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Iron acquisition in plague: modular logic in enzymatic biogenesis

of yersiniabactin by Yersinia pestis

Amy M Gehring"*, Edward DeMoli2, Jacqueline D Fetherston?, Ichiro Mori'?,
George F Mayhew?3, Frederick R Blattner3, Christopher T Walsh'

and Robert D Perry?

Background: Virulence in the pathogenic bacterium Yersinia pestis, causative
agent of bubonic plague, has been correlated with the biosynthesis and
transport of an iron-chelating siderophore, yersiniabactin, which is induced
under iron-starvation conditions. Initial DNA sequencing suggested that this
system is highly conserved among the pathogenic Yersinia. Yersiniabactin
contains a phenolic group and three five-membered thiazole heterocycles that
serve as iron ligands.

Results: The entire Y. pestis yersiniabactin region has been sequenced.
Sequence analysis of yersiniabactin biosynthetic regions (irp2-ybtE and ybtS)
reveals a strategy for siderophore production using a mixed polyketide synthase/
nonribosomal peptide synthetase complex formed between HMWP1 and
HMWP2 (encoded by irp7 and irp2). The complex contains 16 domains, five of
them variants of phosphopantetheine-modified peptidyl carrier protein or acyl
carrier protein domains. HMWP1 and HMWP2 also contain methyltransferase
and heterocyclization domains. Mutating ybtS revealed that this gene encodes a
protein essential for yersiniabactin synthesis.

Conclusions: The HMWP1 and HMWP2 domain organization suggests that
the yersiniabactin siderophore is assembled in a modular fashion, in which a
series of covalent intermediates are passed from the amino terminus of
HMWRP?2 to the carboxyl terminus of HMWP1. Biosynthetic labeling studies
indicate that the three yersiniabactin methyl moieties are donated by
S-adenosylmethionine and that the linker between the thiazoline and thiazolidine
rings is derived from malonyl-CoA. The salicylate moiety is probably synthesized
using the aromatic amino-acid biosynthetic pathway, the final step of which
converts chorismate to salicylate. YbtS might be necessary for converting
chorismate to salicylate.
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Introduction

Nearly all free living organisms need iron for growth.
Many microbes have carefully orchestrated strategies for
the regulated expression of genes that code for the biosyn-
thesis of siderophores, small molecular mass compounds
with enormous avidity for ferric iron (Fe3+), and for pro-
teins involved in the specific uptake of the iron-loaded
siderophore [1-3]. In vertebrate hosts where iron is scarce
due to chelation by host proteins [4,5], microbial
siderophore genes are turned on and contribute to the vir-
ulence of numerous bacteria including Yersinia pestis {6,7],
Vibrio cholerae [8] and Pseudomonas aeruginosa (9,10}, the
causative agents of plague, cholerae and cystic fibrosis-
assoclated respiratory disease, respectively. Siderophores
are typically small water-soluble molecules that present a
constellation of functional groups with avidity for ferric
iron coordination such that the aggregate affinity makes

the ferric siderophore thermodynamically favored over any
host protein-coordination sites. For c¢xample, the
Escherichia eoli siderophore enterobactin is particularly suc-
cessful in this design: with an estimated K, of 10752 M for
iron binding [11] it can wrest ferric ions from any locus.

Siderophores are often fashioned from small peptides. The
peptides can be N-hydroxylated to vield NHOH ligands for
iron (c.g., the AN-hydroxyornithines in the K. ol
siderophore aerobactin) andfor N-acylated with salicyl or
2,3-dihydroxbenzoyl groups to provide acidic phenolic
oxygen ligands (e.g., the E. /i siderophore enterobactin)
[12]. A third class of iron-coordination sites in peptidic
ligands is created by the cyclization of serine, threonine or
cysteine sidechains on the upstream amide carbonyl to
yield oxazoline and thiazoline five-membered rings with a
now basic imine nitrogen to coordinate the mertal cation.
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Structures of yersiniabactin and other microbial thiazoline/oxazoline-
containing siderophores. Hydroxyphenyl, thiazoline/thiazolidine and
oxazoline moieties of each siderophore are shown in blue, orange and
green, respectively.

Examples include anguibactin from the fish pathogen
Vibrio anguillaram {13], acinetobactin from Acinetobacter bau-
manni [14], pyochelin from P. aeruginosa [15], vibriobactin
from V. cholerae [16] and yersiniabactin (Ybt) from Y. pestis
and Y, enterocolitica ([17,18], R.D.P., P.B. Balbo, H.A. Jones,
J.D.F. and E.D., unpublished observations; Figure 1). Ybt,
pyochelin and vibriobactin utilize the phenol and thiazo-
linefoxazoline strategies, whereas acinetobactin and
anguibactin use all three (catechol, thiazoline/oxazoline,
N-hydroxylation) to create Fe3*-binding sites.

Ybt is of particular interest both for its relationship to
Yersinia virulence and for its intriguing structure. The high
virulence of Y. pestis and Y. enterocolitica strains in infected
animals requires the high-pathogenicity island that
encodes the Ybt biogenesis and transport genes [6,19-25].
Ybt, an intriguing small-molecule natural product of
mixed polyketide/polypeptide origin [17,18], has a high
affinity for ferric ions (Kp, of 4 x 10-36) with no significant
binding of ferrous ions (R.D.P., P.B. Balbo, H.A. Jones,
J.D.F. and E.D., unpublished observations). Ybt is a
peptide incorporating three cysteines that have been
cyclized to five-membered ring heterocycles, the first and
third at the dihydrooxidation state and the second at the
tetrahydrooxidation state. The enzymatic logic for cycliza-
tion of cysteine and serine moicties into thiazolines and
oxazolines in both siderophore and nonribosomal peptide
antibiotic biosynthesis has been opaque until now. The

Ybt peptide chain is initiated with an aryl N-cap, derived
biosynthetically from salicylate. The second and third cys-
teine moieties, the thiazolidine and second thiazoline, are
interrupted by a branched four-carbon insert, which sug-
gests a polyketide synthase strategy has been at work. We
have recently validated that YbtE, expressed in and puri-
fied from E. co/s, initiates siderophore construction by acti-
vating salicylate as the salicyl-AMP mixed anhydride and
transferring the salicyl group covalently onto the amino
terminus of HMWP2 [26]. In addition, we have demon-
strated that an amino-terminal fragment of HMWP2
adenylates cysteine and forms a heterocyclic hydroxy-
phenyl thiazoline product [26].

