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Pyochelin (Pch) is a siderophore that is produced in iron-limited
conditions, by both Pseudomonas aeruginosa and Burkholderia cepacia. This
iron uptake pathway could therefore be a target for the development of
new antibiotics. Pch is (4'R,2"R/S,4"R)-2'-(2-hydroxyphenyl)-3"-methyl-
4' 52" 3" 4" 5"-hexahydro-[4',2"]bithiazolyl-4"-carboxylic acid, and has
three chiral centres located at positions C4’, C2" and C4". In P. aeruginosa,
this siderophore chelates iron in the extracellular medium and transports it
into the cells via a specific outer membrane transporter FptA. Docking
experiments using the X-ray structure of FptA-Pch-Fe showed that iron-
loaded or unloaded Pch diastereoisomers could bind to FptA. This was
confirmed by in vivo binding assays. These binding properties and the iron
uptake ability were not affected by removal of the C4’ chiral centre. After
removal of both the C4’ and C2” chiral centres, the molecule still bound to
FptA but was unable to transport iron. The overall binding mode of this
iron-complexed analogue was inverted. These findings describe the first
antagonist of the Pch/FptA iron uptake pathway. Pch also complexes with
iron in conjunction with other bidentate ligands such as cepabactin (Cep) or
ethylene glycol. Docking experiments showed that such complexes bind to
FptA via the Pch molecule. The mixed Pch-Fe-Cep complex was also
recognized by FptA, having an affinity intermediate between that for
Pchy-Fe and Ceps;-Fe. Finally, the iron uptake properties of the different
Pch-related molecules suggested a mechanism for FptA-Pch-Fe complex
formation similar to that of the FpvA/Pvd uptake system. All these
findings improve our understanding of specificity of the interaction
between FptA and its siderophore.

© 2006 Elsevier Ltd. All rights reserved.
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Introduction

tions involving these organisms have a poor
prognosis desplte recent advances in anti-microbial

Pseudomonas aeruginosa and Burkholderia (ex
Pseudomonas) cepacia are Gram-negative bacteria
found in many environments. These bacteria are
highly pathogenic for individuals having compro-
mised immune systems and are the cause of chronic
lung infections in about 90% of individuals
suffering from cystic fibrosis."” Septicaemic infec-

Abbreviations used: Pch, pyochelin; Pvd, pyoverdine;
Cep, cepabactin; OMT, outer membrane transporter;
CCCP, carbonyl cyanide m-chlorophenylhydrazone; pmf,
proton motive force.

E-mail address of the corresponding author:
schalk@esbs.u-strasbg.fr

chemotherapy Like all bacterial pathogens,
P. aeruginosa and B. cepacia must acquire iron, an
essential nutrient, from the host to grow and
establish infections. In iron-poor environments,
many bacteria produce highly efficient and spec1f1c
Fe(Ill)-chelating agents called siderophores.*

Many clinical isolates of P. aeruginosa and B. cepacia
respond to iron-limiting growth conditions by
producing the siderophore pyochelin (Pch).”1°
This compound is released into the extracellular
environment where it complexes with iron and
delivers it to the bacterial cell via a specific
outer membrane receptor, FptA in the case of
P. aeruginosa."" A number of reports have shown a

0022-2836/% - see front matter © 2006 Elsevier Ltd. All rights reserved.
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correlation between Pch production and the viru-
lence of P. aeruginosa. Pch stimulates bacterial
growth in murine infections'? and efficiently
removes iron from transferrin.'> Pch-Fe(Ill) can
also catalyse hydroxyl radical formation and may
play a role in the tissue destruction associated with
P. aeruginosa infections.!410 Finally, mutant strains
with defects in Pch-mediated Fe(IIl) transport were
found to be considerably less virulent than wild-
type P. aeruginosa strains."”

Proton and *C NMR spectroscopy and high-
resolution mass spectrometry, and comparisons
with synthesised Pch'®2' has shown Pch to
be (4'R,2"R/SA"R)-2'-(2-hydroxyphenyl)-3"-methyl-
4' 52" 3" 4" 5"-hexahydro-[4',2" |bithiazolyl-4"-car-
boxylic acid, having three chiral centres located at
positions C4', C2" and C4". Although there is partial
stereocontrol during chemical synthesis, Pch is
normally obtained as a mixture of the four diaster-
eoisomers Pch 1 (4'R2"R4"R), Pch 2 (4'R2"S4"R),
neoPch 3 (4'S,2"R,4"R) and neoPch 4 (4'S,2"S,4"R)
(Figure 1). The influence of the C4’ and C2” chiral
centres on the biological properties when binding to
the FptA receptor have never been described.

