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ABSTRACT: PathogenicYersinia species have been shown to synthesize a siderophore molecule,
yersiniabactin, as a virulence factor during iron starvation. Here we provide the first biochemical evidence
for the role of theYersinia pestishigh molecular weight protein 2 (HMWP2), a nonribosomal peptide
synthetase homologue, and YbtE in the initiation of yersiniabactin biosynthesis. YbtE catalyzes the
adenylation of salicylate and the transfer of this activated salicyl group to the N-terminal aryl carrier
protein domain (ArCP; residues 1-100) of HMWP2. A fragment of HMWP2, residues 1-1491, can
adenylate cysteine and with the resulting cysteinyl-AMP autoaminoacylate the peptidyl carrier protein
domain (PCP1; residues 1383-1491) either in cis or in trans. Catalytic release of hydroxyphenylthiazoline
carboxylic acid (HPT-COOH) and/orN-(hydroxyphenylthiazolinylcarbonyl)cysteine (HPT-cys) is observed
upon incubation of YbtE, HMWP2 1-1491,L-cysteine, salicylate, and ATP. These products presumably
arise from nucleophilic attack by water or cysteine of a stoichiometric hydroxyphenylthiazolinylcarbonyl-
S-PCP1-HMWP2 intermediate. Detection of the heterocyclization capacity of HMWP2 1-1491 implies
salicyl-transferring and thiazoline-forming activity for the HMWP2 condensation domain (residues 101-
544) and is the first demonstration of such heterocyclization ability in a nonribosomal peptide synthetase
enzyme.

The virulence of the pathogenic yersiniae, including
Yersinia pestiswhich causes bubonic plague (1) and the food-
borne pathogenYersinia enterocolitica(2), has been clearly
correlated with the amount of iron available to these
organisms. The ability to obtain iron from the host has been
shown to affect the virulence of many bacterial species (3),
with the production, secretion, and reuptake of siderophores,
small molecules with high affinity for ferric iron (4), being
a common microbial strategy for iron acquisition. Secretion
of the siderophore molecule yersiniabactin (or yersiniophore)
has been detected in mouse-lethal strains ofY. enterocolitica
(5, 6) as well as in human isolates (7). The structure of
yersiniabactin was recently determined independently by two
groups (8, 9) and contains a phenolic group (presumably
derived from salicylate) and three five-membered hetero-
cycles of the thiazole group (presumably derived from
cysteine), two at the dihydro oxidation state (thiazoline) and
one at the tetrahydro oxidation state (thiazolidine), as
potential high-affinity iron ligands (Scheme 1). Yersinia-
bactin isolation and characterization fromY. pestisindicates
that this plague-causing organism synthesizes the same
siderophore molecule (R. D. P., L. E. DeMoll, manuscript
in preparation). Several other bacterial siderophores have

structures similar to yersiniabactin including pyochelin from
Pseudomonas aeruginosa(10), anguibactin fromVibrio
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anguillarum (11), acinetobactin fromAcinetobacter bau-
mannii (12), and vibriobactin fromVibrio cholerae (13)
(Scheme 1).

A high pathogenicity island has been described in the
chromosomes of highly pathogenicY. pestis, Y. entero-
colitica, andY. pseudotuberculosisstrains (14-17) which
contains a cluster of iron-repressible genes involved in the
synthesis, regulation, and uptake of yersiniabactin (18). This
locus has been sequenced inY. pestis(19, 20; R. D. P.,
personal communication) andY. enterocolitica(21-23) and
includes the yersiniabactin receptor genepsn (fyuA in Y.
enterocolitica) as well as the putative yersiniabactin biosyn-
thetic genesirp2, irp1, ybtE (irp5), and ybtT (irp4). The
irp2 and irp1 genes encode the 230 kDa high molecular
weight protein 2 (HMWP2)1 (22) and the 350 kDa high
molecular weight protein 1 (HMWP1) (23), respectively,
which show considerable homology to nonribosomal peptide
synthetases, polyketide synthases, and siderophore syn-
thetases, in particular theEscherichia coli enterobactin
synthetase. YbtE is 61% similar toE. coli EntE, the 2,3-
dihydroxybenzoate adenylating and loading enzyme in en-
terobactin biosynthesis, and YbtT is 59% similar to the
thioesterase-like protein associated with anguibactin biosyn-
thesis (20). Mutation of theirp1, irp2, or ybtE genes inY.
pestiseliminates siderophore production by these strains (20).

We have recently characterized theE. coli enterobactin
synthetase (24, 25), and its organization provides a blueprint
for studies of the yersiniabactin synthetase (Figure 1). The
synthesis of enterobactin, a cyclic trimeric lactone ofN-(2,3-
dihydroxybenzoyl)serine (DHB-ser) (Scheme 1), requires the
EntB, -E, and -F proteins. EntE adenylates 2,3-dihydroxy-
benzoate (DHB) and then catalyzes transfer of the dihy-
droxybenzoyl group to the phosphopantetheine (Ppant)
cofactor of the aryl carrier protein (ArCP) domain of EntB
(24). The acylated EntB then serves as an aryl donor
substrate for amide bond formation by the multidomainal
EntF with DHB-ser formation on the Ppant cofactor of the
peptidyl carrier protein (PCP) domain of EntF indicated (25).
Ester bond formation between three DHB-ser units completes
enterobactin biosynthesis. There is a close correspondence
between the domain organization of the three protein EntB,
-E, and -F system and the two protein YbtE, HMWP2 pair
(Figure 1). YbtE is a close homologue of EntE (20), and
the N-terminal 100 residues of HMWP2 show 27% identity
to the EntB ArCP domain. HMWP2 also includes conden-
sation, amino acid adenylation, and PCP domains analogous
to EntF which could give a salicyl-cys-Ppant-PCP intermedi-
ate. It therefore seemed likely that YbtE and HMWP2 might

initiate yersiniabactin biogenesis by activating salicylate and
the first two of the three cysteine precursors which become
thiazoline/thiazolidine rings in the final yersiniabactin struc-
ture (Scheme 1). HMWP1 would presumably complete the
synthesis of the yersiniabactin molecule.

In this work, we biochemically demonstrate the roles of
the Y. pestisYbtE and HMWP2 enzymes in yersiniabactin
biosynthesis. YbtE adenylates salicylate and then transfers
the salicyl group to the N-terminal ArCP domain of HMWP2.
A fragment of HMWP2 (residues 1-1491) can catalyze the
adenylation of cysteine, the transfer of this activated cysteine
group to the Ppant cofactor of a PCP domain, and the
formation of the hydroxyphenylthiazoline carboxylate (HPT-
COOH) intermediate in yersiniabactin biosynthesis. This is
the first enzymological characterization of yersiniabactin
biosynthetic enzymes as well as the first demonstration of
an enzyme’s ability to catalyze the five-membered ring
heterocyclization that characterizes a large class of oxazole
and thiazole-containing nonribosomal peptide-based natural
products.

MATERIALS AND METHODS

OVerproduction and Purification of YbtE.The Y. pestis
ybtEgene was amplified by polymerase chain reaction (PCR)
from pSDR498.4 (26) using thePfupolymerase (Stratagene),
primer 1 (5′-ACTCCATATGAATTCTTCCTTTGAATC-3′)
and primer 2 (5′-GATGAAGCTTGTTGTGAGTCCCTG
TAAG-3′) (Integrated DNA Technologies, Inc.; restriction
sites underlined). The PCR product was cloned into the
NdeI/HindIII sites of the pPROEX-1 vector (Life Technolo-
gies) to give pH6YBTE1. The fidelity of the cloned insert

1 Abbreviations: ArCP, aryl carrier protein; CoASH, coenzyme A;
DHB, 2,3-dihydroxybenzoate; DHB-ser,N-(2,3-dihydroxybenzoyl)-
serine; DTT,DL-dithiothreitol; FAB-MS, fast atom bombardment mass
spectrometry; HPLC, high-performance liquid chromatography; HPT-
COOH, 4,5-dihydro-2-(2-hydroxyphenyl)-4-thiazolecarboxylic acid;
HPT-cys,N-{[2-(2-hydroxyphenyl)]-4,5-dihydrothiazole-4-carbonyl}-
cysteine; HPTT-COOH, 2′-(2-hydroxyphenyl)-4,5,4′,5′-tetrahydro-2,4′-
bithiazolyl-4-carboxylic acid; HRMS, high-resolution mass spectrom-
etry; HMWP, high molecular weight protein; IPTG, isopropylâ-D-
thiogalactopyranoside; LC-MS, liquid chromatography-mass spectrom-
etry; MES, 2-[N-morpholino]ethanesulfonic acid; NMR, nuclear mag-
netic resonance spectroscopy; PCP, peptidyl carrier protein; PCR,
polymerase chain reaction; PPi, pyrophosphate; Ppant, 4′-phosphopan-
tetheine; PPTase, phosphopantetheinyl transferase; sal, salicylate; SDS-
PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis;
TCA, trichloroacetic acid.