The sequences of several genes encoding putative and
proven Ybt biosynthetic genes have been reported for
Y. pestis and Y. enterocolitica 6,27,28]. We have now com-
pleted sequencing of the Ybt region in the plague organism
Y. pestis KIM6+ (Figure 2). As anticipated from previous
sequencing results and studies indicating cross-functional-
ity of the Ybt system among the highly pathogenic Yersinia
[6,21,23,24,27,28], there is a very high degree of similarity
between the irp2, irpl, ybrU, ybeT, yotE and psn sequences
of Y. pestis and Y. enterocolitica. We focus our attention here
on the Y. pestis Ybt biosynthetic regions — irp2—yb¢T and
9618, Genetic and sequence evidence suggests that YbtS is
required for salicylate synthesis. Sequencing of i7p7, encod-
ing a 3,163 residue, 349 kDa HMWP1 polypeptide, and
irp2, encoding a 2,035 residue, 229 kIDa HMWPZ polypep-
tide, permits a dissection of the logic for the initiation,
elongation and termination steps in the multidomainal
enzymes of Ybt assembly. HMWP2 and HMWP1 together
provide the modular assembly line for Ybt elongation, with
seven and nine domains respectively, discernible by
homology to domains of known function in other nonribo-
somal peptide synthetases and polyketide synthases.
These 16 functions give considerable insight into the
timing of biochemical transformations, the location of inter-
mediates attached to and elongated along the length of
these two enzymes, as well as the mechanism of both C-C
bond-forming and heterocyclic-ring-forming reactions.

Results and discussion

Sequence analysis of the Ybt region

We have sequenced a region of the pgm locus of Y. pestis
KIM6+ [29,30] that encompasses the entire high-patho-
genicity island, which encodes the Ybt system (GenBank
accession # YB'T AF091251). Features of the high-patho-
genicity island unrelated to the Ybt system are noted in the
database entry; analyses presented here include only Ybt-
related genes. Although we present the entire gene
sequence from y&£S to psn (Figure 2), several of these
Y. pestis KIM6+ genes have been sequenced and described
previously. YbtA is an AraC-like regulator that activates
expression from promoters for psz, izp2 and ybtP and
represses expression of its own promoter. In addition, all
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Genetic organization of the Ybt biosynthetic,
regutatory, and transport operons. Numbering
corresponds to nucleotide numbers with 1

being the last nucleotide in the open reading
frame of ybtS. Numbering associated with

ybtA, irp2, irp1, ybtU, ybtT, ybtE and psn
correspond to the start of each gene whereas

that with ybtS, ybtX, ybtQ, ybtP and psn =
correspond to the stops in each gene. For : Pred'igd) e | Function
Psn, predicted masses and pl values were Protein (gene) 3 : :
calculated for the unprocessed and YbtS 47,990 5.54 Sah(;y\ate
processed forms of the polypeptide. The table e
gives relevant features of each protein YbtX 44,781 10.32 Unknown
encoded within this region. Ybt uptake;
YbtQ 66,468 6.75 IM permease
Ybt uptake;
YbtP 66,289 1012 IM permease
AraC-like
YbtA 35,865 8.1 regulator
: Ybt peptide
HMWP2 (irp2) 228,666 5.73 synthetase
Ybt peptide/
HMWP1 (irp1) 348,820 5.29 polyketide i
synthetase |
YbtU 40,915 6.35 Unknown |
Unknown;
YbtT 29,752 5.80 thioesterase
Salicyl-AMP
YbtE 57,227 5.16 ligase
Ybt and pesticin
Psn 73,786/71,476 5.35/5.11 receptor
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four promoter regions possess ferric uptake regulation
(Fur)-binding sites and iron and Fur regulation of each
operon has been observed ([6,23,31] J.D.F., V.J. Bertolino
and R.D.P., unpublished observations). Psn is the outer
membrane receptor for Ybt and the bacteriocin pesticin
that is required for utilization of Ybt [23]. YbtP and YbtQ
are inner-membrane permeases that appear to be required
for utilization of Ybt and transport of iron. YbtX is a highly
hydrophobic protein with 9-11 potential transmembrane
domains; its role in Ybt synthesis, transport, or regulation
has not been established. We have used the second of two
possible methionine start sites for YbtX, because the first
overlaps y6rQ) by 116 nucleotides, whereas the second
methionine has an overlap, with y#Q, of only eight
nucleotides (J.D.F., V.J. Bertolino and R.D.P., unpub-
lished observations). The role of YbtE, a homolog of EntE
from E. co/i, in Ybt synthesis has been demonstrated genet-
ically and biochemically [6,26]. YbtT possesses a
thioesterase-like domain; the two gene products most
closely related to YbtT are AngT and NrpT. AngT is
encoded in the anguibactin biosynthetic region of V. anguil-
larum [32] and shows 39% identity and 59% similarity at

the predicted amino-acid level to Ybt'l'. The second gene,
nrpT, encoded within a Proteus mirabilis locus required for
swarm-cell differentiation [33], has 44% identity and 57%
similarity to YbtT. The relevance of Ybt'T to the Ybt
system has not been demonstrated. Like YbtT, YbtU is
encoded within the apparent irp2—yérk operon (Figure 2)
[6]. Although this suggests that Ybtl! is involved in Ybt
synthesis, transport or regulation, its function is undeter-
mined. It is intriguing that #7pl/, another gene in the
P. mirabilis swarm-cell locus [33], has 43% identicy and
64% similarity to the predicted amino-acid sequence of
YbtU. No other nonyersinial genes currently in the data-
base show significant similarity to yhr(’,

A number of the Ybt genes in Y. enterocolitica have been
sequenced — irp2, irpl, irp3 (yorl), irp4 (ybrT), irpS( yotE)
and fyuA (psn). Comparison of the deduced amino-acid
sequences of these genes from Y. enterocolitica and Y. pestis
KIM6+ shows =98% identity [6,23,24,27,28]. The Ybt
systems distributed among the pathogenic yersiniac are
therefore nearly identical. This report focuses on y&£S, irpl
and irp2, which are considered in detail below.
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Figure 3
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Cysteine incorporation into Ybt