Pch is synthesised by the bacteria from salicylate
and two molecules of cysteine via a thiotemplate

OH OH
\ ,.COOH \ . COOH
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Figure 1. Structures of FptA ligands. Pch 1 to 4 are the
different diastereoisomers of synthetic Pch, but only Pch 1
and Pch 2 are the naturally produced siderophores of
P. aeruginosa. In our study, Pch 1/2 is mainly Pch 1 and 2
(proportions of Pch 1/Pch 2/neoPch 3/neoPch 4:4/3/2/
1) and neoPch 3/4 is mainly neoPch 3 and neoPch 4
(proportions of Pch 1/Pch 2/neoPch 3/neoPch 4:2/1/4/
3). In the presence of a metal ion, Pch 2 isomerises into
Pch 172! and neoPch 4 into neoPch 3.

mechanism.”*** The genes for Pch biosynthesis are
clustered in two operons, pchDCBA and pchEFGHI,
on the P.aeruginosa chromosome, next to the Pch
receptor gene fptA.*** Pch biosynthesis is auto-
regulated by a positive-feedback loop, requiring
the transcriptional regulator PchR.** The auto-
induction mechanism is not completely under-
stood, but is thought to involve an initial interaction
of Pch with its outer membrane receptor, FptA,
followed by activation of the transcriptional regu-
lator PchR, which turns on the transcription of
the Pch biosynthetic operons pchDCBA and
pchEFGHI*>*® 'When the cells have accumulated
an excess of iron, the Fur repressor is activated,
switching 2402f7f the Pch biosynthetic gene
expression.

Pch is able to chelate Fe(Ill) with a 2:1 or 1:1
(Pch:Fe(IIl)) stoichiometry, depending on the
presence or not of an excess of siderophore.®'%%2%
This siderophore has a poor water-solubility and its
Fe(Ill) affinity was determined in methanol as 2X
10°M~1,'® which is low compared to other side-
rophores. It is possible that in aqueous solution at
physiological pH values the affinity for iron may be
higher. Pch also chelates Zn(Il), Cu(ll), Co(Il),
Mo(VI) and Ni(II) ions* and Pch may also mobilize
these metals ions and deliver them to the cell.

The structure of the Pch outer membrane
receptor, FptA, from P.aeruginosa PAO1, loaded
with ferric-Pch, has recently been determined.*
The structure of the protein is typical of this class of
transporter:>' ¢ a transmembrane 22 B-stranded
barrel occluded by a N-terminal domain containing
a mixed four-stranded B-sheet (Figure 2). The Pch
binding pocket is principally composed of hydro-
phobic and aromatic residues, consistent with the
hydrophobicity of this siderophore.®® One Pch
molecule complexed with iron was found in the
binding site, thus providing the first three-
dimensional structure of this siderophore. Pch
provides a tetradentate coordination of iron, and
ethyleneglycol, which is not specifically recognized
by the protein, provides a bidentate coordination.*
Another 1:1:1 complex between Pch (tetradentate),
cepabactin (Cep, a bidentate siderophore) and
iron(III) was isolated and characterized from
B. cepacia culture medium.”’

As Pch is almost always found in P. aeruginosa
and B. cepacia species, it could be assumed that most
of these strains have a common or very closely
related Pch outer-membrane receptor, called FptA.
Also, as iron is essential for these pathogenic
organisms, FptA could be a promising target for
new antibiotic design or could be used, for example,
to transport antibiotics into the cells using a Trojan
horse strategy.’®*’ The development of such
strategies requires knowledge of the recognition
mechanism by FptA of Pch and ferric-Pch and a
better understanding of the structure-activity
relationships between Pch analogues and FptA.
Therefore, we have investigated the binding and
iron uptake properties of FptA with the four
diastereoisomers of synthetic Pch, with other Pch
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Figure 2. The FptA-Pch-Fe structure (PDB entry
1XKW).>” (a) View of the overall structure. (b) View of
the Pch-Fe binding site. The Pch and ethylene glycol
molecules are shown as sticks and the iron ion is shown as
a sphere.

analogues, with the Pch-Fe—Cep complex and with
Ceps—Fe. We clearly show that the different
diastereoisomers of synthetic Pch (compounds Pch
1, Pch 2, neoPch 3 and neoPch 4; Figure 1) can bind
to FptA and transport iron. These biological proper-
ties are also not noticeably affected by removing the
C4' chiral centre of Pch (Pch analogue HPTBT 5;
Figure 1). When the C4’ and C2” chiral centres are
removed (HPTT-COOH 6; Figure 1), the ferric-Pch
analogue still binds to FptA but is not transported.
All these in vivo results are consistent with docking
experiments based on the structure of FptA. They
suggest that the Pch binding site on FptA recognises
ferric HPTT-COOH 6 but that the binding mode is
completely different compared to the natural side-
rophore. This study also shows that FptA can
recognise mixed complexes such as Pch-Fe-Cep
via the Pch face, and Cepz—Fe. Finally, we provide
some evidence for the presence of a Cep outer-
membrane transporter coupled to the proton
motive force in P. aeruginosa, although this micro-
organism is not able to synthesize this siderophore.

Results

Binding of Pch analogues

The specificity of iron uptake in Gram-negative
bacteria is regulated by outer membrane trans-
porters (OMTs). These are highly specific for one or
a few siderophores. Pch is synthesized in the
laboratory as a mixture of the four diastereoisomers
Pch 1 (4'R,2"RA4"R), Pch 2 (4'R,2"5,4"R), neoPch 3
(4’S,2"R,4"R) and neoPch 4 (4'5,2"S,4"R) (Figure 1).
We have investigated for the first time the influence
of the chiral centres on the biological properties
when binding to the FptA receptor. We have
previously shown that the FptA receptors
expressed at the cell surface in a Pch-producing
strain are loaded with iron-free Pch.*! Therefore, we
used a Pch and Pvd-deficient strain (PADO07) for the
binding assay to avoid competition with an
endogenous siderophore.