FIGURE 1: Domain organization of the yersiniabactin synthetase
compared to the enterobactin synthetase. Yersiniabactin biosynthesis
is initiated by the salicylate-adenylating enzyme YbtE and the
multidomainal HMWP2. HMWP2 has three carrier protein domains
(black): an N-terminal ArCP domain (residues 1-100), an internal
PCP domain (residues 1383-1491), and a C-terminal PCP domain
(1927-2035). The local sequence surrounding the putative phos-
phopantetheinylated serine residue (bold) in these domains is noted.
The cysteine adenylation domain of HMWP2 (gray, residues 545-
1382) is interrupted between motifs A8 and A9 by a putative
methyltransferase domain (white, residues 1011-1347), with the
region of methyltransferase homology denoted with a dark line.
HMWP2 additionally has two condensation/cyclization domains
(diagonal stripe, residues 101-544, 1492-1926). The enterobactin
synthetase has a similar organization with the DHB-adenylating
enzyme EntE loading the ArCP domain of EntB. The DHB-loaded
EntB is the substrate for the multidomainal EntF possessing
condensation (diagonal stripe), serine adenylation (gray), PCP
(black) and thioesterase (vertical stripe) domains.
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was confirmed by DNA sequencing. Cloning into theNdeI
site of pPROEX1 appends a 24 amino acid sequence,
including a hexahistidine tag, to the N-terminus of the
overproduced YbtE protein.

Cultures ofE. coli strain BL21(DE3) transformed with
pH6YBTE1 (2 L, 2× YT media, 50µg/mL ampicillin) were
grown at 37°C to an optical density (600 nm) of 0.8 and
then induced with 1 mM isopropylâ-D-thiogalactopyranoside
(IPTG). Cells were harvested after 4 h, and the cell paste
was resuspended in buffer A (20 mM Tris-HCl, pH 7.9, 0.5
M NaCl) containing 5 mM imidazole. Cells were lysed by
two passages through a French pressure cell at 15 000 psi,
and the lysate was clarified by centrifugation (27 000× g).
The protein was purified from this lysate by nickel chelate
chromatography over His‚Bind resin (5 mL column) accord-
ing to the manufacturer’s specifications (Novagen). Fractions
containing YbtE as judged by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) were pooled and dialyzed
against 25 mM Tris-HCl, pH 8.0, 10 mM MgCl2, 5 mM
DTT, 10% glycerol, flash frozen in liquid nitrogen, and
stored at-80 °C. The protein concentration of the purified
enzyme preparation was determined using the calculated
extinction coefficient (27) for the absorbance of YbtE at 280
nm: 54 420 M-1 cm-1.

OVerproduction and Purification of the HMWP2 ArCP and
PCP1 Fragments.The Y. pestis irp2ArCP gene fragment
(corresponding to residues 1-100 of the HMWP2 protein;
Figure 2) was amplified from pPROEX-irp2-1 (R. D. P.,
unpublished) by PCR usingPfu polymerase, primer 3 (5′-
GAATTCCATATGATTTCTGGCGCA-3′) and primer 4 (5′-
TGACCGCTCGAGCAAGCTTTCTTCTTCCGC-3′). Be-
cause of the design of primer 4, residues 99 and 100 of the
HMWP2 ArCP fragment are mutated from TP to SL in the
overproduced protein. The PCR product was cloned into
theNdeI/XhoI sites of pET22b (Novagen) to give the plasmid
pET22b-irp2ArCP. This plasmid directs overproduction of
the ArCP as a histidine tag fusion with the amino acid
sequence LEHHHHHH appended to the C-terminus. The
Y. pestis irp2PCP1 gene fragment (corresponding to residues
1383-1491 of the HMWP2 protein; Figure 2) was amplified
and cloned into pET22b in the same manner except that the
template was pIRP2 (20) and primer 5 (5′-GAATTC-
CATATGATTGACTACCAGGCGCTGA-3′) and primer 6
(5′-TGACCGCTCGAGTTCTTCAGGAGAGTGG-3′) were
used to give the plasmid pET22b-irp2PCP1. Because of the
design of primer 6 (which was based on theY. enterocolitica

irp2 sequence), residue 1491 of PCP1 is mutated from D to
E. The DNA sequences of the pET22b-irp2ArCP and
pET22b-irp2PCP1 inserts were confirmed by sequencing
(Dana Farber Molecular Biology Core Facility, Boston, MA).

Overproduction and purification of HMWP2 ArCP and
PCP1 were as described above for YbtE except that culture
growth after induction with IPTG was for 3 h. Fractions
containing ArCP or PCP1 were pooled and dialyzed against
50 mM Tris-HCl, pH 8.0, 2 mM DTT, 5% glycerol, flash
frozen in liquid nitrogen, and stored at-80 °C. The
concentration of the purified HMWP2 ArCP preparation was
determined using the Bio-Rad Protein Assay reagent. The
concentration of the PCP1 preparation was determined using
the calculated extinction coefficient (27) for the absorbance
of the protein at 280 nm: 8250 M-1 cm-1.

OVerproduction and Purification of HMWP2 1-1491.
TheY. pestis irp2gene fragment corresponding to residues
1-1491 of HMWP2 was cloned into pET22b in two steps.
First, the gene fragment corresponding to residues 1-1061
of HMWP2 was amplified by PCR using thePfupolymerase,
pIRP2 (20) as the template, primer 3, and primer 7 (5′-
TGACCGCTCGAGGTGACCCGGCTTCAGTTT-3′). This
PCR product was cloned into theNdeI/XhoI sites of pET22b
to give pET22b-irp2/1-1061. The pIRP2 plasmid was used
as the template in another PCR reaction using primer 8 (5′-
CTCGGCTGCTACTGGCCAGACGGCAC-3′) (MscI site
underlined) and primer 6. This PCR product was digested
with MscI and XhoI and cloned into pET22b-irp2/1-1061
to give pET22b-irp2/1-1491. The DNA sequence of the
pET22b-irp2/1-1491 insert was confirmed by sequencing
(Dana Farber Molecular Biology Core Facility, Boston, MA).

HMWP2 1-1491 was overproduced and purified several
times, each with a slightly different protocol, to provide
material for the experiments described in this manuscript.
Although this protein is overproduced with a C-terminal
hexahistidine tag, it did not bind well to the nickel chelate
column necessitating changes to the manufacturer’s protocol.
A representative overproduction/purification procedure is
described here. Cultures ofE. coli strain BL21(DE3)
transformed with pET22b-irp2/1-1491 (3 L, LB, 50µg/mL
ampicillin) were grown at 30°C to an optical density of
1.2. The temperature was lowered to 25°C, and the cultures
were induced with 1 mM IPTG. Cells were harvested after
an additional 4 h of growth, the cell paste was resuspended
in 20 mM Tris-HCl, pH 7.9, 200 mM NaCl, and cells were
lysed by passage through a French pressure cell as described
above. The clarified lysate was applied to a 5 mL His‚Bind
column at a flow rate of 0.8 mL/min. The column was
washed successively with the following: 15 mL of buffer
A; 35 mL of buffer A containing 5 mM imidazole; 10 mL
of buffer A containing 32.5 mM imidazole; 20 mL of buffer
A containing 60 mM imidazole. HMWP2 1-1491 was
eluted from the column with 12 mL of buffer A containing
204 mM imidazole. As judged by SDS-PAGE, both the
60 mM imidazole wash fractions and the elution fractions
contained significant amounts of HMWP2 1-1491. The
wash and elution fractions were pooled separately and
dialyzed against buffer B (25 mM Tris-HCl, pH 8.0, 2 mM
DTT) containing 10% glycerol.

The dialyzed wash and elution fractions were further
purified by anion-exchange chromatography on a Q-
Sepharose column (2.5× 10 cm) and a POROS 20 HQ

FIGURE 2: The HMWP2 fragments used in this study. All fragments
were expressed as C-terminal hexahistidine-tagged fusions (white
box). The HMWP2 ArCP (residues 1-100), HMWP2 PCP1
(residues 1383-1491), and HMWP2 1-1491 were all overproduced
in E. coli and purified by nickel chelate chromatography.
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column (4.6× 100 mm) for use with the BioCAD SPRINT
perfusion chromatography system (PerSeptive Biosystems,
Inc.) repectively. For the Q-Sepharose chromatography of
the His‚Bind wash fractions, the protein was applied to the
column (flow rate 2 mL/min) which was then washed with
50 mL of buffer B followed by a 100 mL gradient of 0 to
250 mM KCl (in buffer B). Protein was eluted with a 350
mL gradient of 250 to 650 mM KCl (in buffer B). For the
BioCAD chromatography of the His‚Bind elution fractions,
the protein was applied to the column (flow rate 10 mL/
min) which was then washed with 4 column volumes of 10
mM Tris, 10 mM Bis-tris propane, pH 8.0 (buffer C),
followed by an 8 column volume gradient of 0 to 250 mM
NaCl (in buffer C). Protein was eluted over a 25 column
volume gradient from 250 to 500 mM NaCl (in buffer C).
Following anion-exchange chromatography, fractions con-
taining HMWP2 1-1491 as judged by SDS-PAGE were
pooled, dialyzed against buffer B containing 10% glycerol,
flash frozen in liquid nitrogen, and stored at-80 °C. The
concentration of the HMWP2 1-1491 preparations was
determined using the calculated extinction coefficient (27)
of this protein at 280 nm: 266 460 M-1 cm-1.