Both the structure of Ybt ([17,18], R.D.P., P.B. Balbo, H.A.
Jones, J.D.F. and E.D., unpublished observations) and the
organization of catalytic domains within HMWP1 and
HMWP2 (see below) suggest that three cysteines are
incorporated into Ybt. We used matrix-assisted laser des-
orption/ionization (MALDI) mass analysis of purified Ybt
to experimentally demonstrate this. MALDI mass analysis
of purified Ybt from cultures without stable isotope

supplementation yielded a spectrum with the major ion
intensity at m/z 535.035, consistent with the formula
C,1H,5N;0,S;Fer (Figure 3c¢). This ion is that of the intact
molecular ion form of iron-bound Ybt. Because of its high
relative intensity, the isotope cluster derived from this ion
was used for stable-isotope incorporation determinations.
When cultures were grown in a deferrated, defined
medium, PMH, containing 75 UM L-[3,3,3",3-2H]cystine
(98 atom % 2H), the mass spectrum of Ybt—Fe* showed a
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Alignment of predicted amino-acid sequences
of YbtS and PchA. Numbering corresponds to ¥bts
YbtS amino-acid residues. Identical amino BohR
acids (in red) and conserved residues {in
blue) are shown as asterisks and dots,

respectively, on a consensus line below the Yb_tlf
aligned sequences. FeRA,
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clearly significant enhancement of the M*+2, M+*+4, and
M~++6 ion intensities (Figure 3b) compared to those scen in
the natural abundance mass spectrum of Ybt. These results
confirm that three cysteine molecules are incorporated into
the Ybt molecule.

Biosynthesis of salicylic acid

Y51S encodes a 434 amino-acid residue protein with a pl of
5.54 and a molecular mass of 47.99 kDa. The intergenic
region between the start codon of y&£§ and the stop codon
of y6rX is 27 nucleotides. Sequence analysis suggests that
901§ 1s transcribed as part of a putative yorPQXS operon. A
BLAST search [34] indicates a high degree of similarity of
YbtS to anthranilate synthase component I from a number
of different organisms. To a lesser, but still highly signifi-
cant degree, YbtS also shows similarities to para-aminoben-
zoate synthases and isochorismate synthases. In E. co/,
anthranilate synthase is part of the aromatic amino-acid
biosynthetic pathway required for tryptophan synthesis.
Because Y. pestis Apgm mutants, which have deleted 102 kb
of chromosomal DNA in which the Ybt region is encoded
[29,30], are not tryptophan auxotrophs (R.D.P., unpub-
lished observations), however, YbtS is not required for
tryptophan synthesis. A portion of the aromatic amino-acid

biosynthetic pathway appears to be required for synthesis
of Ybt because an ar0A mutation in Y. enterocolttica did not
secrete a chrome azurol S-reactive compound [35]. PchA,
an isochorismate synthase of P. aeruginosa, is involved in
biosynthesis of the siderophore pyochelin [36,37] and has
the highest similarity to YbtS of the isochorismate syn-
thases in the database (Figure 4). Serino & 4/ [36] con-
cluded that, in P. aeruginosa, PchA converts chorismate to
isochorismate whereas PchB converts isochorismate to sali-
cylate. If YbtS catalyzes the same biochemical reaction as
PchA, a PchB homolog should be essential for Ybt synthe-
sis. Sequence analysis failed to identify a Y. pestis homolog
of PchB anywhere within the high pathogenicity island
encoding the yé&r region (GenBank accession # YBT
AF091251. Consequently, either a PchB homolog is
encoded outside the pathogenicity island that encodes all
other biosynthetic genes or YbtS catalyzes the conversion
of chorismate directly to salicylate.

To support the hypothesis that the salicvlate moiety in
Ybt (Figure 1) is from the aromatic amino-acid biosyn-
thetic pathway, we followed the incorporation of 3C from
D-[1-13Clglucose into the Ybt molecule. In this experi-
ment, 75 UM natural abundance cystine was also included
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Proposed origin of salicylate as a branching of the aromatic amino-
acid biosynthetic pathway. An asterisk indicates the 13C label that
originated in b-[1-13Clglucose. Enzymes are indicated as follows:
1, 3-deoxy-D-arabino-heptulosonate-7-phosphate synthase;

2, 5-dehydroquinate synthase; 3, 5-dehydroquinate dehydratase;
4, shikimate dehydrogenase; 5, shikimate kinase;

6, 3-enclpyruvylshikimate-5-phosphate synthase; 7, chorismate
synthase; 8, Y. pestis YbtS enzyme or enzymes.

in deferrated PMH medium; the presence of the cystine
and the 1 mM methionine already in PMH medium pre-
cluded nonspecific incorporation of 3G into any of the
atoms derived from those two amino acids. The results
show that essentially no general incorporation of *C was
_seen (data not shown). The amount of 13C incorporation
into Ybt corresponded with labeling of a single carbon
atom of salicylate. This is consistent with the 1-carbon of
glucose being incorporated into the carboxyl carbon of sal-
icylate, as one would expect if salicylate is derived from
chorismate in a branching off of the aromatic amino-acid
biosynthetic pathway (Figure 5).

To test whether YbtS is required for Ybt synthesis, we con-
structed a mutation in the y&2§ gene. Y. pestis KIM6-2070.1
(yrS::kan2070.1) was unable to grow on PHM-S plates,
indicating a defect in the Ybt system. Cell-free culture

supernatants from iron-starved KIM6-2070.1 cells did not
support the growth of Y. pestis KIM6-2046.1, a strain unable
to synthesize Ybt due to a mutation in #p2. Thus
KIM6-2070.1 is defective in synthesis and/or secretion of
Ybt. These results and the sequence of YbtS suggest it is
either an isochorismate synthase or a salicylate synthase.

HMWP2: a nonribosomal peptide synthetase with two
heterocyclization domains

HMWP2, a 2035 amino-acid protein with a molecular mass
of 229 kDa, shows a size and organization typical of nonri-
bosomal peptide synthetases [38] with some intriguing
variations. Seven domains are detectable in HMWP2
(Figure 6): an aryl carrier protein (ArCP) domain, residues
1-100; a bond-forming condensation domain with hetero-
cyclization capacity C1’, residues 101-544; an adenylation
(A) domain, residues 545-1382 interrupted starting at
residue 1011 by the fourth domain (337 amino acids) with
homology to cyclosporin synthetase methyltransferase
(MT) domains; a second carrier protein domain at residues
1383-1491, designated peptidyl carrier protein 1 (PCP1); a
second condensation/heterocyclization (C’) domain C2’,
residues 1492-1926 and, finally, a third carrier protein
domain designated PCP2, at the carboxyl terminus of
HMWP2, residues 1927-2035.