The Pch diastereoisomer mixtures used were Pch
1/2, which is mainly Pch 1 and Pch 2 (proportions
of Pch 1/Pch 2/neoPch 3/neoPch 4:4/3/2/1), and
neoPch 3/4, which is mainly neoPch 3 and neoPch 4
(proportions of Pch 1/Pch 2/neoPch 3/neoPch 4:2/
1/4/3). Isolation of one stereoisomer from the other
three is arduous and often leads to enriched
fractions of the expected diastereoisomers contami-
nated by one or several of the other Pch isomers. In
the presence of a metal ion, Pch 2 isomerises into
Pch 17*' and neoPch 4 isomerises into neoPch 3.
Only the epimers Pch 1 and Pch 2 are naturally
produced by P. aeruginosa and B. cepacia.® (Pch 1/
2),-Fe and (neoPch 3/4),~Fe are recognised with
similar affinities by FptA (Figure 3(a); Table 1). FptA
was also able to bind the apo form of Pch 1/2 and
neoPch 3/4 with a tenfold difference in the affinities
compared to the ferric forms (Table 1). Compared to
(Pch 1/2),—Fe, there was a threefold decrease in the
affinity of (HPTBT 5),-Fe, in which the C4' chiral
centre of the siderophore was removed, and a
sixfold decrease in the affinity of (HPTT-COOH 6),—
Fe, in which the C2" chiral centre was removed, for
FptA (Table 1).

According to the FptA-Pch-Fe structure, one
molecule of Pch is sufficient for the recognition of
the ferric-siderophore by the transporter
(Figure 1).>° To confirm this observation, the
binding properties of Pch-Fe-Cep isolated from
B. cepacia culture media®” and of Ceps—Fe have been
investigated. We found that the Pch-Fe-Cep and
Ceps-Fe complexes were recognized by FptA with
affinities of 45(£8.5)nM and 435(%8.5)nM,
respectively (Table 1; Figure 3(b)). Surprisingly,
the FptA receptor was also able to bind the
siderophore Cep, which is structurally different
from Pch, but with 200 times lower affinity than for
(Pch 1/2),-Fe. The mixed Pch-Fe—-Cep complex was
recognized by FptA with an intermediate affinity
between (Pch 1/2),-Fe and Ceps;—Fe (Table 1;
Figure 3(b);) 20 times lower compared to (Pch 1/
2)-Fe). Therefore, it is probably the Pch in the
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Figure 3. Competition experiments. Competition by
unlabelled (Pch 1/2),-Fe, (neoPch 3/4),~Fe, Pch-Fe—Cep
and Ceps-Fe for the binding of (Pch 1/ 2),->Fe to FptA
in vivo. Experiments were carried out as described in
Materials and Methods in the presence of 1 nM (Pch 1/
2),—°Fe, Pch and Pvd-deficient PADOY cells at Aggp of 0.3,
and various concentrations of (Pch 1/2),—Fe ((a) and (b),
@), (neoPch 3/4),-Fe ((a), (); Pch-Fe—Cep ((b), A) and
Ceps—Fe ((b), X). The experiments were repeated three
times with comparable results.

mixed complex that interacts with the FptA binding
pocket, with Cep not being essential for recognition
by the transporter.

Table 1. Inhibition constants (K;)

Siderophores K; (nM)
Pch1/2 26.9+0.7
(Pch 1/2),-Fe 22405
neoPch 3/4 40.6+4.0
(neoPch 3/4),-Fe 3.1+0.2
(HPTBT 5),-Fe 9.8+3.5
(HPTT-COOH 6),-Fe 27+5

Pch-Fe—Cep 45185
Ceps-Fe 435195

K; values were determined from competition experiments against
(Pch 1/2),-Fe. PAD07 (Aggo=0.3) cells were incubated with
1nM (Pch 1/2),-Fe and increasing concentrations of the
studied siderophore. The experiment was carried out at 0 °C to
avoid iron uptake.

Iron transport properties of Pch analogues

The iron uptake efficiencies in P. aeruginosa PAO1
of the Pch diastereosiomers, the related Pch
compounds and Cep-Fe were estimated using
*Fe (Figure 4). We repeated all the experiments in
the presence of the protonophore CCCP, in which
iron uptake is inhibited, and in the absence of cells.
We have previously shown that the FptA receptors
expressed at the cell surface in a Pch-producing
strain are loaded with iron-free Pch.*! This FptA-
bound Pch may play an essential role in the iron
uptake mechanism and may be involved in the
formation of iron-loaded FptA, as suggested for the
iron uptake transporters in Aeromonas hydrophila.**
We used the Pch and Pvd-deficient PAD07 strain to
evaluate the importance of this FptA-bound Pch in
the iron uptake process (Figure 4).

(Pch 1/2),~Fe and (neoPch 3/4),-Fe were trans-
ported with similar efficiencies in both the side-
rophore-producing P. aeruginosa PAO1 cells and the
Pch and Pvd-deficient PADO07 cells (Figure 4(a)).
HPTBT 5 (no C4’ chiral centre) transported iron
with the same efficiency as Pch 1/2 (Figure 4(b)).
Iron-loaded HPTT-COOH 6 (no C4' and C2” chiral
centres) bound to FptA (Table 1) but there was no
iron uptake (Figure 4(b)). Therefore, structural
differences between HPTT-COOH 6 and the other
molecules tested affect iron uptake rates in both
P. aeruginosa strains. As we obtained the same
results with both Pch-producing and Pch-deficient
cells (Figure 4), it would appear that the endogen-
ous Pch bound to FptA at the outer membrane is not
involved in the iron uptake process or in the
formation of iron-loaded FptA.

