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Abstract Pyochelin, its analog 3¢¢-nor-NH-pyochelin,
and the related methyl hydroxamate, 2-(2¢-hydroxyphe-
nyl)-4,5-dihydrothiazol-4-carboxylic acid methoxym-
ethyl amide, have been prepared together with their
Fe(III) complexes. The solution stoichiometry and the
coordination of the three Fe(III) complexes in methanol
or buffered (pH�2) 50:50 (v/v) methanol–water mixtures
were determined using various spectroscopic methods:
UV–vis absorption, X-ray absorption, extended X-ray
absorption fine structure and electron paramagnetic
resonance. All three systems showed both a 1:1 and 2:1
ligand–Fe(III) stoichiometry, but presented different
coordination properties. Conditional formation con-
stants (pH�2) were determined for both the 1:1 and 2:1
complexes in all three systems. Computation of the
coordination-conformational energies by semiempirical
methods indicated that the coordination in the case of
the 2:1 complexes of pyochelin–Fe(III) and 3¢¢-nor-NH-
pyochelin–Fe(III) was asymmetrical, with one molecule
of pyochelin (or 3¢¢-nor-NH-pyochelin) tetradentately
coordinated (O1, N1, N2 and O3) to the Fe(III), and the
second molecule bound bidentately (O1, N1 or N2, O3),
to complete the octahedral geometry. In contrast, two
molecules of the methyl hydroxamate each provided a
set of tridentate ligand atoms in the formation of the 2:1

ligand–Fe(III) complex. These results are consistent with
the role of pyochelin in the uptake of iron by the FptA
receptor in the outer membrane of Pseudomonas aeru-
ginosa and in several gram-negative bacteria.
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Introduction

Pyochelin 1a (Scheme 1) is a hydroxyphenylthiazolinyl-
thiazolidine type of siderophore, which was isolated for
the first time from the iron-deficient cultures of Pseu-
domonas aeruginosa ATCC 15692 by Liu and Shokrani
[1]. This siderophore was shown later to be produced not
only by a great number of strains of P. aeruginosa but
also by many strains of Burkholderia (previously Pseu-
domonas) cepacia [2, 3]. Both species are involved in
severe lung infections occurring in cystic fibrosis pa-
tients.

The structure of pyochelin was established later by
Cox et al. [4]: it possesses a hydroxyphenylthiazoline
group as well as a carboxylic acid group, both probably
involved in the chelation of Fe(III) to form an octahedral
complex with a 2:1 stoichiometry. Although its associa-
tion constant with Fe(III) is very weak (estimated to be
5·105 M�1 in methanol) [5], the pyochelin-mediated iron
transport through membranes is very efficient [6].
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Earlier reports essentially based on mass spectrome-
try confirmed the 2:1 stoichiometry of the pyochelin
metal complexes; however, the coordination between
pyochelin and the metal remained uncertain. The precise
role of each of the four potential coordinating atoms in
the two pyochelins [the phenolic oxygen (O1), the
thiazoline nitrogen (N1), the thiazolidine nitrogen (N2),
and the carboxylate oxygen (O3)] remained unclear [7,
8], not to mention the participation of the sulfur atoms.
More recently a mixed 1:1:1 complex between a tetrad-
entate pyochelin, a bidentate cepabactin, and Fe(III)
was isolated, purified, and characterized [9]. Simulta-
neously, the specific outer-membrane receptor FptA
loaded with ferripyochelin with a similar 1:1:1 mixed
complex between pyochelin (tetradentate), ethylene
glycol (bidentate), and Fe(III) was crystallized and its
three-dimensional structure reported [10].

We present here a physicochemical study of the
Fe(III) complexes of pyochelin using various spectro-
scopic methods: UV–vis absorption, X-ray absorption
(XAS), extended X-ray absorption fine structure (EX-
AFS) and electron paramagnetic resonance (EPR), in
order to fully characterize the solution stoichiometry
and the coordination of the Fe(III) complexes
of pyochelin, and two related compounds, namely
3¢¢-nor-NH-pyochelin 1b, and the methyl hydroxamate,
2-(2¢-hydroxyphenyl)-4,5-dihydrothiazol-4-carboxylic acid
methoxymethyl amide 2. The latter is an intermediate in
the synthesis of pyochelin and analogs [11–13]. We show
that all three systems exhibit ligand–Fe(III) complexes
of 1:1 and 2:1 stoichiometry in methanol or buffered
(pH�2) 50:50 (v/v) methanol–water mixtures, but with
different coordination properties. Computation of
coordination–conformational energies by semiempirical
methods indicate that in the 2:1 complexes, one molecule
of pyochelin (and 3¢¢-nor-NH-pyochelin) acts as a tet-
radentate (O1, N1, N2 and O3) ligand to coordinate
with Fe(III), and the second molecule acts as a bidentate
(O1, N1 or N2, O3) ligand to form asymmetrical
octahedral ferric complexes. In contrast, the methyl
hydroxamate essentially serves as a tridentate ligand.

