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ABSTRACT: Recently, iron acquisition and, more specifically, enzymes involved in siderophore biosynthesis
have become attractive targets for discovery of new antibiotics. Accordingly, targeted inhibition of the
biosynthesis of petrobactin, a virulence-associated siderophore encoded by theasb locus in Bacillus
anthracis, may hold promise as a potential therapy against anthrax. This study describes the biochemical
characterization of AsbC, the first reported 3,4-dihydroxybenzoic acid-AMP ligase, and a key component
in the biosynthesis of DHB-spermidine (DHB-SP), the first isolable intermediate in petrobactin biosynthesis.
AsbC catalyzes adenylation to the corresponding AMP ester of the unusual precursor 3,4-dihydroxybenzoate,
in addition to benzoate substrates bearing hydrogen bond-donating substituents at the para and meta positions
on the phenyl ring. In a second reaction, AsbC catalyzes transfer of the activated starter unit to AsbD, an
aryl carrier protein similar to acyl and peptidyl carrier proteins that function in fatty acid, polyketide, and
nonribosomal peptide biosynthesis. A third protein, AsbE, is shown to be responsible for condensation of
3,4-dihydroxybenzoyl-AsbD with spermidine, providing the DHB-spermidine arms that are linked to citrate
for assembly of petrobactin. On the basis of the selective substrate profile of AsbC, a nonhydrolyzable
analogue of 3,4-DHB-AMP was synthesized and shown to effectively inhibit AsbC function in vitro.

Of the known bioterror agents,Bacillus anthracisis widely
accepted as one of the most serious threats. The resilience
of theB. anthracisspore, the efficiency with which it infects
as an aerosol, and the potential for causing lethal infections
make it a formidable weapon (1). Apart from a mild flu-
like malaise during the early stages of infection, often the
first overt sign of the disease can be death. Efficacy of
antibiotic therapy depends on early recognition of exposure
and a prolonged (g6 weeks) course of drugs to ensure total
clearance of endospores that are unaffected by antibiotics
while dormant (2). Vaccination offers more hope for preven-
tion of anthrax, yet current vaccines are considered subop-
timal (3). In addition, there are genuine concerns over the
potential for deliberate development of drug resistant Select
Agents for use in acts of bioterrorism. This is particularly
relevant for anthrax in that resistance to most, or even all,
of the antibiotic classes currently used to treatB. anthracis
infections might theoretically be obtained without any
requirement for either advanced scientific knowledge or

modern molecular technologies. Furthermore, potential exists
for design and generation of modified strains ofB. anthracis
that would be resistant to the current toxoid-based vaccine.
Accordingly, there is a clear need for both a vaccine that
affords better protection and new antibiotics that are more
efficient at blocking early stages ofB. anthracispathogenesis.

Sufficient iron availability is a critical factor in bacterial
pathogenesis as nearly all bacteria require this essential
nutrient (4-7). Although iron is present in abundance, it is
unavailable due to its presence as insoluble iron oxyhydrox-
ide polymers under aerobic conditions at biological pH.
Ferric iron (Fe3+) solubility under these conditions is 10-17

M, whereas cytoplasmic iron concentrations are approxi-
mately 10-7 M in metabolically active microbes (8). The
difference in concentration illustrates that uptake by diffusion
is not an effective mechanism for these bacteria. To combat
this challenge, many microorganisms express high-affinity
iron transport systems. In general, these systems are made
up of several components, including siderophores, outer
membrane receptor proteins, periplasmic binding proteins,
ATP dependent ABC-type transporters, and the TonB-
ExbB-ExbD protein complex, each vital to the success of
the transport system (4, 7, 9-12). Siderophores, low-
molecular mass compounds (600-1500 Da) that chelate
ferric iron with an extremely high affinity (Kf ∼ 1022-1050)
(7), play a central role by being secreted into the environment
to scavenge free iron prior to active re-uptake where it is
released.
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B. anthracisproduces two siderophores, petrobactin and
bacillibactin, under iron-deficient conditions (13). The
synthesis of these siderophores is associated with the
expression of two gene clusters. One cluster (bac) has high
similarity to and synteny with thedhboperon (14) in Bacillus
subtilisthat is responsible for producing a catechol-containing
siderophore, bacillibactin (15, 16). The second locus (asb)
is responsible for the production of petrobactin, another
catechol-based molecule whose structure is identical to a
siderophore originally identified inMarinobacter aquaeolei

(17-19). Cendrowski et al. (13) demonstrated that only the
asblocus is required for growth in iron-depleted media and
for virulence in a mouse model. The latter observation makes
the asb locus a potential target of inhibitors designed to
impair the growth ofB. anthracis. This strategy has recently
been supported by the discovery that petrobactin is not bound
by siderocalin, an innate immune protein that binds bacil-
libactin as part of an antibacterial iron depletion defense (20).
Furthermore, petrobactin has been identified as a member
of a family of nonribosomal peptide synthetase (NRPS)1

independent siderophores (21). Many of the members of this
family have been identified from pathogenic bacteria, includ-
ing virulent Escherichia coli(aerobactin),Bordetella per-
tussis(alcaligin),Vibrio parahaemolyticus(vibrioferrin), and
Staphylococcus aureus(staphylobactin). Biochemical studies
of petrobactin biosynthesis may reveal novel antimicrobial
targets that are capable of effectively inhibiting siderophore
synthesis from this broader group of pathogens.

In recent work, we proposed a biosynthetic pathway for
petrobactin (Scheme 1) based on isolation of intermediates
that accumulated in variousasbmutant strains (19). In this
proposed pathway, petrobactin is synthesized by condensing
two molecules of 3,4-dihydroxybenzoylspermidine (DHB-
SP) with citrate. Two petrobactin biosynthetic enzymes,
AsbA and AsbB, were shown to be responsible for the first
and second condensations, respectively. Deletion mutants of
the remainingasb ORFs did not accumulate the DHB-SP

1 Abbreviations: BA, benzoic acid; 2-HBA, 2-hydroxybenzoic acid;
3-HBA, 3-hydroxybenzoic acid; 4-HBA, 4-hydroxybenzoic acid;
2-CBA, 2-chlorobenzoic acid; 3-CBA, 3-chlorobenzoic acid; 4-CBA,
4-chlorobenzoic acid; 2-ABA, 2-aminobenzoic acid; 3-ABA, 3-amino-
benzoic acid; 4-ABA, 4-aminobenzoic acid; 2,3-DHBA, 2,3-dihydroxy-
benzoic acid; 2,4-DHBA, 2,4-dihydroxybenzoic acid; 2,5-DHBA, 2,5-
dihydroxybenzoic acid; 2,6-DHBA, 2,6-dihydroxybenzoic acid; 3,4-
DHBA, 3,4-dihydroxybenzoic acid; 3,5-DHBA, 3,5-dihydroxybenzoic
acid; 3,4-DCBA, 3,4-dichlorobenzoic acid; 3,4-DMBA, 3,4-dimethyl-
benzoic acid; 3C-4HBA, 3-chloro-4-hydroxybenzoic acid; 4F-3HBA,
4-fluoro-3-hydroxybenzoic acid; 3A-5HBA, 3-amino-5-hydroxybenzoic
acid; DHB-AMP, 3,4-dihydroxybenzoyl-AMP or{[(2R,3S,4R,5R)-5-
(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl]methylphos-
phoric} 3,4-dihydroxybenzoic anhydride; DHB-SP, 3,4-dihydroxybenz-
oylspermidine or N-[3-(4-aminobutylamino)propyl]-3,4-dihydroxy-
benzamide; NRPS, nonribosomal peptide synthetase; PPTase, phos-
phopantetheinyl transferase; ACP, acyl carrier protein; MESG, 2-amino-
6-mercapto-7-methylpurine ribonucleoside; PNPase, purine nucleoside
phosphorylase; SIM, select ion monitoring; ORF, open reading frame;
arCP, aryl carrier protein; LC-MS, liquid chromatography-mass
spectrometry.