Cep transported iron with the same efficiency as
Pch 1/2 in both the Pch-producing PAOL1 cells and
the Pch and Pvd-deficient PADOQ7 cells (Figure 4(c)).
As no *°Fe uptake occurred at 0 °C in the presence of
CCCP, the iron uptake via Cep is proton motive
force (pmf)-dependent. We repeated the experiment
in an fptA and Pvd-deficient strain (K2388) to
determine whether Cep;-Fe uptake occurs via
FptA or via_another receptor. We observed a pmf-
dependent *°Fe uptake (Figure 5), indicating that
there must be an unknown specific Ceps—Fe OMT in
P. aeruginosa. This OMT cannot transport (Pch 1/
2),—Fe (Figure 5). The presence in the Pseudomonas
strains used here of this unknown Cep OMT, means
that we were unable to conclude our studies of FptA
transport of Ceps-Fe. Finally, we could not test the
iron uptake properties of the Pch->°Fe-Cep
complex because of the difficulty of preparing the
radioactive form of this complex.

Ligand docking

We carried out docking experiments using the
X-ray structure of FptA loaded with (Pch 1)-Fe® to
better understand the interaction mechanism of the
FptA binding site with the seven Pch diastereo-
isomers and analogues (Figure 1). The program
GOLD (genetic optimisation for ligand docking),* a
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Figure 4. ®Fe uptake by P. aeru-
ginosa strains PAO1 and PADO7.
(@) P.aeruginosa PAO1 (left panel)
and PADO7 (right panel) cells at an
Agoo of 1 were incubated at 37 °C for
15 min in 50 mM Tris-HCI (pH 8.0)
before the transport assays were
started by the addition of (Pch 1/
2),->Fe (@) or (neoPch 3/4),~>°Fe
(O). Aliquots (100 pl) of the cell
suspensions were removed at
different times, filtered and the
retained radioactivity was counted.
The experiments were repeated in
the presence of 200uM CCCP
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each uptake experiment, the radio-
labelled analogue was used at a
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genetic algorithm for docking flexible ligands into
protein binding sites was used to dock all the
ligands investigated here. Using automated dock-
ing, we obtained a (Pch 1),-Fe conformation very
close to that of its X-ray structure (rmsd of 0.3 A
from the heavy atoms) and with a high GOLDscore
of 63.8 (Figure 6(a); Table 2). Iron complexation by
neoPch 3 did not alter the binding mode to FptA
with respect to the X-ray conformation of (Pch 1),—
Fe (Figure 6(a); Table 2). The bound conformation of
iron-free Pch 1 was close to that of the X-ray
conformation of bound Pch 1-Fe, with an rmsd of
1.2 A (Figure 6(b)). For the docking of iron-free Pch
2 in the FptA binding site (Figure 6(c)), the phenol
moiety adopted the same conformation in the
hydrophobic part of the binding site, but unlike
the case for Pch 1, the carboxylate group was no
longer H-bonded to the L116 and /or L117 backbone
nitrogen atoms, but was interacting with the polar

5 10 15 20 25 30 35
time(min)

graph were carried out on the same
batch of cells.

side-chains of N703 and R705. We observed a
similar conformation with iron-free neoPch 4, but
with the establishment of a single H-bond to R705
(Figure 6(c)). For the four diastereoisomers investi-
gated, the docking scores were very similar (GOLD-
score ranging from 44.9 to 53.1; Table 2) but were
lower than for the ferric complexes of Pch 1 and
neoPch 3. The synthetic thiazole analogue, HPTBT,-
Fe 5, also exhibited the same binding modes
(Figure 6(d)). Although the phenol group was
rotated with respect to the thiazole moiety, the
two five-membered rings were similarly embedded
into the binding site. The carboxylic acid was
H-bonded to the L116 backbone nitrogen atom,
with a docking score of 50.94 (Table 2). The
iron-complexed HPTT-COOH 6 docked only when
the molecule was inverted in the binding site
(Figure 6(d)). The phenol moiety H-bonded to the
L117 backbone nitrogen atom whereas the
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Figure 5. *°Fe uptake by Pvd and fptA-deficient cells.
Pvd and fptA-deficient K2388 cells at an Agy of 1 were
incubated at 37 °C for 15 min in 50 mM Tris-HCI (pH 8.0)
before the transport assays were started by the addition of
10nM (Pch 1/2),~Fe (@) or Ceps—"Fe (¢). Aliquots
(100 ul) of cell suspensions were removed at different
times, filtered and the retained radioactivity was counted.
The experiment was repeated with Ceps—"Fe in the
presence of 200 uM CCCP (A) and in the absence of cells
(0).

carboxylic acid bulged out of the binding cavity.
This inverted binding mode did not affect the
observed docking score (Table 2) because the main
hydrophobic interactions with M271, F114, L117,
F358 and Y356 were conserved (Figure 6(d)). For
both synthetic Pch analogues HPTBT 5 and HPTT-
COOH 6, a much higher proportion of the ligand'’s
surface was accessible to solvent (Table 2) than for
the diastereoisomers.

