yield14 (65% vyield),17 (67% yield), andL9 (68%
yield). Compoundd4, 17, and19 were tested for antibiotic
activity, and the minimum inhibitory concentrations (MICs)
are summarized in Table 2.

The biological activity data obtained here (Table 2) for
novobiocin and coumermycin;4are in agreement with the
literature @1), suggesting that novobiocin isl log less
potent than coumermycinsAagainstS. aureusand 30-60-
fold less potent than coumermycin, Aagainst the four
enterococcal strains. Compouid which resembles coumer-
mycin A; but instead bears a carbamoyl group at th©3
noviosyl position as in novobiocin, displays activity similar
to novobiocin. This observation is consistent with th&3

carbamoyl moiety as the prime pharmacophore on the which blocks ATP binding.

component is presented to the ATP binding site by a two-
part scaffold comprised of an aminocoumarin linked through
an amide bond to a prenylated hydroxybenzoic acid moiety
in novobiocin and clorobiocin. X-ray crystallographic analy-
ses of novobiocin and clorobiocin each bound to the ATPase
domain of GyrB illustrate that both the'-8-carbamoyl
substituent in novobiocin and the @-methylpyrrole carboxy
ester substituent of clorobiocin are positioned in the active
site (6, 6) and support the observed requirement of these
substituents for gyrase inhibitory activity and antibiotic
potency. Consequently, it is presumed that th©3neth-
ylpyrrole carboxy ester substituent on noviose in the
pseudodimeric coumermycimAs also the competing ligand

It is unknown whether the
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phase HPLC stack plot showing conversionldfto 14 (75 mM Tris-HCI, pH 7.5, 10% DMSO, 1 mg/mL BSA).

enhanced potency and gyrase inhibitory activity of coumer- but completion of double glycosylation and methylation can
mycin A; are merely the concentration effect of two be accomplished in vitro by treatment of substrates for
pharmacophores in one molecule or if there is some extended periods of incubation with the purified enzymes.
likelihood of simultaneous occupancy of two gyrase B Minimal antibiotic activity is observed in novobiocin and
subunits in an AB, tetramer. clorobiocin analogues lacking thé-Q@-substituents on the
The implication that the late stage biosynthetic enzymes noviose ring 25). Carbamoylation (novobiocin) and acylation
act twice in coumermycin biosynthesis makes coumermycin (clorobiocin) are catalyzed by NovNe8) and CloN2 R4),
A; an intriguing molecule to study. The prenyl hydroxyben- respectively. Double acylation of the coumermycin scaffold
zoate element in novobiocin and clorobiocin is replaced by is presumably catalyzed by CouNZ46), and a similar
a 3-methyl-2,4-dicarboxypyrrole linker in coumermycin, and antibiotic potency profile is anticipated. The 5-methylpyrrolyl
the biosynthetic origin of this linking element is yet unknown. moiety at the 3position on the noviose ring in clorobiocin
The ligase CoulL catalyzes the double ligation of 3-amino- and coumermycin Ais derived from proline by nonriboso-
7-hydroxycoumarin with the 3-methyl-2,4-dicarboxylic acid mal peptide synthetase module logic(16). The pathway
linker to create the corresponding diamide, the first step in is assumed to generate a pyrro§peptidyl carrier protein
elongation of the two halves of coumermycin &6). We species that is most likely transferred to the CloP or CouP
have demonstrated here that CouM and CouP, as well asproduct by the action of acyltransferases CloN2 and CouN2,
the novobiocin enzymes NovM and NovP, will indeed respectively. C-Methylation at the 5-position of the pyrrolyl
catalyze double glycosylation and-@-methylation in the moiety is thought to be the final step in both clorobiocin
subsequent elongation steps. The accumulation of mono-and coumermycin biosynthesig4). Although the heterolo-
noviosyl and monomethyl intermediates during glycosylation gous overproduction of both CloN2 and CouN2 is possible
and methylation reactions catalyzed by CouM and CouP, in E. coli, to date only insoluble protein is obtainable; thus,
respectively, suggests that these enzymes act distributivelyacyl transfer to the noviose ring in coumermyciny A
not processively. It is not clear if such partially elongated biosynthesis cannot be assayed with purified enzymes.
intermediates accumulate in the producing microorganisms, Alternatively, we have evaluated the novobiocin carbam-
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Ficure 8: Coumermycin analogues generated via four-enzyme
Coul, CouM, CouP, and NovN tandem incubation.

16 and19 (Figure 8) exemplifying modification of three of

. . the five components in the coumermycin scaffold. Introduc-
oyltransferase NovN as a catalyst for biscarbamoylation of tion of the 2-aminoterephthalic acid moiety in analodige

the CoulL, CouM, CouP enzymatic product and have _. .. - o -
observed mono- and biscarbamoylation to create the biscar_agmﬁcantly improves the aqueous solubility properties

) . ; relative to coumermycin Aand coumermycin analogues
bamoyl analogu&4, an analogue previously obtained in low . S o .
yield |¥1 Vivo (%2). Furthermogre vse were gble to carry out and_ .COU|d’ in principle, be further modified at th(_a 2-amino
the tandem four-enzyme incubation and facilitate the com- Egit'?;éﬁz;?/g;?npgf ir;?sr’n\:\;grteesameaﬁoe{aﬁ'tl';ar;{ze tr::ztic
plete conversion of intermediates in all eight enzymatic steps P Co " gntenzy
to produce multimilligram quantities of4 for biological steps to produce multimilligram quantities B3 for biologi-

evaluation against the authentic natural product coumermycinCal e_valuat|on against the authentic natural product coumer-
A; (Table 2). mycin A (Table 2).