Scheme 1: Biosynthesis of Petrobactina

a 3,4-Dihydroxybenzoic acid (3,4-DHBA) is adenylated by AsbC (top left) prior to transfer to the terminal thiol of a phosphopantetheine group
attached to S40 in AsbD. Phosphopantetheinylation (top center) is performed by an unidentified enzyme using coenzyme A as the source of
phosphopantetheine. DHB-loaded AsbD is condensed with spermidine by AsbE to form DHB-SP. Two molecules of DHB-SP are condensed with
citrate in consecutive reactions catalyzed by AsbA and AsbB, respectively (bottom), to form petrobactin.
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intermediate observed in the∆asbA and ∆asbB mutant
strains, suggesting the products of these genes are involved
in synthesizing DHB-SP. This initial study motivated our
current efforts to determine the specific biochemical role for
each enzyme, as well as to seek first-generation inhibitors
to disrupt their function.

In the work described in this paper,B. anthracis asbgenes
were cloned intoE. coli and recombinant Asb proteins were
purified and assayed in vitro. We report the biochemical
characterization and identification of a small molecule
inhibitor of AsbC, the first reported 3,4-dihydroxybenzoic
acid-AMP ligase, and a key component in the biosynthesis
of the virulence-associated siderophore, petrobactin. AsbC
is responsible for the activation of 3,4-dihydroxybenzoic acid
(3,4-DHBA) prior to its condensation with spermidine. This
condensation, which also requires AsbD and AsbE, generates
DHB-SP, the first diffusible intermediate in the biosynthesis
of petrobactin. The combined action of AsbCDE is similar
to nonribosomal peptide synthesis where a carboxylic acid
moiety is activated via adenylation, transferred to a carrier
protein, and condensed with an amino group (22). Mass
spectrometry analysis revealed that AsbD is an aryl carrier
protein activated by phosphopantetheinylation of serine 40
of the consensus DSV motif. AsbC was shown to support
ATP-[32P]pyrophosphate exchange with its native substrate,
3,4-DHBA, in addition to a series of aryl analogues contain-
ing hydrogen bond donors at the 3- and/or 4-positions of
the benzoyl ring. These substrates were transferred to holo-
AsbD in a second reaction catalyzed by AsbC. AsbC was
unable to support pyrophosphate exchange or significant
transfer to AsbD utilizing 2,3-dihydroxybenzoic acid (2,3-
DHBA) or 2-hydroxybenzoic acid (2-HBA), the two aryl
acids found more commonly in siderophores from bacterial
pathogens (23). Moreover, AsbE was shown to condense
AsbD-linked 3,4-DHBA with spermidine to generate DHB-
SP, thereby confirming the proposed biosynthetic scheme
for petrobactin. A small molecule inhibitor, designed to
mimic the AsbC-bound intermediate 3,4-dihydroxybenzoyl-
AMP, was synthesized and shown to inhibit ATP-[32P]-
pyrophosphate exchange catalyzed by AsbC. Inhibitors
without hydroxyl groups at the 3- and 4-positions of the
benzoyl ring (benzoyl and 2-hydroxybenzoyl) failed to inhibit
the AsbC-catalyzed reaction, in agreement with the substrate
specificity studies. The data presented here mark the first
steps toward validating petrobactin biosynthesis as a target
for new small molecule therapeutics againstB. anthracis.

METHODS

Cloning, Mutagenesis, Expression, and Protein Purifica-
tion. Each asb ORF (Figure 1a) was amplified by high-
fidelity PCR using Phusion DNA polymerase (New England
Biolabs) and oligonucleotide primers (Integrated DNA
Technologies) containing restriction sites outside of the start
and stop codons of each gene (Table 1). PCR products were
purified, digested with XhoI and NheI (New England
Biolabs), and cloned into pET28b (Novagen). TheasbD(S40A)
gene was constructed by site-directed mutagenesis using a
megaprimer approach (24). A reverse primer containing the
desired change, “TCA”f “GCA”, was used to generate a
megaprimer consisting of the 5′-end of the gene including
the desired mutation. The megaprimer was purified and used
to amplify the remaining portion ofasbD. The final PCR

product was then cloned into pET28b as described above.
Each plasmid was sequenced, and all genes contained the
expected sequences except AsbC, which contained one silent
mutation (127GCT to 127GCC, encoding A20 of AsbC).

Each construct was transformed intoE. coli BLR(DE3)
(Novagen) for protein expression. Overnight cultures were
back diluted to an OD600 of 0.05 in LB medium containing
50 ng/mL kanamycin and grown to an OD600 of 0.6 at 37
°C. Cultures were then induced with 1 mM IPTG and
incubated overnight at 15-18 °C. Cells concentrated by
centrifugation were washed with lysis buffer [50 mM
HEPES, 500 mM NaCl, and 20 mM imidazole (pH 8.0)]
and disrupted by sonication. The soluble protein fraction was
isolated from cellular debris following centrifugation. Ni-
NTA resin (Qiagen) was incubated with the soluble fraction
at 4 °C for 1 h. The resin was washed with lysis buffer and
wash buffer (lysis buffer with 30 mM imidazole). Proteins
were eluted with buffer containing 250 mM imidazole and
20% glycerol. Proteins were desalted into storage buffer [50
mM HEPES, 50 mM NaCl, and 20% glycerol (pH 8.0)] using
gel-filtration chromatography (PD10 column, GE Healthcare)
and concentrated using microconcentrators (Microcon).