The Pch 1-Cep-Fe ternary complex was pre-
dicted to bind in a similar way to Pch,—Fe, with the
Cep molecule simply replacing ethylene glycol in
the hexadentate coordination (Figures 2 and 6(e)).
However, the good docking score should be
weighted to take into account the higher mass of
this ternary ligand and its higher accessibility to
water when bound to the receptor (Table 2). Lastly,
(Cep)s—Fe could only be docked with a large steric
hindrance in the current FptA structure, due to
significant steric bumps with 1116, T143, M271 and
W?702 (Table 2; Figure 6(f)).

Discussion

Pch is a siderophore that is produced under iron-
limited conditions by many pathogenic strains of
P. aeruginosa and B. cepacia. This natural molecule
contains three chiral centres, but only the Pch 1
and Pch 2 (Figure 1) are produced by the bacteria via
a stereo-controlled multi-enzymatic process.*
Organic synthesis of Pch gives a mixture of the
four diastereoisomers Pch 1, Pch 2, neoPch 3 and
neoPch 4 (Figure 1) in varying proportions depend-

ing on whether D-cysteine or L-cysteine is used as a
building block. The total synthesis of Pch from
D-cysteine gives a mixture of isomers referred to Pch
1/2, comprising mainly diastereoisomers Pch 1 and
Pch 2 (proportions_of Pch 1/Pch 2/neoPch 3/
neoPch 4: 4/3/2/1). Starting with L-cysteine gives
neoPch 3/4, comprising mainly neoPch 3 and
neoPch 4 (proportions of Pch 1/Pch 2/neoPch 3/
neoPch 4: 2/1/4/3).”% In the presence of a metal
ion, Pch 2 isomerises into Pch 17?° and neoPch 4
isomerises into neoPch 3. This suggests that there is
a metal-driven template effect giving a cis H2"-H4"
relationship that is necessary for optimal ferric ion
tetra-coordination by the siderophore.

During iron uptake in P. aeruginosa, the ferric-Pch
1 is recognized by the specific transporter, FptA."
The high-resolution X-ray structure of FptA loaded
with Pch 1-Fe has been determined® and shows an
overall folding structure similar to that of other
siderophore receptors. The C terminus is folded
into a transmembrane 22 B-stranded barrel, which
is occluded by the N-terminal domain, called the
plug or cork domain. The Pch binding pocket
comprises principally hydrophobic and aromatic
residues, which is consistent with the hydrophobi-
city of Pch. In this structure, the ferric ion is hexa-
coordinated by four atoms from the Pch (the
nitrogen atoms of the thiazolin and thiazolidin
rings, and the oxygen atoms of the phenolate and
carboxylate groups) and the two oxygen atoms
from ethylene glycol, with a 1:1:1 stoic:hiome’[ry.30
The observed diastereoisomer of Pch in this FptA
structure is Pch 1: (4'R,2"RA4"R)-2'-(2-hydroxy-
phenyl)-3"-methyl-4',5",2",3" 4" 5"-hexahydro-
[4',2"bithiazolyl-4"-carboxylic acid.** Our docking
experiments predict that the four Pch disatereo-
isomers (Figure 1) should interact with the FptA
binding site. We validated the automated docking
procedure by docking ferric Pch 1 into the X-ray
structure of the FptA binding site.”” The top-ranked
conformation was very similar to the X-ray
conformation (rmsd of 0.3 A) suggesting that Gold
can properly dock this ligand with the receptor
(Figure 6(a)). Ferric Pch 1 is completely rigid due to
the iron atom, which simplifies the docking process.
However, the very good docking score we obtained
suggests that our docking parameters can discrimi-
nate realistic configurations from unrealistic con-
figurations (Table 2). The binding of iron-free Pch 1
and neoPch 3 was not significantly altered
(Figure 6(b)). This is consistent with close affinities
(tenfold difference) of FptA for iron-free and
(Pch 1/2),-Fe, 26.9nM and 2.2nM, respectively
(Table 1).*' In all Pch diastereoisomers, the phenol
moiety is predicted to bind similarly to a hydro-
phobic subsite (Y356, F358, A144, L117) and the two
five-membered heterocycles face the central non-
polar part of the binding site (M271, Y334, W702).
However, the carboxylate moiety is proposed to
H-bond to two different polar environments, the
L116 and L117 backbone nitrogen atoms or the N703
and R705 side-chains (Table 2; Figure 6(a)—(c)). The
ligands are much more flexible in the absence of an



Binding Properties of FptA 1443

(a) (b)
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Figure 6. Predicted binding modes of the FptA ligands 1-7. Non-carbon ligand atoms are coloured as follows: oxygen,
red; nitrogen, blue; sulphur, yellow. The molecular surface of the FptA binding site (white sticks) was rendered using the
SYBYL implementation of MOLCAD®® and colour-coded by hydrophobicity (brown—blue: hydrophobic—
hydrophilic). FptA contacting residues are labelled at the C* atom. (a) Overlay of the X-ray structure of Pch 1 (cyan
carbon atoms), predicted pose of iron-bound Pch 1 (green carbon atoms), and of predicted pose of iron-bound neoPch 3
(magenta carbon atoms). Fe ions are shown as orange, green-blue and purple balls when bound to Pch 1 (X-ray), Pch 1
(predicted) and neoPch 3, respectively. (b) Overlay of X-ray structure of iron-bound Pch 1 (cyan carbon atoms) with the
predicted pose of iron-free Pch 1 (green carbon atoms) and of iron-free neoPch 3 (magenta carbon atoms). The Fe®* is
displayed by an orange ball. (c) Overlay of the X-ray structure of iron-bound Pch 1 (cyan carbon atoms) with the
predicted poses of iron-free Pch 2 (green carbon atoms) and iron-free neoPch 4 (magenta carbon atoms). The Fe’* is
shown as an orange sphere. (d) Overlay of the X-ray structure of iron-bound Pch 1 (cyan carbon atoms) with the
predicted poses of iron-bound HPTBT 5 (green carbon atoms) and HPTT-COOH 6 (magenta carbon atoms). Fe ions are
shown as orange, green-blue and purple balls when bound to Pch 1 (X-ray), HPTBT 5 and HPTT-COOH 6, respectively.
(e) Overlay of the X-ray pose of iron-bound Pch 1 (cyan carbon atoms) with the predicted pose of the ternary ligand Pch
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Table 2. Predicted binding mode of FptA ligands by Gold automated docking