The in vitro assembly of the coumermycin, Acaffold Further study of the ligation by CoulL revealed that a
and alternate carbamoyl substitution at tHep@sition of mixture of aminocoumarift and 8-demethylaminocoumarin
noviose by NovN led to additional studies aimed at introduc- 33 easily undergoes ligation in the presence of terephthalic
ing diversity into the planar scaffold of coumermycin.A  acid or 2-aminoterephthalic acid to give the corresponding
Heide and co-workers recently demonstrated that the ligasemixtures of diamides. The subsequent tandem action of
CouL will accept alternative dicarboxylic acids as substrates CouM, CouP, and NovN resulted in the formation of a
(26). We have extended this study to include a few additional mixture of compoundd.6—18 and 19—22, which include
commercially available diacids, and the usage of these diacidsexamples of mixed diamide coumermycin analogues. Like-
as substrates for CouL is summarized in Table 1. Of the six wise, treatment of synthetic monoamidevith 8-demethyl-
aromatic diacids tested, terephthalic acid and 2-aminotereph-aminocoumarin33 in the presence of CouL afforded the
thalic acid underwent ligation to aminocoumainin the corresponding mixed diamide. Tandem action of CouM,
presence of CoulL to form the corresponding mono- and CouP, and NovN provided coumermycin analogl®
diamides. The resulting diamides were then shown to illustrating the modification of three components in the
undergo glycosylation, methylation, and carbamoylation in coumermycin scaffold. Compoundg, 20, and21 demon-
the six subsequent steps to generate coumermycin analoguestrate structural modification to four of the five components
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Ficure 9: (A) Nonoptimized small-scale generation of coumermycin analdgueéa four-enzyme Coul, CouM, CouP, and NovN tandem
incubation. The HPLC traces show the product distribution for the four-enzyme reaction and for incubations each lacking one of the
enzymes. (B) Reaction products and intermediates detected by LCMS.

of the coumermycin scaffold while compountl8 and 22 matic steps of CouM, CouP, NovN to generate the coumer-
incorporate changes to all five components. mycin A; variant 17 in multimilligram quantities for
The rapid accumulation of monoamidgd relative to  biological evaluation (Table 2).

diamide32in ligation reactions carried out using terephthalic ~ The initial antibiotic potencies obtained for compounds
acid and aminocoumarih (Figure 9) permitted the prepara- 14, 17, and19on five Gram-positive pathogenic strains raise
tive isolation of monoamid8&1. 8-Demethylaminocoumarin  two issues. First, these data confirm the observation that the
33 was utilized in a second preparative ligation step with 5-methylpyrrolylacyl moiety at the' $osition of the noviose
CouL and monoamid®l. The resulting mixed diamide CouL  ring is a key pharmacophore, whether displayed on cloro-
product could be carried through the subsequent six enzy-biocin or coumermycin, and impartsl log greater potency
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Scheme 3: Biosynthetic Preparation of Mixed Diamide
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Table 2: Minimum Inhibitory Concentrations (MICs) against
Various Gram-Positive Straifis

E. E.
S. E. faecium E. faecalis
aureus faecium (VanA) faecalis (VanB)
novobiocin 0.4 1.6 0.4 6.25 125
coumermycin  <0.05 0.05 0.01 0.1 0.2
14 0.8 125 125 125 25
17 25 >100 >100 >100 >100
19 >100 >100 >100 >100 >100

aMIC values are irug/mL.

than the 3O-carbamoyl group found in novobiocin. Sub-

sequent efforts in diversification of the dimeric aminocou-
marins at this position should focus on obtaining soluble,
active pyrrolyl transferase CouN2 to use instead of NovN.

Biochemistry, Vol. 43, No. 47, 200415035

17 and19to be recognized by the GyrB target or simply a
bacterial cell uptake problem. Delineation of the role played
by the dicarboxy-2-methylpyrrolic spacer element may also
require cocrystallization of the dimeric coumermycin with
the same GyrB fragment that has previously been crystallized
with clorobiocin and novobiocin.

The consecutive action of the four enzymes Coul, CouM,
CouP, and NovN reconstitutes and redirects late stage
coumermycin assembly and demonstrates the versatility of
this enzymatic route for the generation of novel coumermycin
analogues. Further combinatorial variation of the coumer-
mycin scaffold is contingent only upon the permissivity of
the four enzymes. The results obtained during the course of
this work establish how such combinatorial manipulation can
be practiced in vitro in this biosynthetic pathway to effect
up to five structural modifications in a single coumermycin
scaffold. The preparation and preliminary biological evalu-
ation of selected analogues demonstrate the utility of this
system for the practical study of biological and physical
properties of novel coumermycin analogues which will foster
future studies of this dimeric natural product family.
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