In Vitro Phosphopantetheinylation of Aryl Carrier Pro-
teins. Purified AsbD was activated in vitro using purified
SVP, a promiscuous phosphopantetheinyl transferase from
StreptomycesVerticillus ATCC15003 (25). Activation reac-
tions were carried out in 1 mL aliquots containing 75 mM
Tris (pH 7.5), 10 mM MgCl2, 2 µM SVP, 3 mM coenzyme
A, and 300µM arCP. Activated arCPs were purified into
storage buffer by gel-filtration chromatography (HiPrep 26/
10 desalting column, GE Healthcare) using an AKTA FPLC
system (GE Healthcare). The degree of AsbD post-
translational modification was examined by LC-MS. Each
protein sample was buffer-exchanged into 50 mM am-
monium acetate (Zeba Desalt Spin Columns, Pierce). Buffer-
exchanged proteins were acidified (0.1% formic acid) prior
to LC-MS analysis. Samples were separated on a Thermo-
Electron Surveyor HPLC system using a Symmetry300 3.5
µm C4 column (Waters). Inline mass spectral data were

FIGURE 1: Overexpression of AsbC, AsbD, and AsbE. (a)asblocus
showingB. anthracisSterne ORFs BA1981-BA1986 encoding
AsbABCDEF. (b) SDS-PAGE analysis of purified AsbC, AsbD,
and AsbE. MM) Benchmark Protein Ladder (Invitrogen).
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collected on a ThermoElectron Finnigan LTQ linear ion trap.
Samples were separated using a gradient of water (0.05%
trifluoroacetic acid and 0.05% formic acid) and acetonitrile
(0.05% trifluoroacetic acid and 0.05% formic acid) changing
from 80% water to 98% acetonitrile over 20 min. Data for
ions betweenm/z650 and 1800 were collected continuously.

ATP-[ 32P]Pyrophosphate Exchange Assay.To examine
the reversible activation of 3,4-DHBA and its analogues by
AsbC, an ATP-[32P]pyrophosphate exchange assay was
performed (26). Reaction mixtures contained 75 mM Tris-
HCl (pH 7.5), 10 mM MgCl2, 5 mM DTE, 5 mM ATP, 1
mM cold Na4P2O7, and 1µM AsbC. Substrates were added
to the mix described above in a total volume of 90µL and
incubated for 20 min at room temperature prior to the
addition of 0.28µCi of 32P-labeled Na4P2O7 in 10 µL.
Reaction mixtures were incubated for 60 min before reactions
were quenched with 200µL of a solution containing 350
mM perchloric acid, 100 mM cold Na4P2O7, and 1.7% (w/
v) activated charcoal. The charcoal was pelleted by centrifu-
gation, and the supernatant was removed prior to washing
with quenching solution without charcoal. The pellet was
washed twice before 500µL of water was added to transfer
the charcoal to a scintillation vial for counting. The substrate
specificity of AsbC was probed in a similar manner by
incubating substrates (10µM) with the mixtures described
above. Inhibition studies were also performed with ATP-
32PPi exchange. A dilution series (10µL) of inhibitor in
DMSO was added to the remaining reaction components
described above in a total volume of 80µL. The assay was
performed as described above with 200 nM AsbC. The data
acquired for compound1 were fit to the Hill equation (27)
Vi/Vo ) 1/[1 + ([I]/IC 50)h], whereVi is the rate of ATP-32-
PPi exchange andVo is the rate in the absence of inhibitor.

Continuous Spectroscopic Measurement of AsbC ATPase
ActiVity. The noncatalytic release of phosphate by AsbC-
catalyzed cleavage of ATP was monitored with a continuous
spectroscopic assay. This assay (28) measures the spectro-
scopic shift corresponding to the purine nucleoside phos-
phorylase (PNP)-catalyzed cleavage of MESG by phosphate.
Reaction mixtures (80µL) were comprised of 75 mM Tris-
HCl (pH 7.5), 10 mM MgCl2, 5 mM DTE, 1 unit/mL PNP,
200µM MESG, and 0.5µM AsbC. The reaction was started
with 8 µL of a dilution series of ATP. The absorbance at
360 nm was monitored for 30 min in a Molecular Devices
Spectramax M5 device.

LC-MS Analysis of AsbD Loading.The loading of holo-
AsbD by AsbC with alternative substrates was assayed by

LC-MS. Reaction mixtures (100µL) containing 75 mM
Tris-HCl (pH 7.5), 10 mM MgCl2, 5 mM DTE, 5 mM ATP,
50 µM holo-AsbD, 1.0µM AsbC, and 500µM substrate
were incubated overnight at room temperature. Prior to LC-
MS analysis, each sample was buffer-exchanged into 50 mM
ammonium acetate (Zeba Desalt Spin Column, Pierce). LC-
MS analysis was performed as described above.

LC-MS Analysis of the AsbE Condensation Reaction.In
vitro production of DHB-SP was performed at room tem-
perature for 3 h inmixtures containing 75 mM Tris-HCl (pH
7.5), 10 mM MgCl2, 5 mM DTE, 5 mM ATP, 500µM 3,4-
DHBA, 500 µM spermidine, 50µM holo-AsbD, 1.0µM
AsbC, and 5.0µM AsbE. Reactions were terminated with
the addition of 9 reaction volumes of ice-cold methanol.
Proteins were separated by centrifugation, and the supernatant
was transferred to a fresh tube. After the methanol extracts
evaporated to dryness, the products were resuspended in 100
µL of a 50% MeOH/water mixture and acidified with 0.1%
formic acid. The products of reaction mixtures containing
subsets of AsbCDE were separated isocratically by liquid
chromatography in 95% water (with 0.1% formic acid) and
5% methanol (with 0.1% formic acid) on an analytical
reverse phase column (Xbridge C18, 3.5µm, 2.1 mm× 150
mm, Waters). Mass spectral data were collected on a
Shimadzu LCMS-2010A instrument in SIM mode monitoring
m/z 282.2( 1.

Chemistry General Procedures.All commercial reagents
(Sigma-Aldrich, Acros) were used as provided unless
otherwise indicated. An anhydrous solvent dispensing system
(J. C. Meyer) using two packed columns of neutral alumina
was employed for drying THF and two packed columns of
4 Å MS for drying DMF, and the solvents were dispensed
under argon. Anhydrous DME was purchased from Aldrich
and used as provided. Flash chromatography was performed
with Silica P grade silica gel 60 (Silicycle) with the indicated
solvent system. All reactions were performed under an inert
atmosphere of dry argon or nitrogen gas in oven-dried (150
°C) glassware.1H and13C NMR spectra were recorded on a
Varian 600 MHz spectrometer. Proton chemical shifts are
reported in parts per million from an internal standard of
residual chloroform (7.26 ppm) or methanol (3.31 ppm), and
carbon chemical shifts are reported using an internal standard
of residual chloroform (77.0 ppm) or methanol (49.1 ppm).
Proton chemical data are reported as follows: chemical shift,
multiplicity (s, singlet; d, doublet; t, triplet; q, quartet; p,
pentet; m, multiplet; and br, broad), coupling constant,
integration. High-resolution mass spectra were obtained on