Key to an understanding of the mechanism of Ybt synthe-
sis is the proof that the three 80-100 amino-acid carrier
protein domains predicted in HMWP2 are sites of cova-
lent post-translational phosphopantetheinylation (Ser52 in
ArCP, Ser1439 in PCP1 and Ser1977 in PCP2). ‘This phos-
phopantetheinylation was recently demonstrated by the
expression and purification of approximately 100-residue
fragments of ArCP and PCP1 in K. co/i, followed by their
successful covalent modification with tritiated CoASH in
the presence of the serine-residue-specific phosphopan-
tetheinyl transferase (PPTase) EntD [39] from E. co/i [26].
As demonstrated in Figure 7, the purified PCPZ fragment
(residues 1927-2035) of HMWP?2 is likewise modified
with [*H]-phosphopantetheine (Ppant) in the presence of
EntD. This establishes these three modified serine
residues, with their 20 A long phosphopantetheinyl termi-
nal thiols, as ‘way stations’ for tethering the growing
siderophore chain as it progresses down HMWP2. The
ArCP and the two PCP domains are indeed differentiated
functionally. The ArCP is efficiently acylated with salicyl-
AMP by YbtE to initiate siderophore assembly whereas
ArCP is only weakly aminoacylated by cysteine and the
HMWP2 A domain (Figure 8) [26]. Instead, the A domain
of HMWP?2 (assayed as the HMWP2 1-1491 fragment)
shows specificity for cysteine activation and then will
transfer the cysteine group from cysteine-AMP to both
PCP1 [26] and, as demonstrated here, PCP2 when pre-
sented as separate fragments in frans (Figure 8). Thus as
shown in Figure 9, the salicyl group and the two cysteinyl
groups are covalently deployed as thiolesters to the Ppant
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Domain organization of the HMWP2 and
HMWP1 subunits of the Ybt synthetase. The
seven-domain HMWP2 is organized similarly
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thiazolidine rings (presumably by action of the
C’ domains} are shown in orange, the groups
incorporated or modified by action of the
polyketide synthase active sites are shown in
green, and the methyl groups (presumably

incorporated by the action of the MT domains)
are shown in brown. ArCP, aryl carrier protein;
C’, condensation/cyclization; A, adenylation;
MT, methyltransferase; PCP, peptidyl carrier

protein; KS, f-ketoacylsynthase; AT,
acyltransferase; KR, B-ketoreductase; ACP,
acyl carrier protein; TE, thioesterase.

termini with the regioselectivity expressed in the buildup
of hydroxyphenyl-thiazoline—thiazolidine to vyield the
‘left-hand’ side of Ybt.

It has been demonstrated previously that the condensa-
tion/heterocyclization domain (C1°) can fulfil its expected
role in the 1-1491 fragment of HMWP2 — the hydrox-
yphenylthiazoline carboxylic acid was found after hydroly-
sis of the presumed acyl-S-Ppant-Ser1439 enzyme species
{26]. This result established that the C1’ domain is likely a
thiazoline-forming catalyst (Figure 9). The condensa-
tion/heterocyclization domain C2° of HMWP2 is pre-
sumed to take the hydroxyphenylthiazoline-S-PCP1, 1,
condense it with Cys—S-PCP2 and then cyclize it to yield
the hydroxyphenylthiazoline~thiazoline~-S-PCP2  acyl
enzyme intermediate, 2, at the carboxyl terminus
(Ser1977) of HMWP2 (Figure 9). The growing
siderophore chain starts as the thioester on the initiating
Ppant of the amino-terminal ArCP (Ser52) domain and
then moves (via PCP1) with two bond-forming/thiazoline-
forming steps to the carboxyl terminus of HMWP2, teth-
ered on PCP2 (Figure 9), where 2 presumably will be
handed off to a partner HMWPI1 subunit in a hetero-
oligomeric complex. The C1” and C2° domains in
HMWP2 cluster in a subset of condensation domains in
the nonribosomal peptide synthetase families, a subset
found in the Bacillus licheniformis bacitracin synthetase that
also conducts cysteine heterocyclization attendant to
peptide-bond formation [40]. Residues shared by these
heterocyclizing condensation domains are good candidates
for structure—function mutagenesis studies to attempt
uncoupling of the condensation and heterocyclization

process, and for domain swaps in combinatorial biosynthe-
sis to attempt designed heterocyclization of peptide moi-
eties at specific cysteine or serine residues.

In addition to the remarkable cysteine-heterocyclization
activity of HMWP2, the arrangement of the PCP1 and
PCP2 domains is novel. Heretofore PCP domains cova-
lently loaded with an aminoacyl fragment have been
immediately downstream in the primary sequence of the
aminoacyl-AMP-generating adenylation domains [38]. The
three-dimensional architecture of HMWP2 must allow a
close approach of both PCP1 and PCP2 1o the A domain. as
there 1s catalytic specificity imposed — the cysteine~AMP
is not just a chemically reactive aminoacvlating species
fired off into the microenvirons by the A domain.

HMWP1: a mixed polyketide synthase/nonribosomal
polypeptide synthetase with heterocyclization capacity
Primary sequence analysis of the Y. pestis irpl gene encod-
ing HMWP1 reveals nine discernible domains in its 3163
amino-acid residues. The Y. pesris HMWP1 and the
recently reported Y. enterocolitica 3161-residue HMWP1
[28] are highly related (97.9% identical). In their analysis
of Y. enterocolitica irpl, Pelludat er a/. (28] noted only
homology to ketosynthase active sites of fatty acid syn-
thases and polyketide synthases, as well as some general
homology in the carboxy-terminal half of HMWP1 to
regions of HMWP?2.

Here we analyze the putative functions of all nine of
the domains that account for the full sequence of Y. pestis
HMWP1. This megasynthetase, probably acting to
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Demonstration of the phosphopantetheinylation of the Ybt synthetase
ArCP and PCP domains dependent on E. coli EntD. (a) Coomassie-
stained gel (15%) of TCA-precipitated reaction mixtures.