In principle, X-ray crystallographic analysis is the
method of choice to address the structural issues of
concern here. Although the X-ray structure of an Fe(III)
complex of pyochelin was alluded to in a recent publi-
cation [14], unfortunately the description of this struc-
ture was unclear, and no structural data appeared till the
publication of the three-dimensional structure of FptA,
the specific outer-membrane receptor, loaded with ferric
pyochelin [10].

Materials and methods

Preparation of the ligands

Pyochelin, 3¢¢-nor-NH-pyochelin, and the methyl hy-
droxamate were synthesized according to published
procedures [11–13].

Buffer preparation

A 0.106 M formic acid solution was mixed with varying
volumes of triethylamine, and then diluted with methanol
to obtain buffered (0.053 M formic acid, pH�2) 50:50 (v/
v) methanol–water mixtures. The latter were used
throughout the study, except where noted otherwise.

UV–vis measurements

Spectral titrations were carried out either at a fixed
Fe(III) concentration and varying the ligand (pyochelin,
3¢¢-nor-NH-pyochelin, or the methyl hydroxamate)
concentration, or at a fixed ligand concentration and
varying the metal-to-ligand concentration ratio. In the
case of 3¢¢-nor-NH-pyochelin, the samples were prepared
by adding a fixed volume of FeCl3 in a buffered
(pH 2.72) 50:50 (v/v) methanol–water mixture to a fixed
volume of the ligand at varying concentrations in the
same buffer so that the final concentration of Fe(III)
(0.250 mM, pH 2.72) remained constant throughout the
first series of UV–vis measurements. The same method
was used to prepare the samples for the second series of
experiments, where the concentration of 3¢¢-nor-NH-
pyochelin was held constant at the final value of
0.107 mM in the same buffered methanol–water mixture
and the Fe(III) concentration was varied. The two series
of titration experiments will henceforth be referred to as
forward and reverse titrations, respectively.

The same procedure was used in the preparation of the
samples for the spectral titration of Fe(III) with varying
concentrations of the methyl hydroxamate. Here, the
Fe(III) concentration was fixed at 0.25 mM in the final
buffered (pH 2.89) 50:50 (v/v) methanol–water solutions.
For the spectral titration of the methyl hydroxamate with
varying concentrations of Fe(III), the methyl hydroxa-
mate concentration was fixed at 0.125 mM in the same
buffered methanol–water solutions.

The spectral titration of pyochelin was carried out
using samples that were prepared by adding a fixed
volume of pyochelin solution at varying concentrations
in methanol to a fixed volume of the FeCl3–methanol
solution so that the final concentration of Fe(III)
(0.33 mM) remained constant throughout the series of
measurements (forward titration). In the reverse titra-
tion, increasing aliquots of 0.33 mM FeCl3 in methanol
were added to solutions of pyochelin in methanol so that
the final concentration of the pyochelin (0.232 mM) re-
mained constant throughout the series of measurements.
The pH of the 0.33 mM FeCl3 solution in methanol was
determined with a pH meter to be approximately 2. All
UV–vis spectra were recorded using an HP 8543 spec-
trophotometer.

EPR of pyochelin–Fe(III) complex

EPR spectra were obtained at the X-band using a Bru-
ker E580 spectrometer equipped with a Bruker TE102
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cavity. The samples were aliquots taken from the cor-
responding samples prepared for the UV–vis spectral
titrations mentioned before. These aliquots were loaded
onto 4-mm outer diameter EPR tubes and plunged into
a liquid nitrogen chilled isopentane solution for freezing.
The EPR spectra were recorded at 4 K, and this tem-
perature was maintained using an Oxford Instruments
continuous liquid-helium cryostat equipped with a he-
lium pump to lower the vapor pressure of the liquid
helium.

XAS of 2:1 pyochelin–Fe(III), 3¢¢-nor-NH-pyochelin–
Fe(III), and methyl hydroxamate–Fe(III) complexes

For XAS measurements, the complexes were prepared in
excess ligand and purified by a Sephadex LH-20 column.
Methanol was used as the elution buffer. The samples
eluted were dried and rid of solvent by lyophilization,
and the complexes were extracted by ether. After ly-
ophilization again to remove solvent, the solids were
loaded onto sample holders (1.4 cm·1.4 cm·0.2 cm)
covered with sheets of kapton, and cooled to 10 K using
an Oxford Instruments continuous liquid-helium cryo-
stat. XAS data were collected at the National Synchro-
tron Radiation Research Center (NSRRC) in Hsinchu,
Taiwan (Beamline Wiggler 17C) using a Si(111) double-
crystal monochromator in the region of the K-edge for
Fe (7.112 keV). The absorption edges of the Fe in FeO,
Fe2O3, and Fe3O4 were used as internal standards for
calibration of the energy of the X-ray photons.