Preparation and Purification of Holo-ArCP, Holo-PCP1,
and Holo-HMWP2 1-1491. Holo-ArCP covalently modi-
fied by attachment of the Ppant cofactor was prepared by
incubating the purified apo-ArCP with a phosphopantetheinyl
transferase (PPTase), purifiedE. coli EntD (28), and
coenzyme A (CoASH). The following were incubated at
37 °C for 3.5 h to produce holo-ArCP (4 mL final volume):
75 mM Tris-HCl, pH 7.5, 10 mM MgCl2, 5 mM DTT, 0.4
mM CoASH, 207 µM apo-ArCP, and 1.2µM EntD.
Following reaction, the mixture was dialyzed against buffer
A containing 5 mM imidazole. The holo-ArCP was purified
by nickel chelate chromatography and stored as described
for apo-ArCP. The concentration of the holo-ArCP prepara-
tion was determined using the calculated extinction coef-
ficient (27) for the absorbance of this protein at 280 nm:
20 910 M-1 cm-1. Complete phosphopantetheinylation of
the holo-ArCP preparation was confirmed using the radio-
assay for [3H]Ppant incorporation described below.

Holo-PCP1 was prepared by incubating the purified apo-
PCP1 with purified Sfp, a phosphopantetheinyl transferase
from Bacillus subtilis(28) and CoASH. The following were
incubated at 37°C for 1 h (4 mL final volume): 75 mM
MES/sodium acetate, pH 6.0, 10 mM MgCl2, 5 mM DTT, 1
mM CoASH, 150µM apo-PCP1, and 0.4µM Sfp. Some
protein precipitated over the course of this reaction and was
removed by centrifugation. The holo-PCP1 was purified
from the clarified reaction mixture on the POROS 20 HQ
anion-exchange column. Holo-PCP1 was loaded on the
column (flow rate 10 mL/min) which was then washed with
4 column volumes of buffer C. A 30 column volume
gradient of 0-500 mM NaCl (in buffer C) was then applied.
As determined by SDS-PAGE, most of the holo-PCP1
flowed through the column. These flow-through fractions
were pooled, dialyzed, and stored as described for apo-PCP1.

Holo-HMWP2 1-1491 was prepared by incubation of
purified apo-HMWP2 1-1491 with purified Sfp. The
following were incubated at 37°C for 30 min (3 mL final
volume): 75 mM MES/sodium acetate, pH 6.5, 10 mM
MgCl2, 5 mM DTT, 0.4 mM CoASH, 10µM apo-HMWP2
1-1491, and 0.4µM Sfp. Some protein precipitated over

the course of the reaction and was removed by centrifugation.
The holo-HMWP2 1-1491 was purified from the clarified
reaction mixture using the POROS 20 HQ anion-exchange
column and the same program as described for the holo-
PCP1 purification. HMWP2 1-1491 eluted about midway
through the gradient step as determined by SDS-PAGE.
Fractions containing holo-HMWP2 1-1491 were handled
as above for apo-HMWP2 1-1491 except that 50 mM Tris-
HCl was used in the dialysis buffer.

Assay for the Phosphopantetheinylation of ArCP and PCP
Domains. The trichloroacetic acid (TCA) precipitation
radioassay which measures phosphopantetheinyl transferase
activity as attachment of [3H]Ppant from [3H]CoASH to the
carrier protein substrate was carried out as described previ-
ously (24, 28). For theKm determination of the apo-HMWP2
ArCP for EntD, varying concentrations of the apo-ArCP were
incubated with 75 mM Tris-HCl, pH 7.5, 10 mM MgCl2, 5
mM DTT, 150µM [3H]CoASH (200 Ci/mol, 70% label in
Ppant), and 25 nM EntD (100µL reaction volume, triplicate
reactions) at 37°C for 15 min prior to quenching with TCA.

For autoradiography, substrates (6µM apo-ArCP, 6µM
apo-PCP1, or 1µM apo-HMWP2 1-1491) were incubated
with and without 0.8µM EntD as described above. Fol-
lowing TCA precipitation, the protein pellet was dissolved
in SDS sample buffer (20µL) and 1 M Tris base (3µL) and
electrophoresed on a 4-20% Tris-glycine gel (Bio-Rad). For
visualization, the gel was stained with Coomassie blue
solution, destained, and soaked in Amplify (Amersham) for
25 min. The dried gel was exposed to film for 2 days.

Assays for the Partial Reactions Catalyzed by YbtE

(a) ATP-[32P]PPi Exchange ActiVity. The ATP-pyrophos-
phate (PPi) exchange assay was performed as described
previously (25). Reaction mixtures contained (final volume
100 µL, triplicate reactions) 75 mM Tris-HCl, pH 8.8, 10
mM MgCl2, 5 mM DTT, 1 mM sodium [32P]PPi (9 Ci/mol),
salicylate, and ATP. For the determination of the ATPKm

value, 50µM salicylate was used in each assay. For the
salicylate and DHBKm determinations, 2.5 mM ATP was
used. The assay was initiated by the addition of 25 nM YbtE
and incubated at 37°C for 10 min.

(b) Assay for the Acylation of HMWP2 with [14C]-
Salicylate. The TCA precipitation radioassay for the YbtE-
catalyzed transfer of [14C]salicylate to the holo-HMWP2
fragments was as described for the reaction of EntE with
EntB (24). For the determination of theKm of holo-HMWP2
ArCP in the reaction with YbtE, varying concentrations of
the holo-ArCP were incubated with 75 mM Tris-HCl, pH
8.8, 10 mM MgCl2, 5 mM DTT, 5 mM ATP, 90µM [14C]-
salicylate (55.5 Ci/mol), and 2.5 nM YbtE (100µL volume,
triplicate reactions) at 37°C for 5 min prior to quenching
with TCA.

For autoradiography, the HMWP2 substrate (6µM holo-
ArCP, 6 µM holo-PCP1, or 1µM HMWP2 1-1491) was
incubated with and without 1µM YbtE. Reaction mixtures
also included (100µL final volume) 75 mM Tris-HCl, pH
8.0, 10 mM MgCl2, 5 mM DTT, 10 mM ATP, and 90µM
[14C]salicylate (55.5 Ci/mol) and were incubated at 37°C
for 15 min. In one reaction of HMWP2 1-1491 and YbtE,
3 mM L-cysteine was also included. This autoradiograph
was prepared as described above. The film was exposed to
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the dried gel for 2.5 days prior to development.

Assays for the Partial Reactions Catalyzed by HMWP2
1-1491

(a) ATP-[32P]PPi Exchange ActiVity. ATP-PPi exchange
activity for HMWP2 1-1491 was assayed as described
previously (25). Reaction mixtures (100µL, triplicate)
included 75 mM Tris-HCl pH 8.8, 10 mM MgCl2, 5 mM
DTT, 1 mM sodium [32P]PPi (8 Ci/mol), ATP, L-cysteine,
and 30 nM apo-HMWP2 1-1491 and were incubated for 5
min at 37°C. For the determination of the ATPKm, varying
concentrations of ATP were used whileL-cysteine was held
at 5 mM. For the L-cysteine Km determination, ATP
concentration was held at 3 mM.

(b) Autoradiography Demonstrating the Aminoacylation
of HMWP2 with [35S]-L-Cysteine. For autoradiography,
HMWP2 (1 µM) was incubated with [35S]-L-cysteine (0.68
mM, 55.5 Ci/mol) and in some cases holo-ArCP (15µM)
or holo-PCP1 (15µM). Reaction mixtures also included 75
mM Tris-HCl, pH 8.0, 10 mM MgCl2, 5 mM DTT, and 10
mM ATP and were incubated at 37°C for 15 min. One
reaction contained in addition to holo-HMWP2 1-1491 and
[35S]cysteine, 1µM YbtE, and 1 mM salicylate. The
autoradiograph was prepared as described above. The dried
gel was exposed to film for 16 days before developing.

Detection and Identification of HMWP2 1-1491 Reaction
Products

(a) HPLC Time Course Assay for the Production of HPT-
cysteine (HPT-cys).The HPLC assay for the detection of
HPT-cys production was conducted as follows: reaction
mixtures (500µL) contained 75 mM Tris-HCl, pH 8.8, 10
mM MgCl2, 5 mM DTT, 1 mM CoASH, 5 mML-cysteine,
1 mM salicylate, 0.1µM YbtE, 1 µM EntD, 2 µM
apo-HMWP2 1-1491, and 10 mM ATP to initiate the
reaction. Prior to the addition of ATP, the reaction mixture
was incubated for 10 min at room temperature to allow
phosphopantetheinylation of apo-HMWP2 1-1491 by EntD.
After the addition of ATP, the reaction mixture was incubated
at 37°C and 50µL samples were removed at specified times.
Each 50µL sample was acidified to pH≈1.5 by the addition
of 10 µL of 8.5% phosphoric acid. The acidified reaction
mixture was washed with 375µL of ethyl acetate. A portion
of the ethyl acetate layer (250µL) was concentrated under
reduced pressure, and the residue was dissolved in 250µL
of 30% acetonitrile/water. Samples of 100µL were analyzed
by HPLC (Waters) on a C18 reverse phase column (VYDAC,
250× 5 mm) with a detector wavelength of 250 nm and a
mobile phase with the following gradient. Mobile phase A:
a mixture of formic acid (0.1 mL) and triethylamine (0.2
mL) in water (1 L) (pH 3.3). Mobile phase B: a 4:1 mixture
of acetonitrile and mobile phase A. At a flow rate of 1 mL/
min, time 0.0 min (90% A), 17.0 min (20% A), and 17.10
min (90% A), and at 1.5 mL/min, time 25.00 min (90% A).
(29) For the experiments described in Figure 7C, reaction
conditions were slightly altered with 1.5 mM cysteine, 1.5
mM salicylate, and 3.6µM 1-1491 with a 1 hincubation
time; reaction components were omitted as indicated.