(b) Autoradiograph of this gel. All reaction mixtures contained
[3BH]CoASH (150 uM, 192 Ci/mol) and an apo-carrier protein domain
substrate (6 uM). The PPTase enzyme EntD (800 nM) was added to
reaction mixtures as indicated. Lane 1, ArCP and EntD; lane 2, PCP1
and EntD; lane M, molecular weight markers; lane 3, PCP2; lane 4,
PCP2 and EntD; lane 5, PCP3; lane 6, PCP3 and EntD.
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Demonstration of the ATP-dependent covalent loading of the Ybt
synthetase PCP domains with [38S]-L-cysteine. (a) Coomassie-stained
gel of TCA-precipitated reaction mixtures (4—20%). (b) Autoradiograph
of this gel. All reaction mixtures contained [35S]-L-cysteine (0.7 mM,
285 Ci/mol), apo-HMWP2 1-1491 (1 uM) and a carrier protein domain
substrate (15 uM). In the reactions shown in the odd-numbered lanes,
ATP was omitted, whereas ATP was included in the even-numbered
lanes (3 mM). Lanes 1 and 2, holo-ArCP; lanes 3 and 4, holo-PCP1;
lanes 5 and 6, apo-PCP2; lanes 7 and 8, apo-PCP3; lane M, molecular
weight markers. When apo-proteins were used as cysteinylation
substrates (PCP2 and PCP3), CoASH and the PPTase EntD were
included in the reaction mixture to allow generation of the holo-protein.

introduce the branched isobutyryl-alcohol linker and the
last thiazoline moiety in Ybt assembly, looks to be orga-
nized as a polyketide/fatty acid synthase in its first 1895
residues and then as a modified peptide synthetase for
residues 1896-3163. It notably lacks any semblance of an
A domain (Figure 6). There are two discernible consensus
serine phosphopantetheinylation sites, at Serl1853 and
Ser2858, bringing the total of carrier protein domains in
HMWP2 and HMWP1 together to five. The sequence at
Ser1853 looks like a canonical acyl carrier protein (ACP)
domain and is positioned as one would find it in a fatty
acid or polyketide synthase [41]. The Ser2858 sequence
fits the PCP motif [38] and so is designated PCP3, consis-
tent with the need to activate a third cysteine molecule in
the late stages of Ybt formation.

A mixed polyketide synthase/nonribosomal peptide syn-
thetase organization is not unique to the yersiniabactin syn-
thetase (HMWP1 and HMWP2). A strkingly similar

example, NrpS, has recently been uncovered in a
P. mirabilis locus required for swarm-cell differentiation
[33]. The NrpS mixed synthetase is arranged like the
carboxy-terminal  portion of HMWP1 — containing
B-ketoreductase (KR), ACP, C’, PCP, and thioesterase (TE)
domains (Figure 6). The amino-terminal portion of NrpS
lacks the B-ketoacylsynthase (KS), acyl transferase (AT),
and MT domains of HMWP1 (Figure 6), however, and
instead has a short sequence with similarity to a B. subtilis

_polyketide synthase [33]. We would therefore expect that

the product of the NrpS synthetase, which is presumably
the final component of a synthetase complex, to resemble
the right-hand portion of Ybt with a polyketide linker joined
to a methylated thiazoline or oxazoline ring. It is clear from
the NrpS example that features of the Ybt synthetase which
initially seemed unique (e.g., use of a single adenylation
domain to load multiple, nonadjacent PCP domains) are
likely to be more widespread and will be uncovered as more
bacterial genes and genomes are sequenced.



The provisional assignment of ACP and PCP3 function
accords with the multidomain synthase logic that the
placement of domains dictates the order of transformations
in the growing natural product acyl chain [38]. To validate
experimentally the function of the putative PCP3, we
have overproduced residues 2808-2912 of HMWPI as a
carboxy-terminal hexahistidine-tagged fusion in E. co/i and
have purified this fragment. As shown in Figure 7, the apo-
PCP3 fragment is converted to its phosphopantetheiny-
lated holo form upon incubation with pure E. ¢co/i EntD
PPTase and tritiated CoASH. Furthermore, when holo-
PCP3 was then incubated with pure HMWPZ 1-1491 frag-
ment, ATP and [%S]-cysteine, the radiolabel was
specifically  transferred to  vyield cysteinyl-S-PCP3
(Figure 8). These results validate two key predictions: that
PCP3 is a way station for loading the third cysteinyl pre-
cursor of yersiniabactin and that the cysteine-specific A
domain of HMWP?2 can recognize PCP3 in frans.

The amino-terminal half of HMWP1 as a polyketide
synthase array

The first 1895 of the 3163 residues of HMWP1, which
contain a predicted KS domain (residues 1-490), AT
domain (residues 491-940) and KR domain (residues
1430-1812) just upstream of the ACP domain (residues
1813-1895), are prototypic for a coordinated fatey acid syn-
thase/polyketide synthase module (Figure 6) [41]. These
catalysts could take an acyl CoA (e.g., malonyl CoA),
transfer it onto a serine residue (e.g., Ser641) of the AT
domain, and then carry out an acyl O—S shift onto the ter-
minal thiol of the Ppant moiety of the ACP domain (e.g.,
Ser1853). Decarboxylation under the influence of the KS
domain would vield a B-carbanion to act as nucleophile in
a C-C bond-forming step. Indeed, the results of the
D-[1-13C]glucose labeling experiment that show incorpora-
tion of only a single atom of *C into both the intact
Ybt-Fe molecule, as well as an m/z 295 fragment, are con-
sistent with incorporation from a malonyl group because
decarboxylation of the malonyl moiety would remove the
BC-labeled malonyl carboxyl group. Additionally, the 2-
and 3-carbons of the malonyl moiety would not be labeled
with BC from D-[1-13C]glucose. We would therefore not
expect to see any '3C incorporation from malonyl-CoA
into Ybt, again consistent with our results.

The C2 acetyl-S-ACP carbanion formed by the polyketide
synthase activities of HMWP1 could then attack the
hydroxyphenyl bisthiazolinyl-S-PCP2, 2, at the carboxyl
terminus of HMWP?2, as suggested in Figure 10, to transfer
that bisthiazoline acyl group to the ACP domain of
HMWP1 and produce the B-keto bisthiazolinyl-S-ACP acyl
enzyme intermediate, 3, on HMWP1. Such a species is a
typical substrate for reduction of the B-keto to a B-hydroxyl
group by NAD(P)H-utilizing KR domains of polyketide
synthases, which would yield the secondary alcohol moiety
found in Ybt. Additionally, the adduct 3 (Figure 10), from
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Proposed mechanism for Ybt biosynthesis by HMWP2. With its ArCP,
two PCP and two C’ domains, HMWP2 should be able to condense
and heterocyclize one salicylate and two cysteine moieties to give the
enzyme-linked hydroxyphenyl-thiazolinyl-thiazoline species (2)
thioesterified to the PCP2 domain. The loading of HMWP?2 with
salicylate and cysteine on the indicated carrier protein domains has
been demonstrated in this and previous studies [26]. The release of
hydroxyphenylthiazoline carboxylate from a HMWP2 1-1491 enzyme
fragment [26] provides evidence for the formation of intermediate 1. In
this study, the single adenylation domain of HMWP2 (assayed as the
1-1491 fragment) has been shown to catalyze the covalent
cysteinylation of all three of the Ybt synthetase PCP domains.

initial C~C bond formation that translocates the growing
chain from the carboxyl terminus of HMWP2 to the ACP
domain in HMWP1, contains the imine nitrogen in the
first thiazoline that undergoes reduction. The C=N bond
could isomerize from C5=N into a C2=N species that
would be conjugated to the B-keto group. The KR domain
could reduce both C=N and C=0O bonds (this reduction
predicts that the H* from NADPH* will end up at C5 of
the thiazolidine) to produce the thiazoline~thiazolidine sig-
nature redox state of Ybt, 5.