Table 1: Strains, Plasmids, and Oligonucleotides

name sequence, genotype, or description ref or source

E. coli BLR(DE3) F- ompT hsdSB(rB
- mB

-) gal dcm(DE3) ∆(srl-recA)306::Tn10 (TetR) Novagen
pET28b 5368 bp, pBR322 origin, KanR, T7 promoter, His‚tag (thrombin) T7‚Tag MCS His‚Tag Novagen
pET28b-AsbC pET28b with AsbC inserted in MCS with XhoI and NheI this work
pET28b-AsbD pET28b with AsbD inserted in MCS with XhoI and NheI this work
pET28b-AsbD(S40A) pET28b with AsbD(S40A) inserted in MCS with XhoI and NheI this work
pET28b-AsbE pET28b with AsbE inserted in MCS with XhoI and NheI this work
pBS18 4153 bp, ColE1, ampR, T5 promoter, SVP-His‚Tag 22
AsbC-Fwd 5′-CCCGCTAGCATGCTAATTGTTAATAGAGAAGAGTATAGC-3′ this work
AsbC-Rev 5′-CCCCTCGAGTCATGTTGTAACCTCTCCCATCTCTAG-3′ this work
AsbD-Fwd 5′-CCCGCTAGCATGAGACGGGAAGCGTTAAAGAATG-3′ this work
AsbD-Rev 5′-CCCCTCGAGTTAGTTATTCACATTTACGTCCTGTAACGG-3′ this work
AsbE-Fwd 5′-CCCGCTAGCATGACTTCAATTAAAGTGCACTGTTTAGTG-3′ this work
AsbE-Rev 5′-CCCCTCGAGTTAAAATACTAAGACAGACTCATTTGATTTCATTTC-3′ this work
AsbD-S40A-Rev 5′-TGCATCAATATATAAATCTTGATTTAAACGC-3 ′ this work
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an Agilent TOF II TOF/MS instrument equipped with either
an ESI or APCI interface. Optical rotations were measured
on a Rudolph Autopol III polarimeter. Melting points were
measured on electrothermal Mel-Temp manual melting point
apparatus and are uncorrected.

N-Hydroxysuccinimidyl 3,4-Dibenzyloxybenzoate (4). To
a solution of 3,4-dibenzyloxybenzoic acid (29) (1.0 g, 3.0
mmol, 1.0 equiv) in THF (30 mL) at 0°C were added
N-hydroxysuccinimide (0.34 g, 3.0 mmol, 1.0 equiv) and
DCC (0.62 g, 3.0 mmol, 1.0 equiv). The resulting mixture
was stirred for 30 min at 0°C and then for 2 h at room
temperature. The reaction mixture was filtered to remove
the DCU precipitate, and the filtrate was concentrated under
reduced pressure. Purification by flash chromatography (4:1
EtOAc/hexane) afforded the title compound (1.19 g, 92%)
as a white solid: mp 134-136 °C; Rf ) 0.80 (3:7 EtOAc/
hexanes);1H NMR (600 MHz, CDCl3) δ 2.86 (br s, 4H),
5.17 (s, 2H), 5.24 (s, 2H), 7.96 (d,J ) 9.0 Hz, 1H), 7.28-
7.34 (m, 2H), 7.34-7.40 (m, 4H), 7.40-7.48 (m, 4H), 7.67
(br s, 1H), 7.75 (dd,J ) 8.4, 1.8 Hz, 1H);13C NMR (CDCl3,
75 MHz) δ 25.9, 71.1, 71.6, 113.5, 116.1, 117.6, 125.9,
127.4, 129.7, 128.3, 128.4, 128.8, 128.9, 136.3, 136.7, 148.9,
154.8, 161.7, 169.7.

5′-O-[N-(3,4-Dibenzyloxybenzoyl)sulfamoyl]-2′,3′-O-iso-
propylideneadenosine (5). To a solution of3 (30) (0.3 g,
0.77 mmol, 1.0 equiv) in DMF (15 mL) at 0°C was added
NHS ester4 (1.0 g, 2.33 mmol, 3.0 equiv) followed by Cs2-
CO3 (0.76 g, 2.33, 3.0 equiv), and the reaction mixture was
stirred 16 h at room temperature. The reaction mixture was
filtered to remove solids and washed with a small quantity
of DMF. Concentration under reduced pressure and purifica-
tion by flash chromatography (80:20:1 EtOAc/MeOH/Et3N)
afforded the title compounds as a thick oil (0.45 g, 92%):
Rf ) 0.2 (9:1 MeOH/EtOAc); [R]20

D -66 (c 0.65, MeOH);
1H NMR (600 MHz, CDCl3) δ 1.31 (s, 3H), 1.56 (s, 3H),
4.26-4.36 (m, 2H), 4.52-4.58 (m, 1H), 5.07 (s, 2H), 5.10-
5.16 (m, 3H), 5.32 (dd,J ) 6.0, 3.6 Hz, 1H), 6.20 (d,J )
3.0 Hz, 1H), 6.94 (d,J ) 8.4 Hz, 1H), 7.20-7.36 (m, 6H),
7.38-7.44 (m, 4H), 7.63 (d,J ) 8.4 Hz, 1H), 7.76 (s, 1H),
8.13 (s, 1H), 8.45 (s, 1H);13C NMR (150 MHz, CDCl3) δ
25.6, 27.6, 69.9, 72.1, 72.4, 83.4, 85.8, 85.9, 92.1, 114.5,
115.4, 116.7, 116.8, 120.3, 124.5, 128.7, 128.8, 128.9, 129.0,
129.5, 129.6, 138.6, 138.8, 141.6, 149.9, 150.7, 153.2, 154.1,
157.4, 174.9; HRMS (ESI-) calcd for C34H33N6O9S [M -
H]- 701.2035, found 701.2027 (error, 1.1 ppm).

5′-O-[N-(3,4-Dihydroxybenzoyl)sulfamoyl]-2′,3′-O-isopro-
pylideneadenosine (6). To a solution of5 (0.41 g, 0.58 mmol)
in MeOH (20 mL) was added 10% Pd/C (80 mg, 20% by
wt), and the mixture was stirred for 12 h, under H2 (1 atm).
The reaction mixture was filtered through a plug of Celite
and washed with MeOH (3× 20 mL). The filtrate was
concentrated, and purification by flash chromatography (25:
75:1 MeOH/EtOAc/Et3N) provided the product (0.23 g, 76%)
as a white solid: mp>185 °C dec;Rf ) 0.15 (1:4 MeOH/
EtOAc); [R]20

D -11.6 (c 0.35, MeOH);1H NMR (600 MHz,
CD3OD) δ 1.34 (s, 3H), 1.58 (s, 3H), 4.24-4.36 (m, 2H),
4.54 (d,J ) 1.8 Hz, 1H), 5.14 (d,J ) 5.4 Hz, 1H), 5.36
(dd,J ) 6.0, 3.0 Hz, 1H), 6.21 (d,J ) 2.4 Hz, 1H), 6.72 (d,
J ) 8.4 Hz, 1H), 7.45 (d,J ) 8.4 Hz, 1H), 7.51 (s, 1H),
8.15 (s, 1H), 8.44 (s, 1H);13C NMR (150 MHz, CD3OD) δ
25.5, 27.4, 69.7, 83.3, 85.7, 85.8, 91.9, 115.3, 115.4, 117.4,
120.1, 123.0, 130.1, 141.5, 145.5, 150.1, 150.4, 154.0, 157.3,

175.5; HRMS (ESI-) calcd for C17H17N6O9S [M - H]-

521.1096, found 521.1102 (error, 1.1 ppm).
5′-O-[N-(3,4-Dihydroxybenzoyl)sulfamoyl]adenosine (1).