(b) Isolation of HPT-cys for Mass Spectrometry Analysis.
To prepare large quantities of HPT-cys for HPLC purification
and mass spectrometry, the following were incubated at 37

°C for 4 h, 75 mM Tris-HCl, pH 8.8, 10 mM MgCl2, 5 mM
DTT, 1 mM CoASH, 10 mM ATP, 1.5 mML-cysteine, 1.5
mM salicylate, 0.1µM YbtE, 1 µM EntD, and 3.6µM
HMWP2 1-1491, to a final volume of 500µL. Samples of
20µL were removed at 1 and 2 h for monitoring the reaction
progress by HPLC. The remaining reaction mixture (460
µL) was quenched with 460µL of 8.5% phosphoric acid
and washed twice with 4 and 2 mL of ethyl acetate,
respectively. The combined ethyl acetate portions were
concentrated under reduced pressure, and the residue was
dissolved in 1 mL of 40% acetonitrile/water. Purification
of HPT-cys was conducted using the same HPLC conditions
described above. The fraction containing HPT-cys was
lyophilized and submitted for mass spectrometry analysis.
LC-MS: HRMS calcd for C13H15N2O4S2 327.0473, found
327.0460. This mass measurement was made using a JEOL
model SX102A mass spectrometer; measurements were made
at 10 000 resolution (10% valley definition) (Mass Spec-
trometry Facility, Department of Chemistry and Chemical
Biology, Harvard University).

To isolate a large quantity of HPT-cys in the H2
18O

experiment, conditions were as above except that 1 mM
salicylate, 5 mM ATP, and 2µM HMWP2 1-1491 were
used, and the ratio of H218O and H2

16O was adjusted to 49:
51.

(c) Isolation of HPT-COOH for Mass Spectrometry
Analysis. To prepare HPT-COOH for HPLC purification
and mass spectrometry, the following were incubated at 37
°C for 5 h, 75 mM Tris-HCl, pH 8.8, 10 mM MgCl2, 5 mM
DTT, 1 mM CoASH, 10 mM ATP, 0.2 mML-cysteine, 1
mM salicylate, 0.1µM YbtE, 1 µM EntD, and 2 µM
HMWP2 1-1491, to a final volume of 1 mL. The reaction
was quenched with 200µL of 8.5% phosphoric acid and
washed twice with 5 mL of ethyl acetate. After concentration
of the combined organic layers under reduced pressure, the
residue was dissolved in 30% acetonitrile/water. Purification
of HPT-COOH was conducted using the same HPLC
conditions described above. LC-MSm/z (relative inten-
sity): 224 ([M + H]+, 100), 222 (85), 204 (27). LC-MS
measurements were performed using a Micromass Platform
II quadrupole mass spectrometer (Micromass, Beverly, MA)
using an atmospheric pressure chemical ionization source
(Mass Spectrometry Facility, Department of Chemistry and
Chemical Biology, Harvard University).

Synthesis of Standard Compounds for the HMWP2 1-1491
Assay. 1H NMR spectra were recorded using a 500 MHz
Bruker AM-500 spectrometer (NuMega, California). Chemi-
cal shifts are given in ppm relative to tetramethylsilane (δ
) 0 ppm). Low-resolution mass spectra were recorded using
a JEOL model AX505H mass spectrometer (JEOL Ltd.,
Akishima, Japan). Accurate mass measurements were
performed using a JEOL model SX102A mass spectrometer
(Mass Spectrometry Facility, Department of Chemistry and
Chemical Biology, Harvard University).

Salicyl-cysteine (29) and HPT-COOH (30) were prepared
according to published procedures.

HPT-cys was prepared as described below. To a mixture
of HPT-COOH (2.23 g, 10 mmol), cystine dimethyl ester
dihydrochloride (1.71 g, 5 mmol) and benzotriazol-1-yl-
oxytripyrrolidinophosphonium hexafluorophosphate (PyBop,
7.80 g, 15 mmol) in 100 mL of dichloromethane was added
N,N′-diisopropylethylamine (3.6 mL, 20 mmol). The mixture
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was stirred for 1 h at room temperature. The resulting
yellowish solution was washed with 200 mL of water, dried
over MgSO4, and concentrated. The residue was dissolved
in 100 mL of ethyl acetate, and crystallized material was
removed by filtration. The filtrate was concentrated and
dissolved in 100 mL of ethanol, and then 10 mL of 1 N
ammonium hydroxide was added. A gel started to form after
5 min. DTT (3.0 g, 19.5 mmol) was added to the mixture,
and the resulting solution was stirred for 2 h at room
temperature. The solution was then diluted with 200 mL of
water and extracted with ether (2× 100 mL). The combined
organic layers were washed with 50 mL of water, dried over
MgSO4, and concentrated. The crude product was purified
by silica gel chromatography (100% dichloromethane then
dichloromethane:ethyl acetate) 10:1) to give 2.49 g (73%)
of HPT-cys methyl ester (a 3:7 mixture of diastereomers)
as colorless crystals: mp 102-107 °C. 1H NMR (DMSO-
d6) δ: 12.15 (s, 0.3 H), 12.13 (s, 0.6 H), 8.78 (d, 0.6 H,J )
7.8 Hz), 8.75 (d, 0.3 H,J ) 8.0 Hz), 7.44 (m, 2), 6.99 (m,
3), 5.42 (t, 1 H,J ) 8.8 Hz), 4.53 (m, 1), 3.67 (s, 0.9 H),
3.67 (m, 1 H), 3.66 (s, 2.1 H), 3.58 (m, 1 H), 2.93 (m, 1 H),
2.85 (m, 1H), 2.60 (t, 0.3 H,J ) 8.7 Hz), 2.52 (t, 0.7 H,J
) 8.5 Hz). FAB-MSm/z (rel intensity): 363 ([M+ Na]+,
67) 341 ([M + H]+, 100), 340 (48), 203 (54).

A suspension of the above-prepared HPT-cys methyl ester
(170 mg, 0.5 mmol) in a mixture of 10 mL of methanol and
1 mL of 1 N NaOH was stirred for 1.5 h at room temperature.
The resulting solution was acidified to pH 2 with 85%
phosphoric acid, concentrated to half the volume under
reduced pressure, and diluted with 20 mL of water. The
mixture was extracted with ethyl acetate, the organic layer
was dried over MgSO4, and this concentrated to give a
quantitative yield of HPT-cys (1:1 mixture of diastereomers)
as a yellowish solid: mp 128-133 °C. 1H NMR (DMSO-
d6) δ: 12.72 (bs, 1 H), 12.15 (s, 1 H), 8.61 (d, 0.5 H,J )
7.5 Hz), 8.58 (d, 0.5 H,J ) 8.1 Hz), 7.46 (m, 2 H), 6.97
(m, 2 H), 5.42 (t, 2 H,J ) 10.1 Hz), 4.46 (m, 1 H), 3.69
(apparent t, 1 H,J ) 10.6 Hz), 3.58 (apparent t, 1 H,J )
10.1 Hz), 2.94 (m, 1 H), 2.84 (m,1 H), 2.48 (t, 0.5 H,J )
10.1 Hz), 2.40 (t, 0.5 H,J ) 13.5 Hz). HRMSm/z calcd
for C13H15N2O4S2: 327.0473. Found: 327.0480.

RESULTS

Domain Architecture of HMWP2 and Design of Enzyme
Fragments. The Y. enterocolitica irp2gene encoding the
2035 aa HMWP2 was previously sequenced, and this protein
was identified as a member of the nonribosomal peptide
synthetase family on the basis of sequence similarity to other
antibiotic and siderophore synthetases (22). Several domains
of HMWP2 were noted including an amino acid adenylation
domain, two serine phosphopantetheinylation domains cen-
tered around Ser52 and Ser1439, and two direct repeats of
unknown function on either side of the adenylation domain.
We have further investigated the domain structure of
HMWP2 by sequence analysis and propose the seven-domain
structure presented in Figure 1.

Modification of certain serine residues by covalent attach-
ment of a Ppant cofactor is absolutely required for the activity
of nonribosomal peptide synthetases, and these serine
residues may be recognized by the canonical sequence
surrounding them (reviewed in31). Guilvout et al. (22) noted

two potential phosphopantetheinylation sites in HMWP2,
Ser52 and Ser1439, and we propose a third site at the
C-terminal end of the protein, Ser1977. The local sequence
environment of each serine phosphopantetheinylation site is
noted in Figure 1. The first 100 N-terminal amino acids of
HMWP2 are identified as an ArCP domain by similarity to
E. coli EntB (24), while HMWP2 1383-1491 and HMWP2
1927-2035 are designated PCP1 and PCP2, respectively,
on the basis of similarity to peptide synthetases.