The only unexpected domain of the first five HMWP1
domains is that of residues 941-1430, with all the hallmarks
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of an MT domain [42], MT2, interposed between the AT
and KR domains of the polyketide synthase architecture
(Figure 6). The location of this MT domain suggests the
origin of the two methyl groups of the isobutyryl moiety in
Ybt. Although it remains to be shown experimentally
whether the HMWP1 AT domain is specific for malonyl
CoA or methylmalonyl CoA (homologies suggest malonyl
CoA [43]), both of the branching C-methyl groups, as well

as the methyl group of the a-carbon of the last thiazoline
should come from S-adenosylmethionine (SAM). To
experimentally determine the origin of the Ybt methyl
groups, biosynthetic labeling studies of Ybt with [methyl-
ZH,]methionine were petformed. MALDI analysis of puri-
fied Ybt (Figure 3a) clearly showed enhancement or
appearance of the M++3, M*+6, and M+*+9 ions derived
from the m/z 535 molecular ion. These ions arise from the



incorporation of three methyl groups from the
[methyl-2H;]methionine precursor. All three of the methyl
groups (at approximately 50 atom % 2H) of Ybt (Figure 1)
are therefore derived from the methyl group of methion-
ine, indicating that these three methyl groups all originate
via methylation from SAM and that malonyl CoA is the
substrate of the AT domain.

C-methylation requires a carbanion to attack the Cl-methyl
fragment of SAM, and a carbanion of the P-ketobisthia-
zolinyl-S-ACP, 3, (before reduction by the KR domain) is
the probable nucleophile. It seems reasonable to propose
methylation prior to reduction because methylation should
prevent enol formation and thus stabilize the keto substrate
for reduction. Bismethylation, perhaps catalyzed by MT2,
could occur here to produce 4 as the substrate for the
double reduction to 5 by the KR domain (Figure 10).

The carboxy-terminal half of HMWP1 for heterocyclization
and chain release

Four domains are discernible in the remaining 1268
residues (1896-3163) of HMWP1 (Figure 6); the sequence
motifs and the attendant chemical transformations show a
switch from polyketide synthase back to polypeptide syn-
thetase logic. The sixth domain, residues 1896-2335, is
another condensation/cyclization domain, the third of the
two-enzyme complex, designated C3’, which suggests
another bond forming/heterocyclization step. In this step,
the carbonyl tethered to the S-ACP domain is thought to
be linked to the incoming nucleophile of the third cys-
teine (previously loaded onto PCP3, the eighth HMWP1
domain). Condensation of 5 with this PCP3 tethered cys-
teinyl group concomitant with heterocyclization would
yield the desmethyl version 6 of Ybt with the acyl chain
now tethered at the fifth and last Ppant way station of the
two enzyme complex (Figure 10). The most surprising
ateribute of HMWP1 is that it has no A domain. It must
rely on the A domain in HMWP?2, Indeed the data shown
in Figure 8 demonstrate that a purified PCP3 fragment,
converted from apo to phosphopantetheinylated holo form
by EntD, will serve in #7ans as a substrate for cysteinyla-
tion by the A domain of the 1-1491 fragment of HMWP?2.
This demonstrates that the A domain can act intermolecu-
larly as well as intramolecularly, to load all three PCP
domains with cysteine.

The seventh domain of HMWP1, between C3” and PCP3,
has homology to MT1 and MT2 and is designated MT3
(residues 2236-2807). It is most probably the C-methyla-
tion catalyst at the a-carbon of the last thiazoline. At the
thioester stage of 6 the a~carbon is acidic, and a carbanion
would be stabilized by the acyl-S-PCP3 linkage enough to
form and attack an equivalent of SAM to produce the
C-methyl species 7 that is the last substituent to be added
to complete the Ybrt skeleton (Figure 10). The purpose of
this C-methvlation has yet to be examined, but would
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prevent oxidation up to the aromatic thiazole level where
the ring nitrogen would have lost basicity and metal-coor-
dination affinity. Thus the a-methyl thiazoline, seen in
other natural products such as thiangazole [44], could opti-
mize iron-coordination sites in an oxidizing extracellular
environment for these thiazoline siderophores.

The last domain of HMWP1 (residues 2913-3163), the
16th of the two-protein system, is designated TE because
of its homology to the thioesterase motifs typically found
at the carboxyl terminus of nonribosomal peptide syn-
thetases. The TE domain most likely catalyzes acyl trans-
fer of 7 to water (Figure 10), liberating the PCP3 of its
fully formed Ybt substituent as it clears the acyl chain
from covalent tethering.

Significance

Delineation of the genes for siderophore biosynthesis and
definition of the function of specific open reading frames
constitutes a first set of steps in the design of strategies for
inhibition of yersiniabactin (Ybt) synthesis and induction
of avirulence in the pathogenic species of Yersinia. Deter-
mination of the sequence of the Y. pestis irpl gene
product, the 3163 residue HMWP1, has allowed primary
sequence analysis, which suggests nine functional
domains. Comparable analysis of the irp2 gene product,
the 2035 residue HMWP2, previously suggested seven
domains [26]. The 16-domain organization of HMWP2
followed by HMWP1 suggests a two-enzyme complex
that can convert salicylate, three cysteines, malonyl CoA
and three methyl groups (from three S-adenosylmethion-
ine molecules) into the tetracyclic siderophore Ybt, a
known virulence factor of the yersiniae.