H-bonds*
Ligand GOLDscore” rmsd® L116:N L117:N N703:ND2 R705:NH2 BSAY
(Pch 1),-Fe 63.81 0.30 X 97.5
Pch 1 49.35 1.22 X X X 97.0
Pch 2 44.96 X 88.0
(neoPch 3),—Fe 52.57 X 94.5
neoPch 3 53.12 X X 97.1
neoPch 4 49.60 X X 100.0
(HPTBT 5),—Fe 50.94 X X 50.8
(HPTT-COOH 6),-Fe 49.17 X 50.0
(Pch 1),-Fe-7 57.38 X 57.8
(Cep)s—Fe 6.65 X X 70.8

# Possible H-bonds are indicated by a cross.

b GOLDscore is the fitness function of the GOLD program,56 which quantifies protein-ligand interactions according to four terms:
protein-ligand H-bond interaction energy; protein-ligand van der Waals interaction energy; ligand internal van der Waals energy;

ligand torsional strain energy.

¢ Root-mean-square deviations (in A) of the heavy atoms from the X-ray configuration of (Pch 1)—Fe.
4 Buried surface area (in percentage of the total surface) of the FptA-bound ligand.

iron ion, although the proposed binding modes of
the iron-free ligands are often similar to those of the
equivalent iron complexes (Table 2; Figure 6(b) and
(c)). However, their binding conformations differ,
resulting in different abilities to complex iron. Pch 1
and neoPch 3 adopt the same bound conformation
irrespective of the presence of iron (Figure 6(b)),
whereas the receptor-bound conformation of Pch 2
and neoPch 4 are incompatible with strong metal
chelation because of a trans relationship between
H2" and H4" protons repelling the carboxylic acid
moiety far from the iron coordination sphere
(Figure 6(c)).

Our experimental data show that both (Pch 1/
2),-Fe and (neoPch 3/4),-Fe have the same
affinities for FptA (Table 1; Figure 3) and are able
to transport iron with the same efficiencies
(Figure 4(a)). FptA is also able to bind the apo-
forms of Pch 1/2 and neoPch 3/4 (Figure 3(b)).
These results are consistent with the high scores for
the two ferric complexes, the apo forms of Pch 1 and
neoPch 3 (Table 2; Figure 6(a) and (b)) and strongly
suggest that FptA is able to bind Pch 1, neoPch 3,
(Pch 1),—Fe and (neoPch 3),—Fe.

NeoPch 3 differs from Pch 1 only by the
stereochemistry of the C4’ chiral centre. When this
stereocentre was removed by replacing the thiazo-
lin moiety by a thiazole ring in HPTBT 5, we
observed only a slight decrease in the affinity for
FptA (Table 1) and iron transport properties similar
to Pch 1/2 (Figure 4(b)). Inversion of the chiral
centres in Pch or the synthetic HPTBT 5 compound
is accommodated by the carboxylate group
H-bonding to one of the two polar environments

(Table 2; Figure 6(d)). When both the C4’ and C2”
chiral centres are removed (HPTT-COOH 6), the
ferric-siderophore becomes more rigid, its affinity
for FptA is decreased (tenfold compared to (Pch 1/
2)-Fe; Table 1) and it no longer transports iron
(Figure 4(b)). This inhibition of iron uptake occurs
via an as yet unknown mechanism. Although
(HPTT-COOH 6),-Fe could be docked into the
binding site with a score very similar to Pch
diastereoisomers (Table 2), there is a complete
inversion of the binding mode with FptA
(Figure 6(d)). The position of the Fe’* in the
FptA—-(HPTT-COOH 6),~Fe complex has not chan-
ged significantly with respect to that observed in
the X-ray structure of FptA in complex with ferric-
Pch (distance of 1.56 A). It is therefore likely that the
position of the HPTT-COOH 6 ligand is no longer
suitable to promote iron transport because of steric
and/or electrostatic hindrance. This inversion may
be the origin of the unusual biological properties of
HPTT-COOH 6.