Guilvout et al. (22) reported that the central amino acid
adenylation domain of HMWP2 (residues 545-1382) is
interrupted by an approximately 340 aa stretch (1011-1347)
with no homology in the database. We have detected weak
homology in this region to methyltransferases (32). On the
basis of similarity to the recently sequenced bacitracin
synthetase (33), the direct repeats found on either side of
the HMWP2 adenylation domain (22) (residues 101-544,
1492-1926) can now be described as condensation/cycliza-
tion domains.

With an ArCP, two PCP domains, and two condensation/
cyclization domains, HMWP2 is expected to covalently load
1 equiv of salicylate and 2 equiv of cysteine to form the
hydroxyphenyl-thiazolinyl-thiazoline carboxylate (HPTT-
COOH) portion of the final yersiniabactin molecule (Scheme
2). To investigate the functions of some of these HMWP2
domains, fragments of theY. pestisenzyme were overpro-
duced inE. coli and purified as described in Materials and
Methods (Figure 2). To aid in purification, each HMWP2
fragment was expressed as a C-terminal hexahistidine tag
fusion. The N-terminal ArCP domain (residues 1-100, 12.7
kDa) and the internal PCP1 domain (residues 1383-1491,
13.4 kDa) were reasonably soluble, and 30-40 mg of protein
could be obtained per liter ofE. coli culture (data not shown).
The large HMWP2 fragment (residues 1-1491) containing
the first five of seven domains of the full-length protein
(ArCP, condensation/cyclization, adenylation, methyltrans-
ferase, PCP) was only sparingly soluble, even whenE. coli
cultures were grown at room temperature, and did not bind
well to the nickel affinity column (data not shown).
However, in the best case, about 3 mg of HMWP2 1-1491
could be obtained per liter ofE. coli culture.

YbtE is a Salicyl-AMP Ligase Capable of the CoValent
Acylation of the ArCP Domain of HMWP2.On the basis of

Scheme 2
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the 61% similarity ofY. pestisYbtE (20) to the E. coli
enterobactin synthetase enzyme EntE (24), we expected YbtE
to catalyze the adenylation of salicylate and the transfer of
the salicyl group to the HMWP2 ArCP (Figure 1). TheY.
pestisYbtE was overproduced inE. coli as an N-terminal
histidine tag fusion protein and purified by nickel chelate
chromatography with a yield of 60 mg per liter ofE. coli
culture (data not shown). The purified YbtE had robust
salicylate-dependent catalytic activity in the radioactive
isotope exchange ATP-32PPi assay, the characteristic assay
for measurement of the reversible formation of acyl-AMP,
in this case salicyl-AMP. The salicylate adenylation reaction
proceeded with an averagekcat of 250 min-1, a Km for
salicylate of 4.6µM, and aKm for ATP of 350µM (Table
1). YbtE could also catalyze the adenylation of DHB, the
cognate substrate of EntE, albeit with a 1400-fold lower
catalytic efficiency as compared to the salicylate adenylation
reaction (Table 1).

To assess whether YbtE could use salicyl-AMP as an acyl
donor to the N-terminal domain of HMWP2, the HMWP2
ArCP fragment was used as a substrate (Figure 2). In order
for salicylate to be covalently attached to this ArCP fragment,
it must be in the postranslationally modified, phosphopan-
tetheinylated holo-form. Holo-HMWP2 ArCP was formed
by reaction of the apo-ArCP (as purified fromE. coli lysates)
with CoASH and theE. coli phosphopantetheinyl transferase
(PPTase) enzyme EntD which modifies the enterobactin
synthetase (24, 28). EntD could catalyze phosphopant-
etheinylation of the apo-HMWP2 ArCP with akcat of 1.5
min-1 andKm for the ArCP fragment of 9.9µM (Figure 3A);
this compares favorably to akcat of 7 min-1 and aKm of 8
µM for EntD and its cognate substrate, the apo-ArCP domain
of EntB (24). The EntD-dependent phosphopantetheinylation
of the apo-HMWP2 ArCP was visualized by autoradiography
as the covalent incorporation of radioactivity from [3H]-
CoASH (Figure 4, lane 2).

With holo-HMWP2 ArCP in hand, the ability of YbtE to
transfer [14C]salicylate to this HMWP2 fragment could be
assessed. As judged by TCA precipitation of radioactivity
from [14C]salicylate into the protein pellet, YbtE could
efficiently load the holo-HMWP2 ArCP with salicylate. This
reaction proceeded with akcat of 94 min-1 and Km for the
ArCP acceptor substrate of 5.6µM (Figure 3B). The
covalent nature of the salicylation of the holo-ArCP fragment
was further established by autoradiography of the 12.7 kDa
fragment after SDS-PAGE (Figure 5, lane 2). The much
larger (168 kDa) holo-HMWP2 1-1491 was also well-
labeled with [14C]salicylate in a YbtE-dependent manner,
presumably at the N-terminal ArCP site (Figure 5, lanes 6
and 7). YbtE did not transfer [14C]salicyl radioactivity to
holo-PCP1 (Figure 5, lane 4) under the same conditions

where ArCP is clearly labeled, indicating that YbtE can
discriminate between the phosphopantetheinylated forms of
ArCP and PCP domains. YbtE showed no detectable salicyl
transfer to the holo-ArCP domain of EntB, validating a
specific recognition of YbtE for the protein scaffolding of
the N-terminal ArCP domain of HMWP2; EntE was able to
recognize the holo-HMWP2 ArCP, but with a greatly
elevatedKm for the protein substrate (data not shown).

Catalytic Properties of the FiVe Domain Fragment
HMWP2 1-1491

(A) Peptidyl Carrier Protein Domains.In addition to the
N-terminal ArCP domain, HMWP2 1-1491 has a C-terminal
PCP domain, with a potential phosphopantetheinylation site
at Ser1439. Apo-PCP1 could be phosphopantetheinylated
by the PPTases (28) E. coli EntD or B. subtilis Sfp. As
shown in Figure 4 (lane 4), incubations of apo-PCP1, EntD,
and [3H]CoASH led to covalent tritiation of the 13.4 kDa
PCP1. Tritiation of HMWP2 1-1491, which contains the
ArCP and PCP1 domains, is also confirmed in Figure 4 (lane
6). Holo-PCP1 was prepared and then used as a potential
substrate for cysteinylation by the HMWP2 1-1491 enzyme
(see below). The second PCP domain of HMWP2, centered
around Ser1977, was also overproduced inE. coli, purified,
and tested as a substrate for EntD. PCP2 (residues 1927-

Table 1: Kinetic Parameters for the ATP-PPi Exchange Reactions
Catalyzed by YbtE and HMWP2 1-1491

substrate kcat (min-1) Km (µM) kcat/Km (µM-1 min-1)

YbtE Reactions
ATP 270 350 0.77
Salicylate 230 4.6 50
DHB 14 400 0.035

HMWP2 1-1491 Reactions
ATP 500 360 1.4
L-Cysteine 380 650 0.58

FIGURE 3: (A) Velocity versus substrate concentration plot for the
phosphopantetheinylation of the HMWP2 ArCP byE. coli EntD.
EntD (25 nM) was incubated for 15 min with [3H]CoASH (150
µM, 200 Ci/mol) and increasing concentrations of the apo-ArCP
fragment. From this curve, akcat of 1.5 min-1 and aKm value for
the ArCP substrate of 9.9µM are calculated. (B) Velocity versus
substrate concentration plot for the acylation of the HMWP2 holo-
ArCP fragment with [14C]salicylate catalyzed by YbtE. YbtE (2.5
nM) was incubated for 5 min with [14C]salicylate (90µM, 55.5
Ci/mol), ATP (5 mM) and increasing concentrations of the holo-
ArCP fragment. From this curve, akcat of 94 min-1 and aKm value
of 5.6 µM for the holo-ArCP substrate are calculated.

Thiazoline Formation by HMWP2 ofY. pestis Biochemistry, Vol. 37, No. 33, 199811643



2035) was successfully phosphopantetheinylated, validating
the designation of this domain as a PCP (data not shown).

(B) Cysteine-AMP Formation and Transfer to PCP1.On
the basis of the structure of yersiniabactin, it was expected

that the central HMWP2 1-1491 adenylation domain would
catalyze the adenylation ofL-cysteine. Indeed, pure HMWP2
1-1491 displayed cysteine-dependent ATP-32PPi exchange
with an averagekcat of 440 min-1 andKm values of 650µM
and 360 µM respectively for theL-cysteine and ATP
substrates (Table 1). No ATP-32PPi exchange was observed
when serine was used as the amino acid substrate (data not
shown). A HMWP2 1-1061 fragment was also purified
which failed to support ATP-32PPi exchange, confirming that
the A9 and A10 core domains of the adenylation domain
(31) which follow the putative methyltransferase domain are
absolutely required for adenylation activity (data not shown).
Methyltransferase activity of the interrupting domain has not
yet been assessed.