This analysis not only illuminates the molecular logic for
Ybt assembly, using a mixed polyketide synthase/nonri-
bosomal peptide synthetase strategy, but also reveals
some novel features of domain construction and inter-
action in these multidomainal megasynthetases. The
two-enzyme yersiniabactin synthetase (HMWP2 and
HMWP1) therefore uses all three variants of phospho-
pantetheinyl carrier domain way stations, an ArCP
domain for aryl N-cap chain initiation, three PCP
domains for the amino-acid incorporation (three cys-
teines), as well as an ACP, presumably for malonyl
tethering. In addition, there is but a single cysteine-acti-
vating adenylation domain to service the three PCP
domains (the first instance of this layout in a nonriboso-
mal peptide synthetase), which demands architectural
flexibility within the HMWP1-HMWP2 complex to
bring all three holo-PCP sites to the microenvirons of the
cysteine-AMP loaded A domain. Finally, all three con-
densation domains, C1” and C2’ in HMWP2 and C3’ in
HMWPI1, are likely to be heterocyclizing rather than
simple peptide-bond forming condensation domains and
have distinctive signature motifs. The modular logic as
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revealed by the Ybt synthetase will probably be extended
to synthetases in the biogenesis of related thiazoline and
oxazoline siderophores, such as pyochelin in
pseudomonads, vibriobactin in Vibrio cholerae and
mycobactin in Mycobacterium tuberculosis and might
also facilitate delineation of autonomous folding
domains, which could be used for combinatorial swap-
ping strategies.

Materials and methods

Plasmid, bacterial strains and cultivation

For plasmid isolation, cells of E. coli strains DH5a or DHSa(Apir)
{obtained from S.C. Straley) or Y. pestis were grown overnight at 37°C
in Terrific broth [45] or Heart Infusion broth (Difco), respectively. Plas-
mids were isolated using alkaline lysis [46] and further purified, when
necessary, using polyethylene glycol precipitation [47]. Recombinant
plasmids pSDR498.3 and pSDR498.4 are subclones of pSDR498
[29] that together encompass the entire Ybt region. Suicide plasmid
pSUCYDbtS was constructed as follows. An ~4.6 kb BamHI-EcoRI
fragment from pSDR498 was ligated into pHC79 [48] and designated
pSDR498.1. An ~2kb Smal-EcoRI fragment from pSDR498.1 was
ligated into pBluescriptKS. The resulting plasmid pBSYbtS was
digested with Hpal and ligated with an ~1.3 kb Hincll fragment con-
taining the kan gene cassette from pUC-4K (Pharmacia Biotech) to
yield pBSYbtSKan. An ~3.3 kb EcoRV-BamHI fragment from pBSYbt-
SKan was ligated into the Smal and BamH| restriction sites in suicide
plasmid pSUC1 (J.D.F. V.J. Bertolino and R.D.P., unpublished observa-
tions). The resulting suicide plasmid, pSUCYbtS, which contains a kan
insert in ybtS, was used for allelic exchange. pPSN3 contains a 10 kb
Sall insert in pBGL2. The Sall insert was cloned from pSDR498.4 [29]
and encompasses most of /rp2 through to the psn gene.

All of the Y. pestis strains used in this study were derived from strain
KIM6+, which contains the endogenous plasmids pMT1 and pPCP1.
KIM6+ lacks the ~70kb pCD1 plasmid that encodes essential
calcium- and temperature-regulated virulence genes that are part of
the low-calcium response stimulon [7]. Y. pestis KIM6-2045.1 con-
tains an in-frame deletion in psn, which encodes the receptor for Ybt
and the bacteriocin pesticin, and is unable to utilize Ybt. KIM6-2046.1
possesses an irp2::kan2046.17 mutation that prevents synthesis of
Ybt. KIM6-2046.1 cells can utilize exogenously supplied Ybt [23]. The
ybtS::kan mutation was constructed by electroporation [23] of
pSUCYDbtS into KIM6+. Merodiploids were selected for growth on
tryptose blood agar base plates containing kanamycin and carbeni-
cillin at 50 pg/ml. Plasmid profiles and polymerase chain reaction
(PCR) analysis with ybtS-specific oligonucleotides demonstrated that
pSUCYbtS had integrated properly. One cointegrant, KIM6-2070,
was grown overnight in Heart Infusion broth, diluted to an ODgy,, Of
0.01, and 50 pl were spread onto a Tryptose Blood Agar Base
(Difco) plate containing kanamycin (50 pg/ml} and 5% (w/v) sucrose.
PCR analysis with ybtS-specific oligonucleotides of selected Suc’
colonies, identified clones that had lost the pSUC1 sequences and
exchanged the mutated ybtS for the wild-type ybtS gene. One isolate
was selected and designated KIM6-2070.1. For analysis of iron-defi-
cient cells or culture supernatants, Y. pestis cells were grown for 6-9
generations in the defined, deferrated medium PMH as described
previously [23,49].

Ybt bioassay

Iron-starved Y. pestis cells were: streaked onto PMH-S plates and incu-
bated at 37°C; strains defective in Ybt synthesis or transport are
unable to grow on PMH-S plates. To test for Ybt synthesis, ~25 pl of
culture supernatants from iron-starved cells were added to wells of
PMH-S plates overlayered with KIM6-2045.1 cells as described previ-
ously [23]. KIM6-2045.1 cells are unable to grow on PMH-S plates
unless supplied with exogenous Ybt.

Stable-isotope labeling and analysis

Y. pestis KIM6-2045.1 (a Ybt receptor mutant that overproduces Ybt
but cannot use it) [23] was grown for ~8 generations in deferrated
PMH with addition of labeled compounds as indicated. Ybt was iso-
lated as described previously (R.D.P., P.B. Balboa, H.A. Jones, J.D.F.
and E.D. et al, unpublished observations). Briefly, Ybt was extracted
with ethyl acetate. The extract was reduced in volume by evaporation,
brought to approximately 60% ethanol, then passed through a C-18
SEP-PAK cartridge. Final purification was performed on a semiprepara-
tive C18 high performance liquid chromatography (HPLC) column with
a methanol gradient. Incorporation of labeled precursor molecules into
the iron-saturated form of Ybt was analyzed by high resolution MALDI
mass analysis (positive ion mode) on an lonSpec 4.7 Tesla FT-MS$
system at the University of Kentucky Mass Spectrometry Facility.