Analysis of the published FptA structure shows
that Pch can coordinate iron with another bidentate
molecule, such as ethylene glycol (Figure 2), in a
1:1:1 stoichiometry, and that the complex is
recognized by the transporter.’® A complex com-
posed of one iron(Ill) ion, one Cep and one Pch has
been isolated® from growth medium of B. cepacia,
which also produces other siderophores.**
Our competition experiments show that this
complex can bind to FptA with an affinity inter-
mediate between that of (Pch 1/2),-Fe and Cep;—Fe
(Table 1). Our docking experiments and the FptA
structure (Figure 2)*° show that the FptA binding

1-iron-Cep (green carbon atoms). Fe ions are shown as orange and green-blue balls when bound to Pch 1 (X-ray) and
ligand Pch 1-iron—Cep, respectively. (f) Overlay of the X-ray pose of iron-bound Pch 1 (cyan carbon atoms) with the
predicted pose of the iron-Cep complex (green carbon atoms). Fe ions are shown as orange and green-blue balls when

bound to Pch 1 (X-ray) and iron-Cep complex, respectively.



Binding Properties of FptA

1445

site recognises the Pch in these mixed ferric
complexes (Figure 6(e)). One molecule of Pch per
ferric complex seems sufficient to be recognized by
the FptA transporter, although we are unable to say
whether one molecule of Pch per ferric complex is
sufficient for the iron uptake process via FptA.

The binding assays show that Ceps—Fe can bind
to FptA with a strongly reduced affinity (200 times
lower) compared to (Pch 1/2),—Fe (Table 1).
Attempts to dock Ceps—Fe to the X-ray structure
of FptA yielded very poor docking scores (Table 2)
because of steric hindrance with several FptA
residues (Figure 6(f)). We have shown (Figure 5)
that there must be an as yet unknown specific Ceps—
Fe OMT in P. aeruginosa, different from FptA. Since
the Ceps—Fe uptake is pmf-dependent (Figure 5)
this unknown receptor is probably like all side-
rophore OMTs TonB-dependent. Sequence analysis
of the complete P.aeruginosa genome® shows 32
putative TonB-dependent transporters, of which
only a few have been characterized. This unknown
Cep OMT in the Pseudomonas strains used here
meant we were unable to conclude our studies on
the ability of FptA to transport Ceps-Fe.

We used both the Pch-producing P. aeruginosa
PAOL1 strain and the Pvd and Pch-deficient PAD07
strain for the iron uptake assays for the different Pch
diastereoisomers and analogues. Similar results
were observed for both strains (Figures 4 and 5).
All the FptA transporters on the cell surface of the
wild-type Pch-producing strain were loaded with
iron-free Pch under iron-limited conditions.*' Rec-
ognition of iron-free siderophores by TonB -depen-
dent OMTs has been described for FptA,* and also
for FpvA,*** FecA® and FhuA,*' respectively (the
ferric Pvd, ferric dicitrate and ferrichrome outer
membrane transporters of P. aeruginosa and Escher-
ichia coli). This is probably a common feature of
many siderophore outer membrane transporters of
Gram-negative bacteria. As HPTT-COOH 6 was
unable to transport iron in the Pch-producing
P. aeruginosa PAO1 strain, this FptA-bound Pch
cannot aid the iron uptake process. Therefore, the
mechanism for forming FptA-Pch,—Fe during iron
uptake cannot be a ligand exchange mechanism,
which involves exchanging iron from a ferric
siderophore to an 1ron -free siderophore already
bound to the receptor.*” Instead, the mechanism
likely involves displacement of a siderophore on
FptA, as shown by us for the FpvA/Pvd uptake
system in P. aeruginosa.*’~** The FptA-bound Pch
presumably dissociates from FptA in a TonB-
dependent process and the extracellular ferric-
siderophore then binds to the free binding site on
FptA, as shown for FpvA.*

In conclusion, our data show that all the Pch
diastereoisomers are able to bind to FptA. The
activity of Pch remains even after removing one
chiral centre. However, when two chiral centres are
removed, the molecule (HPTT-COOH 6),—Fe still
binds to the transporter but no iron uptake occurs.
Finally, Pch can form mixed complexes with iron
and other bidentate ligands, such as Cep and

ethylene glycol (Figure 2). These complexes still
bind to FptA with a good affinity, via the Pch
molecule. All these data provide a better under-
standing of the interaction at the atomic level of Pch
and ferric-Pch with the FptA binding site. Knowl-
edge of these structure-activity relationships
should aid in the design and synthesis of inhibitors
of the ferric-Pch iron uptake pathway.

Materials and Methods

Chemicals

Carbenicillin disodium salt was a gift from SmithKline
Beecham (Welwyn Garden City, Herts, UK). The proto-
nophore CCCP (carbonyl cyanide m- chlorophenyl-
hydrazone) was purchased from Sigma. >FeCl; was
obtained from Perkin Elmer Life and Analytical Sciences
(Billerica, MA, USA) with a specific activity of 81 Ci/g.
Pch 1/2-"°Fe and other Slderophore—55Fe co E[;)lexes were
prepared at concentrations of 1uM of *°Fe with a
siderophore/iron molar ratio of 20:1. The solutions were
prepared using a 4.4 mM solution of Pch (in methanol). To
4.5 ul of this solution were added 12.3 pl of a solution of
>FeCl; (81 uM, 81Ci/g in 0.5M HCIl), obtained by
dilution of the stock solution, plus 973 pl of 50 mM Tris—
HCI (pH 8.0).