Compound6 (0.18 mg, 0.35 mmol, 1.0 equiv) was stirred
in 80% aqueous TFA (2.0 mL) for 3 h and then concentrated
in vacuo. Purification by flash chromatography (40:60:1
MeOH/EtOAc/Et3N) afforded the title compound (120 mg,
72%) as white solid: mp>190°C dec;Rf ) 0.1 (2:3 MeOH/
EtOAc); [R]20

D -101 (c 0.49, MeOH);1H NMR (600 MHz,
CD3OD) δ 4.28-4.40 (m, 3H), 4.42 (t,J ) 3.6 Hz, 1H),
4.71 (t,J ) 5.4 Hz, 1H), 6.08 (d,J ) 6.0 Hz, 1H), 6.71 (d,
J ) 7.8 Hz, 1H), 7.44 (d,J ) 7.8 Hz, 1H), 7.50 (s, 1H),
8.15 (s, 1H), 8.51 (s, 1H);13C NMR (150 MHz, CDCl3) δ
10.3, 47.5, 69.3, 72.5, 76.3, 84.8, 89.4, 115.5, 117.4, 120.3,
122.9, 130.5, 141.3, 145.6, 150.3, 150.9, 153.9, 157.3, 175.7;
HRMS (ESI-) calcd for C17H17N6O9S [M - H]- 481.0778,
found 481.0784 (error, 1.2 ppm).

RESULTS

Cloning, Expression, and Purification of AsbCDE.In a
recent analysis (19), we demonstrated that petrobactin is
derived from a DHB-SP intermediate that accumulated in
supernatants of∆asbA and ∆asbB mutant strains ofB.
anthracisbut was absent from other single-gene disruption
strains (∆asbC, -D, -E, and -F). These data suggested that
the AsbCDEF enzymes (or a subset of this group) were
responsible for assembly of DHB-spermidine. BLAST
homology searches of AsbCDEF identified highly similar
sequences relating to nonribosomal peptide synthetase cata-
lytic domains, suggesting a thiotemplate mechanism for
DHB-SP synthesis. Therefore, in vitro studies were employed
to confirm the proposed role of the “early” biosynthetic
enzymes in the petrobactin biosynthetic pathway.

The asbC, asbD, and asbEgenes were cloned by PCR
from genomic DNA isolated fromB. anthracisSterne into
pET28b, an overexpression vector incorporating a C-terminal
six-histidine tag into each protein. Cultures ofE. coli BLR-
(DE3) harboring each overexpression construct were used
to generate soluble protein that was purified by Ni-NTA
affinity chromatography using standard binding, washing,
and elution conditions in HEPES buffers. SDS-PAGE
analysis of the purified Asb enzymes demonstrated bands
corresponding to the expected size for each His-tagged
protein: AsbC (47 kDa), AsbD (13 kDa), and AsbE (39 kDa)
(Figure 1b).

Biochemical Characterization of AsbD.The results of
BLAST searches queried against AsbD revealed strong
homology to acyl, aryl, and peptidyl carrier proteins. This
class of polypeptides (approximately 10-15 kDa) is involved
in the biosynthesis of fatty acids, polyketides, nonribosomal
peptides, and siderophores (23). To initiate the analysis of
petrobactin biosynthesis and determine which subset of
AsbCDEF produces DHB-SP, we first sought to confirm the
function of AsbD. Carrier proteins contain a conserved serine
residue (S40 in AsbD) to which a phosphopantetheine
molecule is covalently attached (23). The terminal thiol of
the phosphopantetheine moiety is the site of substrate
loading. Activation of carrier proteins occurs post-transla-
tionally via addition of phosphopantetheine from coenzyme
A catalyzed by phosphopantetheinyl transferases (PPTase)
(31). While the genes encoding dedicated PPTases are
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frequently encoded within secondary metabolite clusters (32,
33), an evident homologue is not encoded within theasb
cluster. It is likely that, in vivo, the enzyme encoded by
BA2375 [a homologue ofB. subtilisSfp (34)] catalyzes the
reaction. In vitro modification of carrier proteins can be
performed with Sfp and other promiscuous PPTases, includ-
ing SVP fromS. Verticillus ATCC15003 (25).

To confirm the role of AsbD as a presumed aryl carrier
protein, in vitro phosphopantetheinylation reactions were
performed using SVP and coenzyme A. The apo and holo
forms of AsbD were separated via liquid chromatography
and monitored with an ion trap mass spectrometer. A peak
corresponding to an envelope of charge states from apo AsbD
was detected at 22.5 min. Both the holo and 3,4-DHBA-
loaded forms of AsbD eluted earlier in two peaks with
retention times of 21.4 and 21.9 min. Each of these peaks
contained the same series of ions; only their relative
intensities were different (data not shown). Purified AsbD
from recombinantE. coli resulted in a mixed population of
apo and holo forms at a ratio of approximately 3:1 (Figure
2 and Table 2), suggesting that nativeE. coli PPtases can
utilize AsbD as a substrate. After incubation with coenzyme
A and purified SVP, this ratio changed to approximately 1:14
(apo:holo). The deconvoluted masses for each of these peaks
corresponded to the expected masses of the apo (12 949 Da)
and holo (13 289 Da) forms of AsbD (missing its N-terminal
methionine).

A point mutation converting the essential serine residue
to alanine (S40A) was generated to confirm the site of
phosphopantetheinylation in AsbD. The purified S40A
mutant protein was eluted at 22.6 min (Figure 2c,d and Table
2) with a spectrum of charge states that when deconvoluted
agreed with the expected mass of AsbD(S40A) (12 935 Da).
In vitro incubation with SVP and coenzyme A did not change
the retention time or envelope of charge states, supporting
the hypothesis that S40 is the site of phosphopantethein-
ylation. Together, these data confirm that AsbD is a carrier
protein analogous to previously described aryl, acyl, and
peptidyl carrier proteins.

Production of DHB-SP.In an effort to determine which
subset of AsbCDEF produced DHB-SP, mixtures of AsbC,
holo-AsbD, AsbE, 3,4-DHBA, spermidine, and ATP were
incubated for 3 h. LC-MS traces of these reactions contained
two peaks, at 7.0 and 8.3 min (Figure 3). These peaks
contained the characteristic absorbance signature of 3,4-
DHBA (data not shown). The smaller peak at 7.0 min had a
retention time identical to that of a synthesized DHB-SP
standard (19) (Figure 3). The second, larger peak at a
retention time of 8.3 min has an MS/MS fragmentation
pattern consistent with an isomer of DHB-SP with the DHBA
group attached to the four-carbon chain terminus of sper-
midine (B. F. Pfleger and D. H. Sherman, unpublished
results). A peak with this fragmentation pattern was also
found in supernatants of∆asbAand ∆asbBmutants (19).
Pairwise combinations of AsbCDE (e.g., AsbCD, AsbCE,

FIGURE 2: LC-MS analysis of AsbD phosphopantetheinylation.
LC-MS traces of AsbD filtered for the five most abundant charge
states of each protein. (a) Purified AsbD contains two peaks
corresponding to its apo and holo forms; see Table 2 for decon-
voluted masses. (b) AsbD incubated with SVP and coenzyme A
results in nearly complete conversion to the holo form. Traces of
AsbD(S40A) incubated without (c) and with (d) SVP and coenzyme
A were identical, indicating S40 is the site of phosphopantethein-
ylation by SVP. (e) Incubation of AsbC, holo-AsbD, 3,4-DHBA,
and ATP results in formation of 3,4-DHB-loaded AsbD.