Three compounds labeled with stable isotopes were tested for their
possible role in Ybt biosynthesis. Deferrated PMH was supplemented
with a) 75uM L-[3,3,3",3"-2H]cystine (98 atom % 2H); b) 1 mM
L-[methyl-2HImethionine (98 atom % 2H) in addition to the 1 mM
natural abundance methionine already in PMH yielding an atom % 2H
of approximately 50; or ¢) 75 uM natural abundance cystine and '3C
from p-[1-13C]glucose to yield a final atom % '3C of approximately
50% due to the 10 mM natural abundance p-glucose already in PMH.

DNA sequencing and analysis

Libraries were prepared from nebulized, size-fractionated DNA [50]
from pSDR498.3 and pSDR498.4 DNA in the M13 Janus vector [51]
and DNA templates were purified from random library clones [52].
Sequences were collected using dye-terminator labeled fluorescent
cycle sequencing Prism reagents and ABI377 automated sequencers
(Applied Biosystem Division of Perkin-Elmer). Sequences were assem-
bled into contigs by the SeqMan Il program (DNASTAR), and clones
were selected for sequencing from the opposite end to fill-in coverage,
resolve ambiguities and close gaps [51]. The DNA sequence has been
deposited in the GenBank database and assigned accession number
YBT AF091251. Homology searches were performed using BLAST
[34]. Pairwise predicted amino-acid sequence alignments of YbtS
versus PchA, YbtT versus NrpT, and YbtU versus NrpU were per-
formed using CLUSTALW [53].

Overproduction and purification of the HMWP2 PCP2 and
HMWP1 PCP3 domains

PCP domain fragments of Y. pestis HMWP2 (PCP2, residues 1927—
20835) and Y. pestis HMWP1 (PCP3, residues 2808-2912) were over-
produced in E. coli as carboxy-terminal hexahistidine-tagged fusion pro-
teins. Gene fragments corresponding to the desired PCP domains were
amplified by PCR using the Pfu polymerase (Stratagene) and then
cloned into the Ndel/Xho! sites of pET22b (Novagen) to give plasmids
pET22b-irp2PCP2 and pET22b-irp1PCP3. The gene fragment corre-
sponding to PCP2 was amplified from the pIRP2 template [2] using the
primer pair 5-GAATTCCATATGGCAGAGCGCTCCC CGCGCG-
TATGC-3’ and 5-TGACCGCTCGAGTATCCGCCGCTGACGACG G-
3’ (Integrated DNA Technologies, restriction sites bold and italicized).
The gene fragment corresponding to PCP3 was amplified from the
pPSN3 template using the primer pair 5-GAATTCCATATGGCTCCG
TCTGATGCGCCGACTGAGC-3’ and 5-TGACCGCTCGAGACCG-
TCGCCC TGGCAAAGGGGT-3". Fidelity of the inserts cloned into
pET22b was confirmed by DNA sequencing (Dana Farber Molecular
Biology Core Facility, Boston, MA).

Cultures of E. coli strain BL21(DE3) transformed with pET22b-irp2PCP2
or pET22b-irp1PCP3, for the overproduction of HMWP2 PCP2 and
HMWP1 PCP3 respectively, (21, 2 x YT or LB media, 50 pg/ml ampicillin)
were grown at 37°C to an optical density (600 nM) of approximately 0.8
and then induced with 1 mM isopropy! B-D-thiogalactopyranoside (IPTG).
Cells were harvested after an additional 3.5 h of growth, and the cell
paste was resuspended in 20 mM Tris-HCI, 0.5 M NaCl, 56 mM imidazole,
pH 7.9. Cells were lysed by two passages through a French pressure cell
at 15,000 psi, and the lysate was clarified by centrifugation (27,000 x g).



The PCP proteins were purified from these lysates by nickel chelate affin-
ity chromatography over His*Bind resin (6 ml column) according to the
manufacturer's specifications (Novagen). Fractions containing PCP2 or
PCP3 were pooled and dialyzed against 50 mM Tris-HCI, pH 8.0, 2 mM
DTT, 5% glycerol, flash frozen in liquid nitrogen and stored at —~80°C. The
protein concentrations of the PCP2 and PCP3 fractions were estimated
using the Bio-Rad Protein Assay Reagent.

Assays for phosphopantetheinylation and cysteinylation of
carrier protein domains

Assays for detection of the covalent phosphopantetheinylation or cys-
teinylation of the Y. pestis carrier protein domains were carried out as
described previousty [26]. Briefly, for the detection of phosphopanteth-
einylation, the apo carrier protein substrate (6 yM HMWP2 ArCP,
HMWP2 PCP1, HMWP2 PCP2 or HMWP1 PCP3) was incubated
with 756 mM Tris-HCI, pH 7.5, 10 mM MgCl,, 5mM DTT, 150 uM
{3H]-Coenzyme A (CoASH; 192 Ci/mol, 70% label in Ppant) and in
some cases the purified PPTase enzyme EntD (800 nM). Incubation of
the reaction mixture (100 yl final volume) was at 37°C for 15 min prior
to quenching with 10% trichloroacetic acid (TCA).

For the detection of covalent cysteinylation, the carrier protein sub-
strate (15 uM HMWP2 holo-ArCP, HMWP2 holo-PCP1, HMWP2 apo-
PCP2, or HMWP1 apo-PCP3) was incubated with 75 mM Tris-HCI,
pH 8.0, 10mM MgCl,, 5mM DTT, 700pM [35S]-L-cysteine (285
Ci/mol), 1M of the cysteinylation catalyst HMWP2 1-1491, and
where indicated 3 mM ATP. The reactions with apo-PCP2 and apo-
PCP3 additionally contained 500 yM CoASH and 400 nM EntD and
were allowed 1o preincubate for 10 min at room temperature prior to
the addition of ATP, cysteine or HMWP2 1-1491. Incubation of the
complete reaction mixture (100 pi final volume) was at 37°C for 15 min
prior to quenching with 10% TCA.

Subsequent to quenching with TCA, both the phosphopantetheinyla-
tion and cysteinylation reaction mixtures were subjected to
SDS-PAGE and autoradiography. To prepare the sample for
SDS~-PAGE, the protein pellet from the TCA precipitation was dis-
solved in SDS sample buffer (20 ul) and 1 M Tris base (3 pl) prior to
loading on the gel. For visualization following electrophoresis, the gel
was stained with Coomassie blue solution, destained and soaked in
Amplify (Amersham) for 25 min. The dried gels were exposed to film for
1 day and 4 days, respectively, prior to film development for the phos-
phopantetheinylation and cysteinylation autoradiographs.

The HMWP2 ArCP, PCP1, and 1-1491 fragments used in these
experiments were prepared as described previously [26].
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