Following the demonstration of cysteine-adenylating activ-
ity by HMWP2 1-1491, the ability of this enzyme to transfer
the activated cysteine group to its own integrated PCP
domain or intermolecularly to the isolated PCP1 fragment
was assessed. HMWP2 1-1491 was incubated with [35S]-
L-cysteine and ATP, and the reaction mixtures were subjected
to SDS-PAGE and autoradiography (Figure 6). HMWP2
was capable of self-aminoacylation with cysteine (lanes 3
and 4) as well as intermolecular transfer of cysteine to the
PCP1 fragment (lane 2). The ATP-dependence of this [35S]-
cysteine labeling was verified by scintillation counting of
TCA-precipitated reaction mixtures and autoradiography
(data not shown). In Figure 6, lanes 1 and 2, it should be
noted that apo-HMWP2 1-1491 is clearly labeled with [35S]-
cysteine. ATP-dependent labeling of the apo-HMWP2
1-1491 preparation with [35S]cysteine was verified by
scintillation counting of TCA-precipitated reaction mixtures
(4% labeling); under similar reaction conditions, the holo-

FIGURE 4: Demonstration of the phosphopantetheinylation of the
apo-HMWP2 ArCP, PCP1, and 1-1491 fragments dependent on
E. coli EntD. (A) Coomassie-stained gel (4-20%) of TCA-
precipitated reaction mixtures. (B) Autoradiograph of this gel. All
reaction mixtures contained [3H]CoASH (150µM, 192 Ci/mol) and
where indicated EntD (800 nM). Lane 1, HMWP2 ArCP (6µM);
lane 2, HMWP2 ArCP with EntD; lane 3, HMWP2 PCP1 (6µM);
lane 4, HMWP2 PCP1 with EntD; lane 5, HMWP2 1-1491 (1
µM); lane 6, HMWP2 1-1491 with EntD.

FIGURE 5: Demonstration of the acylation of the HMWP2 ArCP
and 1-1491 fragment with [14C]salicylate dependent on YbtE. (A)
Coomassie-stained gel (4-20%) of TCA-precipitated reaction
mixtures. (B) Autoradiograph of this gel. All reaction mixtures
contained [14C]salicylate (90µM, 55.5 Ci/mol) and ATP (10 mM)
and where indicated YbtE (1µM). Lane 1, holo-ArCP (6µM);
lane 2, holo-ArCP with YbtE; lane 3, holo-PCP1 (6µM); lane 4,
holo-PCP1 with YbtE; lane 5, holo-HMWP2 1-1491 (1µM); lane
6, holo-HMWP2 1-1491 with YbtE; lane 7, holo-HMWP2 1-1491
with YbtE and cysteine (3 mM).

FIGURE 6: Demonstration of the covalent loading of the HMWP2
fragments with [35S]-L-cysteine. (A) Coomassie-stained gel (4-
20%) of TCA-precipitated reaction mixtures. (B) Autoradiograph
of this gel. All reaction mixtures contained [35S]cysteine (0.68 mM,
55.5 Ci/mol) and ATP (10 mM). Lane 1, holo-ArCP (15µM) and
apo-HMWP2 1-1491 (1µM); lane 2, holo-PCP1 (15µM) and apo-
HMWP2 1-1491 (1µM); lane 3, holo-HMWP2 1-1491 (1µM);
lane 4, holo-HMWP2 1-1491 (1µM) with salicylate (1 mM) and
YbtE (1 µM). In the absence of ATP, no [35S]-labeling of any of
these proteins is observed (data not shown).
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HMWP2 1-1491 preparation acquires 6-fold more radio-
activity (22% labeling) (data not shown). This labeling of
the apo-HMWP2 1-1491 preparation with [35S]cysteine may
either indicate the partial in vivo phosphopantetheinylation
of HMWP2 1-1491 when overproduced inE. coli or
possibly adventitious reaction of the cysteinyl-AMP with
groups other than the Ppant cofactor (reaction of aminoacyl-
adenylates and the formation of a covalent adduct with the
producing aminoacyl-tRNA synthetase enzyme has been
observed in some cases (34)). Loading of PCP1 (and ArCP)
with [35S]cysteine by HMWP2 1-1491 does require the
phosphopantetheinylation of the carrier protein substrate (data
not shown). While the signal is weak, HMWP2 1-1491 is
also capable of aminoacylating the HMWP2 ArCP domain
fragment with [35S]cysteine (Figure 6, lane 1). YbtE seems
to be better able to discriminate between isolated ArCP and
PCP domains than the HMWP2 1-1491 fragment.

These results provide functions for the ArCP domain, the
adenylation domain, and the PCP1 domain of HMWP2 and
leave the role of the condensation/cyclization domain,
residues 101 to 544, to be addressed.

(C) Release of Cyclized Product from HMWP2 1-1491.
In analogy to the enterobactin synthetase case (Figure 1)
where the mixing of DHB, serine, and ATP substrates with
EntE, EntB, and EntF led to EntF-catalyzed amide bond
formation and generation of the aryl-N-ser-S-PCP covalent
acyl enzyme intermediate (25), it was anticipated that YbtE
and HMWP2 1-1491, in the presence of salicylate, ATP,
and cysteine, should yield either salicyl-cys-S-PCP1 or the
cyclized thiazoline variant, the hydroxyphenylthiazolinyl-
carbonyl-S-PCP1 form of HMWP2 in up to stoichiometric
quantities. We had achieved some success in base-catalyzed
hydrolysis of the DHB-ser-S-EntF intermediate at pH 8.8,
leading to release of the aryl-N-capped serine into solution
for detection by thin-layer chromatography (25). We
conducted incubations of YbtE and holo-HMWP2 1-1491
(by preincubation with CoASH and EntD) with salicylate,
cysteine, and ATP at pH 8.8 and analyzed the solution over
time by HPLC for any products released. As shown in
Scheme 2, various standards including salicylate, salicyl-
cysteine, HPT-COOH [also known as the natural product
dihydroaeruginoate (35)], HPT-cysteine, and the bisthiazoline
HPTT-COOH were considered as potential products.

The HPLC traces in Figure 7A show formation of a
prominent peak, detectable within 5 min, in incubations
containing 2µM HMWP2 1-1491 that forms in amounts
much greater than stoichiometric. The amount of this
product formed over the 2 h time period is cleanly linear
(Figure 7B). Synthesis of this product is absolutely depend-
ent on the presence of YbtE, the 170 kDa HMWP2 1-1491
fragment, cysteine, and salicylate in the reaction mixture
(Figure 7C). By HPLC co-injection with the standards of
Scheme 2, the enzymatic product appeared to be HPT-
cysteine. The peak containing the putative HPT-cys was
purified and submitted for high-resolution mass spectrometry
analysis; a mass of 327 was determined for the reaction
product, in perfect agreement with the calculated mass of
protonated HPT-cys as well as the mass of the protonated
HPT-cys standard compound (Table 2). From the integrated
area of the HPLC traces graphed in Figure 7B, thekobs for
HPT-cys release from HMWP2 1-1491 under the indicated
conditions is 1 min-1. Thus, up to 120 catalytic turnovers

were observed during the linear 2 h time course. Minor
amounts of a product with a mass of 430 were observed in
Figure 7A (Table 2), consistent with its identification as M
+ H of HPT-cys-cys (Scheme 2), but this product was not
pursued further.

These results were initially surprising in at least two
respects, the large number of turnovers observed and the
release of HPT-cys instead of HPT-COOH as the principal
product. The enzymatic incubations analyzed in Figure 7A
contained 5 mM DTT as well as 5 mML-cysteine. When
the DTT concentration was lowered to 0.5 mM, the reaction
rate did drop, but there was no change in the composition
of released product (data not shown). However, when the
cysteine concentration was lowered to 0.2 mM (Figure 7D),
while HPT-cys formation was still robust, now a bit more
than half of the product migrated as HPT-COOH. This
identification was validated both by co-injection on HPLC
with the authentic standard and by mass spectrometry where
the expected mass of 224 was observed (Table 2). To
evaluate whether the HPT-cys product arose from capture
of HPT-S-enzyme by cysteinyl-AMP stalled in the adeny-
lation domain active site of HMWP2 1-1491, incubations
were conducted with 5 mM cysteine in 50% H2

18O to look
for any M + 2H product (mass of 328) that would arise by
release of HPT-cys-AMP and then hydrolysis of the mixed
anhydride in heavy water. Only a mass of 327 was detected
corresponding to the [M+ H]+ ion of HPT-cys, arguing
strongly for transthiolation and release of HPT-S-enzyme by
cysteine either free in solution or bound to the enzyme but
not adenylated.

DISCUSSION

The studies reported here provide the first enzyme-based
information on the function ofY. pestisYbtE and HMWP2
and establish the role of these proteins in the biosynthesis
of the yersiniae siderophore, yersiniabactin. YbtE and
HMWP2 (residues 1-1491) are responsible for the initiation
and elongation of the left-hand portion of the yersiniabactin
molecule, the hydroxyphenylthiazoline moiety. TheybtEand
irp2 genes (20, 23) encoding these yersiniabactin synthetase
enzymes have been localized to a high pathogenicity island
on the chromosome of pathogenicYersiniaspecies (Y. pestis,
Y. enterocolitica, Y. pseudotuberculosis) (14-17). Numer-
ous studies have correlated the presence of this cluster of
iron regulated genes, particularlyirp2, to the virulence of
Yersiniaspecies (1, 20, 36-42). The production of sidero-
phores has also been correlated with the virulence ofYersinia
species (5, 7, 43), and we demonstrate conclusively here the
biochemical role of YbtE and HMWP2 in the biogenesis of
the yersiniabactin siderophore.