Table 2: Mass Spectrometric Analysis of AsbD Phosphopantetheinylation

Figure 2 panel protein
expected
mass (Da)

deconvoluted
mass (Da)

holo:apo
ratio

a AsbD 12 949.0 12 950.4( 0.7 13 288.2( 1.7 1:3
b AsbD with SVP 13 289.0 12 950.4( 2.9 13 291.5( 0.7 14:1
c AsbD(S40A) 12 935.0 12 935.5( 0.7
d AsbD(S40A) with SVP 13 274.0 12 935.4( 0.7
e loaded AsbD 13 426.3 13 424.8( 0.5

FIGURE 3: In vitro biosynthesis of DHB-SP. LC-MS traces (SIM
of the ion atm/z 282.2) show the presence of DHB-SP in reaction
mixtures containing the combination of all three enzymes, AsbCDE.
No pairwise combination is capable of generating a peak with the
correct m/z for DHB-SP. The combination of AsbCDE also
generates a second species that fragments differently from the DHB-
SP standard and contains daughter ions corresponding to a DHB-
SP isomer (B. F. Pfleger and D. H. Sherman, unpublished results).
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and AsbDE) with 3,4-DHBA, spermidine, and ATP failed
to generate either product (Figure 3), confirming the involve-
ment of each enzyme in DHB-SP biosynthesis.

Adenylation of 3,4-DHBA by AsbC.Although analysis of
specificasbmutant strains provided significant insights into
late stage enzymes in petrobactin assembly (19), some
questions regarding the function of AsbC and AsbE re-
mained. This motivated our efforts to establish which enzyme
catalyzed activation of 3,4-DHBA and which one mediated
condensation of the aryl AsbD with spermidine. BLAST
homology searches revealed that AsbC was similar to AMP-
ligases, includingE. coli-encoded EntE (35) and Vibrio
cholerae-encoded VibE (26), which perform similar adenyl-
ation steps in the biosynthesis of the siderophores entero-
bactin and vibriobactin, respectively. To confirm the func-
tional role of AsbC, incubation of either AsbC or AsbE with
holo-AsbD, 3,4-DHBA, and ATP was analyzed via LC-
MS to assess AsbD loading. The AsbC reaction returned an
envelope of ions that corresponded to the expected mass for
DHBA-modified AsbD (13 426 Da) (Figure 2 and Table 2).
The AsbE reaction under otherwise identical conditions gave
a trace and charge envelope identical to those of holo-AsbD
(data not shown), confirming that AsbC performs the
adenylation and transfer of 3,4-DHBA to holo-AsbD.

ATP-[32P]pyrophosphate exchange (26) was performed
to estimate the rate of adenylation. Rates of [32P]ATP
formation were determined from end-point assays following
a 60 min incubation at room temperature. Because of reduced
rates observed at high substrate concentrations, the kinetic

data were fit to a substrate-inhibited model (Figure 4). This
fit generated aKm of 3.1 µM for DHBA and 216µM for
ATP (Table 3), similar to those determined for EntE (2.7
µM), VibE (0.46µM), and YbtE (4.6µM) with their native
substrates (26, 35, 36). The AsbCKcat values for 3,4-DHBA
and ATP were determined to be 7.1 and 9.1 min-1,
respectively, which are significantly slower than those of
EntE (330 min-1), VibE (138 min-1), and YbtE (230 min-1)
with their native substrates (Table 3). The substrate inhibition
constant,Ki, was determined to be 35µM for DHBA and
54 mM for ATP (Table 3).

AsbC Substrate Specificity. In an effort to gain insight into
the critical interactions responsible for ligand binding, the
AsbC substrate specificity was probed using an ATP-32PPi

exchange assay. As expected, the native substrate (3,4-
DHBA) supported the greatest rate of PPi exchange, whereas
most other benzoic acid analogues appeared to be poor
substrates (Figure 5). The limited number of substrates that
also generated significant [32P]ATP included 4-hydroxyben-
zoic acid (4-HBA), 3-hydroxybenzoic acid (3-HBA), 3,5-
dihydroxybenzoic acid (3,5-DHBA), 3-amino-5-hydroxy-
benzoic acid (3A-5HBA), 3-chloro-4-hydroxybenzoic acid
(3C-4HBA), and 4-fluoro-3-hydroxybenzoic acid (4F-3HBA)
(Figure 5). These substrates all contain hydrogen bond-
donating groups at the 3- or 4-position of the benzoic acid
moiety. Replacement of these groups with nondonating polar
groups abolished activity. Interestingly, 2,3-dihydroxybenzoic
acid, a component of bacillibactin inB. anthracis, does not
support significant ATP-32PPi exchange, indicating that
AsbC discriminates between the two available forms of
DHBA. As expected, the substrate specificity of AsbC differs
from that of EntE, which utilizes 2,3-DHBA as its preferred
substrate (37), but the decrease in rate from strongly to
weakly bound substrates is similar in magnitude.

In the absence of substrate, AsbC was able to catalyze
pyrophosphate exchange (Figure 5), suggestive of reversible
ATPase activity. This activity was confirmed by performing
a coupled spectroscopic assay to monitor phosphate release.
In this experiment, phosphate released into solution is used
to cleave MESG (2-amino-6-mercapto-7-methylpurine ribo-
nucleoside) into ribose 1-phosphate and 2-amino-6-mercapto-
7-methylpurine in a reaction catalyzed by purine nucleoside
phosphorylase (PNPase) (28). This cleavage results in a shift
in absorbance that can be monitored at 360 nm. Reaction
mixtures containing PNPase, MESG, AsbC, and ATP
resulted in a series of increasing curvilinear absorbance
readings (data not shown), confirming that AsbC catalyzes
release of phosphate in the absence of substrate.

FIGURE 4: ATP-32PPi exchange kinetics of AsbC. (a) Dependence
of ATP-32PPi exchange on 3,4-DHBA fit to a substrate-inhibited
model (s) and Michaelis-Menten model (-‚-). (b) Dependence on
ATP fit with a substrate-inhibited model.