Siderophores and analogues

The Pch diastereoisomer mixtures Pch 1/2 and neoPch
3/4 (Figure 1) were synthesised from D and L-cysteine,
respectively, using a published protocol O Isolation of one
stereoisomer from the other three is arduous and often
leads to enriched fractions of the expected diastereo-
isomers contaminated by one or several of the other Pch
isomers. The Pch 1 and Pch 2 are naturally produced by
P. aeruginosa and B. cepacia. In the presence of a metal ion,
Pch 2 isomerizes into Pch 1*'°° and neoPch 4 isomerizes
into Pch 3. HPTBT 5 and HPTT-COOH 6 were synthesised
as described (Figure 1)°%. The mixed iron(III), Cep and
Pch complex was isolated from the culture broth of
B. cepacia ATCC 17754 or ATCC 25416 using a described
procedure.’” Iron-free Cep was obtained by decomplexa-
tion of either synthetic®” or naturally occurring ferric-Cep
according to the following procedure: ferric-Cep was
dissolved in ethanol (25 pl/mg of ferrisiderophore) to
which was added a 10% solution of sodium hydroxide
(25 ul/mg of ferrisiderophore). The resulting red solution
was gently stirred for 2 h at 20 °C, progressively turning
into a light orange coloured solution. The mixture was
then adjusted to pH 10 with 1 M HCl and the resulting
white precipitate was removed by centrifugation. The
supernatant was then extracted overnight (12h) with
dichloromethane. The iron-free siderophore was detected
in the aqueous phase with the remaining iron-loaded Cep
being detected in the dichloromethane phase. The
aqueous phase was then evaporated to dryness under
reduced pressure and the resulting light orange solid was
triturated several times with acetone. The acetone phases
were collected and evaporated to dryness under reduced
pressure. Cep concentration was calculated from the
resulting crude whlte powder by UV absorption at A=
337 nm (e=5100 M~ lem™1).
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Bacterial strains and growth media

Wild-type P. aeruginosa strain PAO1 and the Pch and
Pvd-deficient P.aeruginosa strain, PAD07'” have been
described. The Pvd and FptA-deficient strain, K2388,
was constructed by disruption of the fptA gene of strain
PAO66097° with an Q Tc cartridge according to a
published procedure Pseudomonas strains were grown
overnight in succinate medium® in the presence of
100 pg/ml streptomycin and 50 pg/ml tetracycline for
strain PADO07 and 100 pg/ml tetracycline for strain K2388.

Ligand-binding assays using *°Fe

The in vivo binding affinity constants (K;) of (Pch 1/2),—
Fe, (neoPch 3/4),-Fe, Ceps;—Fe and the ferric-Pch
analogues and Pch-Fe-Cep complexes to FptA were
determined according to the following procedure: PAD07
cells were washed twice with an equal volume of fresh
medium and resuspended in 50 mM Tris-HCI (pH 8.0)
buffer at an Aggp of 0.3. The cells were then incubated for
1h at 0°C to avoid iron uptake*® in a final volume of
500 ul with 1nM of (Pch 1/2),-°°Fe and various
concentrations of unlabelled iron-loaded siderophore
(0 to 10 uM). The mixtures were then centrifuged at
12,000 g for 3 min and the supernatants containing the
unbound siderophore (labelled or not labelled) were
removed. The tubes containing the cell pellet were
counted for radioactivity in scintillation cocktail. The
binding affinity constants (K;) of the siderophores were
calculated from the ICs, values, which were determined
in competition experlments according to the equatlon by
Cheng & Prusoff:® K;=1Csy/(1+ L/Ky) where L is the
concentration of radlolabelled ligand and Ky is its
equilibrium dissociation constant determined experimen-
tally. The Kq value of (Pch 1/2)2—Fe for FptA is
0.54(+0.19) nM, as determined.*°

Iron uptake

The iron uptake assays were carried out as reported for
the FpvA/Pvd system.” P. aeruginosa PAO1, PAD07 and
K2388 cells were prepared in 50 mM Tris—-HCl (pH 8.0) at
Agoo of 1 and incubated at 37 °C. The transport assays
were started by addmg 10nM (Pch 1/2),—"Fe, (neoPch
3/4)2->Fe, Ceps—"Fe or the Pch analogues. Aliquots
(100 pl) of the suspensions were removed at different
times, filtered and the retained radioactivity was counted.
The experiment was repeated once in the presence of
200 uM CCCP and once in the absence of cells.

Ligand docking

The starting conformations of the ligands 1-7 (Figure 1)
were obtained by converting 2-D IsisDraw (Elsevier
MDL, San Leandro, CA 94577, USA) sketches into 3-D
coordinates using the Corina 3.10 program (Molecular
Networks GmbH, D-91052 Erlangen, Germany). The
automated docking of the manually ionised ligands to
the FptA protem was done using seven speed-up settings
of Gold2.2.2 All organic molecules (water, LDAO, sulfate,
ethylene glycol, ferric-Pch) were first removed from the
protein structure and all hydrogen atoms automatically
added using the Biopolymer module of the SYBYL
package (Tripos, Inc., St. Louis, MO63144-2917, USA).
The active site used for sampling the conformational
space of the ligand was defined by a 12.5 A radius sphere
centred on the centre of mass of the ferric-Pch bound to

the FptA protein. The calculation time was shortened by
stopping the docking when the top three ranked solutions
were within 1.5 A rmsd. We can assume that these top
solutions represent a reproducible conformation for the
ligand. A maximum of ten conformations for each ligand
were saved in standard mol2 format (Triptos, Inc., St.
Louis, M0O63144-2917, USA) and analysed using the
Silver1.0 program (The Cambridge Crystallographic
Data Centre, Cambridge, CB2 1EZ, UK).
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