Given the documented relationship of the yersiniabactin
synthetase enzymes to yersiniae virulence, these siderophore-
synthesizing enzymes may represent unexploited targets for
interventional strategies to renderYersiniaavirulent. The
devastating disease plague, caused byY. pestis, is considered
a reemerging disease with increased numbers of cases
reported around the world (18, 44). Even more frightening,
a multidrug resistant strain ofY. pestisbearing a highly
transferable multidrug-resistance plasmid was recently isolated
(44). Y. pestismay not remain universally susceptible to
traditional antibiotic treatment, encouraging the development
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of new methods for its control. The molecular machinery
responsible for synthesizing other siderophores such as
vibriobactin and pyochelin (Scheme 1) will likely resemble
the yersiniabactin synthetase, so antibiotics which target the
yersiniabactin synthetase may also be effective against the
siderophore-synthesizing systems of other pathogenic bacte-
rial species.

The detection of the unusual heterocyclization capacity
of HMWP2 1-1491 provides the first opportunity to

characterize this type of reaction in a nonribosomal peptide
synthetase enzyme. Not only are heterocyclic ring structures
of the thiazole/oxazole group found in other siderophore
molecules (Scheme 1) but they are also found in a broadly
interesting therapeutic class of natural products. These
include the antitumor drugs bleomycin (45) and epothilone
(46), the protein synthesis inhibitor antibiotics thiostrepton
(47) and GE2270A (48), the bacterial cell-wall-directed
topical antibiotic bacitracin A (49), and the DNA gyrase

FIGURE 7: (A) HPLC traces of a time course of HPT-cys formation by YbtE and HMWP2 1-1491 in the presence of the substrates
cysteine (5 mM), salicylate (1 mM) and ATP (10 mM). The major peak at 11.68 min was identified as HPT-cys by both co-injection with
a synthetic standard and high-resolution mass spectrometry. Minor peaks at 6.99 and 12.40 min represent salicylate and HPT-cys-cys,
respectively, as determined by co-injection and mass spectral analysis, respectively. (B) Plot showing the linearity of the time course of
HPT-cys formation shown in A. From this line, akobs of 1 min-1 for HPT-cys formation is calculated. (C) HPLC traces demonstrating the
requirement of YbtE, HMWP2 1-1491, cysteine, and salicylate for HPT-cys formation. (D) HPLC trace of the reaction of YbtE and
HMWP2 1-1491 at low cysteine concentration (0.2 mM) (5 h incubation). Under these conditions, the amount of HPT-COOH formed (kobs
≈ 0.035 min-1) is comparable to the amount of HPT-cys.
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inhibitor microcin B17 (50). The first efforts at deconvo-
luting an enzymatic strategy of peptide heterocyclization have
recently been reported for the microcin B17 synthetase
system (51). Residues of theE. coli peptide antibiotic
microcin A are posttranslationally converted to the four
thiazole and four oxazole rings in the mature antibiotic
microcin B17 catalyzed by the three subunit microcin
synthetase modifying enzyme. Postranslational heterocy-
clization as exemplified by the microcin synthetase represents
one paradigm for the enzymatic generation of heterocyclic
ring structures. The successful purification of an active,
thiazoline-ring-forming HMWP2 enzyme fragment allows
exploration of a second paradigm for heterocycle formation-
cyclodehydration occurring during peptide chain assembly
while the growing chain is covalently tethered to the
phosphopantetheine cofactor of a PCP domain in a multi-
modular peptide synthetase. The strategy elucidated for
yersiniabactin synthesis should have application to the
synthesis of other thiazole-/oxazole-containing nonribosomal
peptide antibiotics such as bacitracin A, bleomycin, and
GE2270A.

Building from an organizational homology of YbtE and
HMWP2 to the recently deciphered enterobactin synthetase
(24, 25) (Figure 1) and the comparable aryl N-capped
peptides which should be produced by these enzymes (2,3-
dihydroxybenzoyl-ser versus 2-hydroxybenzoyl-cys), we
have proven several functions for YbtE and HMWP2 that
validate the architectural and chemical relatedness of the
biosynthetic strategies for enterobactin and yersiniabactin
siderophore biogenesis. First, we have demonstrated that
YbtE is a salicyl-AMP ligase that specifically loads the
N-terminal ArCP domain of HMWP2 with salicylate in
thioester linkage to its Ppant prosthetic group (presumably
at Ser52). This is analogous to the activity of EntE which
adenylates DHB (or salicylate) and then transfers the
dihydroxybenzoyl group to the holo-ArCP domain of EntB
(24). As in enterobactin biosynthesis, loading of an ArCP
domain (HMWP2) with an hydroxybenzoyl group (salicylate)
catalyzed by an AMP-ligase (YbtE) is the initiating step in
siderophore chain growth. YbtE shows two kinds of
specificity which indicate that protein-protein recognition
accompanies this enzyme’s scan for a phosphopantetheinyl
tether thiol terminus prior to donation of the acyl group from
salicyl-AMP. YbtE will neither catalyze salicyl transfer to
the corresponding holo-form of the ArCP domain of EntB
nor detectably salicylate the holo-form of the PCP1 domain
expressed as a 13 kDa fragment from residues 1383-1491
of HMWP2.

HMWP2 also demonstrates considerable organizational
and functional homology toE. coli EntF, the catalyst for
enterobactin elongation by amide and ester bond formation.

The adenylation domain of HMWP2 (residues 545-1382),
assayed using the HMWP2 1-1491 enzyme fragment,
catalyzes the adenylation of cysteine with an efficiency
comparable to that for the adenylation of serine by EntF (52)
and is capable of self-aminoacylation, presumably on the
holo-PCP1 domain as demonstrated by autoradiography to
give a Cys-S-Ppant-PCP1-HMWP2 intermediate. The
comparable Ser-S-Ppant-PCP-EntF intermediate has been
indicated in enterobactin biosynthesis (25). The HMWP2
1-1491 fragment was further shown to carry out this
aminoacylation reaction “in trans”, labeling the purified holo-
PCP1 domain (residues 1383-1491) with [35S]cysteine.
Weak “in trans” labeling of the holo-HMWP2 ArCP domain
indicates the relaxed specificity of this intermolecular ami-
noacylation reaction as opposed to the very specific acylation
reaction catalyzed by the naturally “in trans” YbtE/HMWP2
ArCP system. It should be noted that these experiments are
made possible by the relaxed specificity of theE. coli PPTase
EntD, which is capable of phosphopantetheinylating and thus
making active theY. pestiscarrier protein domains; the
comparableY. pestisPPTase has so far not been discovered.

HMWP2 is a complex and intriguing combination of
scaffold and catalyst, and while much of its catalytic activity
can be predicted on the basis of domain homology to the
enterobactin synthetase, this enzyme offers several unique
features. One can discern in its 2035 length seven domains
by homology to elements found in other nonribosomal
peptide and/or siderophore synthetases (Figure 1). These
include three phosphopantetheinylation sites distributed in
an N-terminal ArCP (Ser52), an internal PCP (Ser1439), and
a C-terminal PCP (Ser1977) domain. On the basis of the
structure of yersiniabactin, both PCP domains are presumably
loaded with cysteine prior to elongation and thiazoline/
thiazolidine formation. However, there is only one adeny-
lation domain located between residues 545-1382 in the
HMWP2 sequence. In typical nonribosomal peptide syn-
thetase organization, each PCP domain is preceded by an
adenylation domain which loads its Ppant cofactor with the
aminoacyl group (31). We propose that in the case of
yersiniabactin biosynthesis, the one cysteine adenylation
domain of HMWP2 loads cysteine onto both PCP1 (as
demonstrated here) and PCP2 as well as a third PCP domain
located in HMWP1 (A. M. G., I. M., C. T. W., R. D. P.,
unpublished observation). Although not discussed further
here, we have been able to demonstrate cysteinylation of
holo-PCP2 catalyzed by HMWP2 1-1491 (A. M. G., I. M.,
C. T. W., unpublished observation). To our knowledge, a
situation in which one adenylation domain loads multiple
PCP domains in cis and in trans is unique to the yersinia-
bactin synthetase.