Table 3: ATP-32PPi Exchange Kinetic Parameters

enzyme
Kcat

(min-1)
Km

(µM)
KI

(µM)
Kcat/Km

(µM-1 min-1)

substrate
AsbC (3,4-DHBA) 7.1 3.1 35 2.3
EntE (2,3-DHBA)a 330 2.7 122
VibE (2,3-DHBA)a 138 0.46 300
YbtE (2-HBA)b 230 4.6 50

ATP
AsbC (3,4-DHBA) 9.1 216 54000 0.04
EntE (2,3-DHBA)c 350 1120 0.31
YbtE (2-HBA)b 270 350 0.77

a See ref26. b See ref35. c See ref36.
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AsbC is responsible for two reactions, the adenylation of
a 3,4-DHBA and transfer to holo-AsbD. Any adenylated
substrate that cannot be transferred would theoretically
remain in the active site and function as a competitive
inhibitor. Because the pyrophosphate exchange assays re-
vealed that AsbC is capable of adenylating several substrates,
we examined the ability of AsbC to transfer these alternate
substrates to holo-AsbD and assess whether any would
function as inhibitors. Aryl group transfer to AsbD was
assessed by LC-MS analysis of overnight incubations of
substrate, ATP, AsbC, and holo-AsbD. All of the substrates
that supported ATP-32PPi exchange were found to have an
envelope of charge states that corresponded to the expected
mass for loaded AsbD (Table 4), indicating that none were
capable of competitively inhibiting AsbC. Interestingly,
several substrates that did not support ATP-32PPi exchange

to a significant degree were found to partially load holo-
AsbD. In these samples, the envelope of charge states
contained ions representing the holo and arylated forms of
the carrier protein. Among the partially loaded substrates
were 2,3- and 2,4-DHBA, as well as 2-, 3-, and 4-aminoben-
zoic acid. Together, these data emphasize the flexibility of
AsbC and the importance of utilizing hydrogen bonding
donors at the 3- and 4-positions to maximize the binding
affinity for potential inhibitors.

Inhibition of AsbC with Intermediate Analogues.Aden-
ylation domains such as AsbC are known to tightly bind
adenylated substrates prior to phosphopantetheine-mediated
transesterification, resulting in loaded carrier protein. This
tight binding provides a potentially useful mechanism-based
strategy for the design of competitive inhibitors. To explore
this approach, three acylsulfamate structures that mimic the
DHB-AMP intermediate of AsbC were synthesized. An
ATP-[32P]pyrophosphate assay was then performed to test
the molecule mimicking the native substrate, bearing the 3,4-
dihydroxybenzoic group (1), against variants that bear a
benzoic acid (7) or 2-hydroxybenzoic acid group (8).

Synthesis of inhibitor1 was achieved starting from 2′,3′-
O-isopropylidene adenosine (2). Sulfamoylation (29) of 2
provided3, which was coupled with4 in the presence of
Cs2CO3 to afford 5. Sequential deprotection of the benzyl
ethers with Pd/C and the acetonide with aqueous TFA
provided the required inhibitor1 in 46% overall yield over
four steps (Scheme 2).

The rates of ATP-32PPi exchange in the presence of each
inhibitor are shown in Figure 6. Compound1 was able to
inhibit the reaction with an IC50 of ∼250 nM (using a Hill
coefficient of 0.68). This value is comparable to those seen
in inhibitor studies of MbtA, but they are less potent than
the best inhibitors reported in those studies (30, 38-40). Not
surprisingly, acylsulfamate structures7 and8 failed to inhibit
ATP-32PPi exchange in vitro, supporting the substrate
specificity profile obtained for AsbC. The absence of
hydrogen bond donors at the 3- and 4-positions of the benzoic
acid moiety are clearly significant for binding as well as
adenylation and transfer. Future structure-activity relation-

Table 4: AsbC Substrate Specificities for Transfer to Holo-AsbD

substrate abbreviation loaded expected mass (Da) deconvoluted masses (Da)

holo-AsbD 13 290.3 13 289.2( 1.2
benzoic acid BA no 13 394.3 13 287.5( 0.7
2-hydroxybenzoic acid 2-HBA no 13 410.3 13 288.2( 0.5
3-hydroxybenzoic acid 3-HBA yes 13 410.3 13 408.9( 1.2
4-hydroxybenzoic acid 4-HBA yes 13 410.3 13 410.3( 0.5
2-chlorobenzoic acid 2-CBA no 13 428.3 13 288.3( 0.7
3-chlorobenzoic acid 3-CBA no 13 428.3 13 287.8( 0.9
4-chlorobenzoic acid 4-CBA no 13 428.3 13 288.1( 0.4
2-aminobenzoic acid 2-ABA partial 13 409.3 13 403.2( 1.5 13 287.8( 1.0
3-aminobenzoic acid 3-ABA partial 13 409.3 13 406.0( 1.1 13 288.4( 0.7
4-aminobenzoic acid 4-ABA partial 13 409.3 13 408.0( 1.1 13 288.6( 0.9
2,3-dihydroxybenzoic acid 2,3-DHBA partial 13 426.3 13 427.2( 1.8 13 288.8( 1.8
2,4-dihydroxybenzoic acid 2,4-DHBA partial 13 426.3 13 424.0( 1.6 13 287.0( 2.9
2,5-dihydroxybenzoic acid 2,5-DHBA no 13 426.3 13 289.7( 0.6
2,6-dihydroxybenzoic acid 2,6-DHBA no 13 426.3 13 288.8( 1.2
3,4-dihydroxybenzoic acid 3,4-DHBA yes 13 426.3 13 424.8( 0.5
3,5-dihydroxybenzoic acid 3,5-DHBA yes 13 426.3 13 426.2( 1.7
3,4-dichlorobenzoic acid 3,4-DCBA no 13 462.2 13 288.3( 0.5
3,4-dimethylbenzoic acid 3,4-DMBA no 13 422.3 13 288.4( 0.6
3-chloro-4-hydroxybenzoic acid 3C-4HBA yes 13 444.3 13 444.8( 0.4
4-fluoro-3-hydroxybenzoic acid 4F-3HBA yes 13 428.3 13 427.8( 2.3
3-amino-5-hydroxybenzoic acid 3A-5HBA yes 13 425.3 13 424.4( 0.9

FIGURE 5: AsbC substrate specificity determined by ATP-32PPi
exchange. Substitutions at the meta and para positions on the phenyl
ring appear to be the most important for adenylation. Substrates
with hydroxyl groups at these positions supported the greatest rate
of ATP-32PPi exchange. Non-hydrogen bond donors at these
positions did not support exchange. Substitution at the ortho position
did not support ATP-32PPi exchange and removed any benefit
provided by additional hydroxyl groups positioned elsewhere on
the ring. AsbC generated significant quantities of [32P]ATP in the
absence of substrate. This ATPase activity was confirmed by a
coupled spectroscopic assay for phosphate release (data not shown).
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ship studies will be designed to explore other regions of
inhibitor 1 while maintaining the 3,4-dihydroxy moiety to
maximize binding affinity.

DISCUSSION

Petrobactin is a virulence-associated siderophore inB.
anthraciswhose biosynthetic enzymes represent potential
targets for development of new anti-infective agents. The
cellular assembly of petrobactin occurs in two distinct phases,
each containing potential targets for inhibitor discovery. The
ultimate synthesis utilizes two molecules of DHB-SP in
consecutive condensations with two terminal carboxylic acids
of citrate. The substrate, intermediate, and product of these
condensations are diffusible compounds that have been
isolated from supernatants ofB. anthracisstrains bearing
the correspondingasbdeletion mutants (19). Formation of
the final amide bonds with a central citrate is the defining
characteristic of a new NRPS independent family of sidero-
phores (21). This family of enzymes is found in many
bacterial genomes and may provide a target for development
of therapeutics against specific microbial pathogens, includ-
ing B. anthracis, as well asE. coli, Bo. pertussis, V.
parahaemolyticus, andSt. aureus. Currently, little is known
about the molecular mechanism or structure of these
important enzymes. Structural and mutagenesis studies of
AsbA and AsbB, the NRPS independent enzymes involved
in petrobactin biosynthesis, might reveal the biochemical
mechanism utilized by this family and facilitate the identi-
fication of effective antibiotics.

Although petrobactin is considered a member of the NRPS
independent family of siderophores (21), its early intermedi-
ate is synthesized by three enzymes that share a high degree
of homology and mechanistic similarity to nonribosomal
peptide synthetase catalytic domains. In the first stage of
biosynthesis, AsbCDE generate the diffusible intermediate
DHB-SP through use of a carrier protein-bound 3,4-DHBA
(Scheme 1). This series of reactions is similar to those utilized
in the synthesis of vibriobactin and enterobactin where aryl
acids are condensed with amines norspermidine (26) and
serine (9), respectively.

The sequence of AsbC bears overall similarity to those of
VibE (22% identical and 38% similar) (26) and EntE (20%
identical and 36% similar) (35), enzymes that catalyze

adenylation of 2,3-DHBA in the biosynthesis of vibriobactin
and enterobactin. Many enzymes that are homologous with
these three adenylation domains cluster into three groups on
the basis of their substrate specificity (Figure 1 of the
Supporting Information). EntE and VibE cluster together with
DhbE, an enzyme that adenylates 2,3-DHBA in bacillibacin

Scheme 2: Chemical Synthesis of AsbC Inhibitors

FIGURE 6: Inhibition of AsbC. (a) Structure of acylsulfamate DHB-
AMP mimics. The stable acylsulfamate linkage between the aryl
and nucleoside domains should prevent ATP formation and/or
transfer to a phosphopantetheinyl arm. If AsbC binds one of these
intermediate analogues with strong affinity, the analogues will act
as a competitive inhibitor by blocking the active site. (b) ATP-
32PPi exchange reactions in the presence of variable concentrations
of inhibitor. The presence of hydroxyl groups at the 3- and
4-positions of the benzyl portion of the inhibitor is critical for
binding and inhibition: compound1, fit to a Hill equation with a
coefficient of 0.68 ([), compound7 (4), and compound8 (0).
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biosynthesis inB. subtilis(41) andB. anthracis. The second
group clusters around MbtA (42) and YbtE (36), enzymes
that adenylate salicylic acid (2-HBA) in the biosynthesis of
mycobactin and yersiniabactin, respectively. AsbC falls into
a small third cluster with its homologue inM. aquaeolei,
the marine bacteria from which petrobactin was first identi-
fied (43), and an enzyme inRhodopseudomonas palustris
(44). A crystal structure of DhbE aligned with an analogous
structure of PheA, a phenylalanine adenylation domain, has
been used to define the specificity residues for the cluster
of 2,3-DHBA and 2-HBA adenylating enzymes (41). AsbC
and its clustered homologues have a different set of residues
in the substrate specificity defining positions. These key
AsbC residues (SYCYMSY) may define the analogous
interactions for 3,4-DHBA specific adenylation domains.
Crystal structures of AsbC with bound ligand as well as site-
directed mutagenesis will be needed to validate interactions
between these residues and 3,4-DHBA and/or AMP/ATP.

Our study shows that AsbC can be inhibited by acylsulfa-
mate analogues, based on its native intermediate, DHB-AMP.
This strategy has been useful for identifying inhibitors of
enzymes with similar mechanisms, including tRNA syn-
thetases (45), MbtA (30, 38-40), and YbtE (39). While the
observed inhibition of AsbC by1 was moderate (IC50 ) 250
nM) compared to those identified against related enzymes
from previous studies (IC50 ∼ 10 nM) (39, 40), the success
of this approach warrants further structure-activity relation-
ship analysis. From the substrate specificity and inhibition
studies reported here, it is evident that the presence of
hydrogen bond donors at the 3- and 4-positions of the
benzoyl moiety are essential for binding, adenylation, and
aryl transfer. Future studies with inhibitors related to1 will
examine the effects of alternative regions of the molecule
on binding and enzyme inhibition. Crystal structures of AsbC
containing either substrate or inhibitor would greatly facilitate
these studies and provide additional insights into interactions
between key active site amino acid residues and the 3- and
4-hydroxyl groups on the phenyl ring.

In addition to AsbC, we have identified AsbE as a potential
target of small molecule inhibitors against petrobactin
biosynthesis. We have shown that AsbE condenses 3,4-DHB-
loaded AsbD with spermidine. AsbE has homologues in both
M. aquaeolei(43) and R. palustris (44) but shows little
similarity to other polypeptides in the protein databases.
Biochemical and crystallographic studies of this enzyme
might reveal effective strategies for inhibitor design. It is
intriguing that AsbE catalyzes condensation of 3,4-DHB-
loaded AsbD with both primary amine isomers of spermidine
(Figure 3 and B. F. Pfleger and D. H. Sherman, unpublished
results), a result that is consistent with analysis of the∆asbA
and ∆asbB mutant strains ofB. anthracis (19). This
unexpected finding will require further exploration to
establish the ultimate fate of this alternative accumulated
intermediate.

In this study, we have confirmed the previously proposed
(19) early steps in the petrobactin biosynthetic pathway by
reconstitution of DHB-SP biosynthesis in vitro. We dem-
onstrated the functional roles of AsbD, a new aryl carrier
protein, AsbE, a condensing enzyme, and AsbC, the first
3,4-DHBA specific adenylation domain to be characterized
in vitro. AsbC and its close homologues are unique compared
to other adenylation domains at key binding domain residues

(41), thereby defining a new A-domain family. Finally, we
demonstrated that AsbC can be inhibited in vitro by an
acylsulfamate analogue of 3,4-DHB-AMP with submicro-
molar affinity. Substrate specificity studies demonstrated the
importance of the 3- and 4-hydroxyl groups on the phenyl
ring. Future structure-activity relationship studies based on
this strategy will focus on identification of inhibitors with
improved potency for ultimate development of aB. anthracis
specific antibiotic.
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Sequence clustering of aryl-adenylating enzymes (Figure
1). This material is available free of charge via the Internet
at http://pubs.acs.org.
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