The single adenylation domain of HMWP2 is also unusual
when compared to other bacterial peptide synthetases in that
it is interrupted between core motifs A8 and A9 (31) by a
340 amino acid insert showing similarity to methyltrans-
ferases. Methyltransferase consensus sequence motifs (32),
particularly motif I (residues 1181-1189), can all be found
in this HMWP2 domain. The fungal enniatin (53, 54) and
cyclosporin (55) synthetases have a similar interruption
between motifs A8 and A9 of some adenylation domains
by anN-methyltransferase domain. The fungalN-methyl-
transferase domains are about 100 aa longer than the
HMWP2 insert, but do show homology to this insert in the

Table 2: Mass Spectral Data ([M+ H]+ Values) Obtained for
Standard Compounds and the HPLC-Purified Products of the
HMWP2 1-1491 Reaction

compound calcd mass (Da)

obs mass
of standard

compound (Da)

obs mass
of HMWP2
product (Da)

salicyl-cysteine 242 (240 for [M- H]-)
HPT-COOH 224 224 224
HPT-cysteine 327.0473 327.0480 327.0460
HPT-cys-cys 430 430
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putative S-adenosylmethionine binding site (motif I). An
X-ray crystal structure of the phenylalanine adenylation
domain of the gramicidin synthetase was recently solved (56)
and shows that the protein is folded into two interacting,
compact subdomains: a large N-terminal lobe and a small
C-terminal lobe. The adenylation core motifs (31) A1-A7
are found on the large lobe while A8-A10 are part of the
small lobe; the putative methyltransferase insert of HMWP2
could be accommodated in this structure. In this study, we
did not assess the functionality of this putative HMWP2
methyltransferase domain. The yersiniabactin structure
shows the presence of three methyl groups in the right-hand
portion of the molecule, and two putative methyltransferase
domains have been noted in HMWP1 (A. M. G., I. M., C.
T. W., unpublished observation).

The two repeated domains (residues 101-544, 1492-
1926) in HMWP2 bear homology to condensation domains
believed to be required for peptide bond formation in the
nonribosomal peptide synthetases, but as discussed below
actually conform most closely, with 44 and 51% homology,
respectively, to the first condensation domain in the BA1
subunit of the bacitracin synthetase that has been postulated
to be the site of thiazoline ring formation between Ile1 and
Cys2 in that growing antibiotic chain (33). The studies
reported here using the 170 kDa fragment ofY. pestis
HMWP2 (1-1491) provide the first experimental evidence
for the function of this domain in heterocycle formation.

Using the HMWP2 1-1491 enzyme fragment, containing
this putative heterocyclization domain as well as an ArCP
and a PCP domain, we expected to form stoichiometric
amounts of a hydroxyphenylthiazolinylcarbonyl-S-Ppant-
PCP1-HMWP2 intermediate upon incubation with YbtE,
salicylate, cysteine, and ATP (Figure 8). To observe this
intermediate, we tried mild base hydrolysis as a means of
breaking the acyl-thioester linkage and cleaving this inter-
mediate from the enzyme to facilitate its identification by
HPLC and mass spectrometry. The gratifying but initially
surprising result was thatcatalytic amounts of either the
heterocyclized HPT-COOH or HPT-cysteine, depending on
the cysteine concentration used in the assay, were produced
in a YbtE- and HMWP2-dependent manner. The observation
that both HPT-COOH and HPT-cys are released from
HMWP2 indicates that either H2O or cysteine can serve as
the nucleophile for cleavage of the presumed hydroxyphe-
nylthiazoline-thioester intermediate from the PCP1 domain
of HMWP2 (Figure 8). The preponderant capture of the
intermediate by cysteine when its concentration in the assay
is high could be due to competition between direct aminolysis
versus hydrolysis, or it could reflect initial thiolysis to an
HPT-S-cysteine in solution which then undergoes acyl-S to
-N shift. The cysteine nucleophile does not come from
cysteinyl-AMP as indicated by incubations carried out in
H2

18O. The uncyclized salicyl-cysteine intermediate was not
observed, demonstrating the efficiency of the cyclodehydra-
tion reaction under the conditions used. Thekobsof 1 min-1

for HPT-cys formation corresponds to hundreds of turnovers
over the time period examined and sets a lower limit to the
rate of enzyme-mediated condensation/heterocyclization. The
stability of salicyl-cysteine has been examined, and at neutral
pH there is no detectable thiazoline formation; conversely,
HPT-COOH is stable for at least 3 days at neutral pH and
has a half-life of 32 h at pH 2.5 (29). Thus, it is likely that

the cyclization effected by the HMWP2 fragment is indeed
enzyme-catalyzed and a special property of the unusual
condensation/cyclization domain.

As described in Figure 8, the hydroxyphenylthiazoline
intermediate could be formed through either a thioester or
amide-bond linked intermediate by the attack of Cys-S-PCP1
onto salicyl-S-ArCP. Although the amide-bond formation
route (pathway B of Figure 8) with the amino group of
cysteine serving as the nucleophile is what one would expect
based on the typical condensation domain precedent (31),
the alternate route by pathway A, with the cysteine side chain
thiolate anion as the attacking nucleophile also merits
consideration. This pathway would not yield the amide
salicyl-cysteine-S-PCP1-enzyme as intermediate but rather
the acyl thioester salicyl-S-cys-S-PCP1-enzyme (a tandem

FIGURE 8: Proposed mechanism for the formation of HPT-COOH
and HPT-cys catalyzed by HMWP2 1-1491. The holo-HMWP2
1-1491 fragment is covalently acylated with salicylate by YbtE
on the ArCP domain and autoaminoacylated with cysteine on the
PCP1 domain. The cysteine residue may attack the thioester linkage
of the salicyl-Ppant-ArCP species using either its thio (pathway
A) or amino (pathway B) groups as nucleophiles. In either case,
heterocyclization gives the HPT-Ppant-PCP1 covalent species.
Product may be released either by hydrolysis of the thioester linkage
with water to give HPT-COOH or by nucleophilic attack of free
cysteine giving the HPT-cys species.
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thioester pair) by a transthiolation reaction. Heterocycliza-
tion from pathway A would then be the first half of an acyl-S
to -N shift, with dehydration of the thiohemiaminal to yield
the thiazolinewithout eVer forming the amide. The 2-hy-
droxyaryl thiazolines are known to be stabilized electronically
and by intramolecular H-bonding from phenolic OH to
thiazoline (57), so ring opening to the amide would be
slowed. This alternate pathway (A) could account for the
sequence motif differences of the condensation/cyclization
domains in HMWP2 as compared to the typical nonribosomal
peptide synthetase condensation domain (Table 3). The
sequence HHxxxDG (core motif 3) (31) has been identified
as critical for amide-bond formation by sequence analysis
(58) as well as mutational study (59, 60). The second
histidine is believed to serve as a base catalyst for deproto-
nation of the NH3

+ form of the aminoacyl-S-PCP nucleo-
philes prior to amide bond formation (58), and its mutation
to valine abolishes dipeptide formation in vitro in a grami-
cidin S/tyrocidine synthetase system (59). The Bacillus
licheniformisbacitracin synthetase,YersiniaHMWP2 and
HMWP1, and theV. anguillarumAngR protein involved in
anguibactin biosynthesis, all enzymes catalyzing biosynthesis
of a product containing thiazoline rings, retain only the
conserved aspartate residue of the HHxxxDG motif (Table
3). An open reading frame inMycobacterium tuberculosis
(MTCY22H8.02) has also been noted with a similar core 3
sequence (33) (Table 3), and its gene product is presumed
to be involved in the biosynthesis of mycobactin (L. Quadri,
P. Weinreb, C. T. W., unpublished observations), an oxazo-
line-containing siderophore (61). For heterocyclization by
pathway A (Figure 8), the attacking nucleophile would not
be anR-amino group but rather the thiolate or alkoxide side
chain of cysteine, serine, or threonine-S enzymes. The
conserved aspartate and serine residues in the cyclization
domains (Table 3) are candidates for mutagenesis to deter-
mine whether amide bond formation and/or cyclodehydration
steps are differentially affected in an attempt to distinguish
between pathways A and B of Figure 8.

Demonstration of the heterocyclization capacity of HM-
WP2 1-1491, the first for a nonribosomal peptide synthetase
enzyme, supports the hypothesis of Konz et al. (33) who
described a putative thiazoline-ring forming domain in the
bacitracin synthetase. By extension, we anticipate that the

second condensation/cyclization domain of HMWP2 (resi-
dues 1492-1926) will have the same catalytic properties,
adding a second thiazoline ring to the yersiniabactin precursor
and giving HPTT-COOH. HMWP1, whose sequence is
reported for Y. enterocolitica (23), contains polyketide
synthase domains as well as one more cyclization/condensa-
tion domain and would presumably be responsible for the
synthesis of the remainder of yersiniabactin from malonyl
coenzyme A, S-adenosylmethionine, and an additional cys-
teine residue. Having demonstrated the capacity of HMWP2
1-1491 to adenylate cysteine, to be loaded on its carrier
protein domains with salicylate and cysteine, and to catalyze
condensation/heterocyclization to give HPT-COOH, we are
poised to address the functions of the remainder of HMWP2
as well as HMWP1. This enzymology, once deconvoluted,
may be a prime target for antiyersinial strategies in antibiotic
discovery and more generally for blockade of other thiazoline
and oxazoline-containing siderophores that are virulence
factors in, for example,Vibrio species (anguibactin, vibrio-
bactin) andP. aeruginosa(pyochelin) (3). Likewise, the
biogenesis of heterocyclic-containing nonribosomal peptide
antibiotics such as bacitracin and bleomycin probably employ
an equivalent enzymatic strategy for heterocycle construction.
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