Computation of coordination–conformational energies

Conformation energies and equilibrium geometries for
the various conformers of the 2:1 pyochelin–Fe(III), 3¢¢-
nor-NH-pyochelin–Fe(III) and the methyl hydroxa-
mate–Fe(III) complexes were calculated by the program
Spartan’02. This semiempirical module also provides for
the calculation of heats of formation. Various models of
the complexes were simulated by the semiempirical PM3
method. It is reasonable to assume that the phenol
moiety is neutral at pH�2, and is a phenolate in the
Fe(III) complex. On the other hand, at pH�2, the car-
boxylic acid moiety in pyochelin might not be ionized in
methanol or in the 3¢¢-nor-NH-pyochelin in the buffered
methanol–water mixtures. However, it is certainly ion-
ized upon the formation of the Fe(III) complex. In any
case, we have compared the conformational energies of
the complexes with and without this ionization of the
carboxylic acid in our calculations.

Results

We carried out spectroscopic studies and theoretical
calculations to elucidate the ferric coordination chem-
istry of pyochelin and its analogs, 3¢¢-nor-NH-pyochelin

and methyl hydroxamate. It has been reported that py-
ochelin can chelate with Fe(III) in a 2:1 stoichiometry
[5]. The resultant complexes presumably involve two
symmetrical tridentate ligands, or two ligands asym-
metrically coordinated to the iron, one tetradentate and
the other bidentate, to form the hexa-coordinated
octahedral geometry.

UV–vis spectra

To verify the stoichiometry of the limiting metal–li-
gand complex formed and to assist in the identification
of the potential Fe(III) ligand atoms of pyochelin, we
compared the titration of FeCl3 solutions in methanol
with pyochelin versus the titration of FeCl3 with 3¢¢-
nor-NH-pyochelin and methyl hydroxamate in 50:50
methanol–water mixtures. The titration with pyochelin
was undertaken in methanol, as this siderophore is
sparingly soluble even in 50:50 (v/v) methanol–water
mixtures. In order to optimize the solution conditions
for the formation of the three iron complexes, the
titrations were carried out at pH�2. The pH of a
0.33 mM FeCl3 solution in methanol was determined
to be approximately 2; and the methanol–water mix-
tures were buffered at pH 2–3 with 0.053 M formic
acid.

Changes in the UV–vis absorption of the solutions
upon the formation of the iron siderophore complexes
were monitored. In the first series of experiments, a fixed
concentration of Fe(III) was titrated against increasing
concentrations of the ligands (forward titration). In a
separate series of experiments, solutions of the ligands at
a fixed concentration were treated with increasing con-
centrations of FeCl3, again in methanol or buffered
methanol–water mixtures (reverse titration).

Pyochelin

The titration of an FeCl3 solution in methanol with
increasing concentration increments of pyochelin has
previously been reported. These data were interpreted in
terms of the formation of a 2:1 pyochelin–Fe(III) com-
plex [5]. We repeated this experiment. In Fig. 1a, we
summarize the UV–vis spectra obtained for a 0.33 mM
FeCl3 solution in methanol containing increasing incre-
ments of pyochelin. The various samples were prepared
by adding a fixed volume of pyochelin solution at
varying concentrations in methanol to a fixed volume of
the FeCl3–methanol solution so that the final concen-
tration of Fe(III) remained constant throughout the
series of measurements. It is clear from these data that a
complex with kmax�525 nm was formed at pyochelin-to-
Fe(III) concentration ratio of approximately 0.5. As the
pyochelin-to-Fe(III) concentration ratio was increased
to 1:1 and above, another complex was formed with
kmax�500 nm, presumably with a higher ligand–metal
stoichiometry (vide infra).
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Further evidence in support of multiple equilibria,
namely, the formation of both 1:1 and 2:1 complexes
with Fe(III), was provided by reverse titration. When
constant ligand at a sufficiently high siderophore con-
centration was titrated with increasing Fe(III) concen-
trations, the species with the higher ligand-to-metal
stoichiometry should have been formed first; and this
species would gradually give way to the species with
the lower ligand-to-metal stoichiometry as the Fe(III)
concentration is increased. In Fig. 2a, the spectral
changes obtained for a 0.23 mM pyochelin solution in
methanol upon the addition of varying aliquots of
FeCl3 in methanol are compared. From the kmax ob-
served initially at approximately 500 nm, it is evident
that the observed absorbance changes are dominated
by the formation of the limiting 2:1 complex when the
pyochelin-to-Fe(III) concentration ratio is much
greater than 1. The addition of additional increments
of Fe(III) was attended by an increase in the absor-
bance at approximately 525 nm owing to formation of
the complex with the lower ligand-to-metal stoichi-
ometry.

3¢¢-nor-NH-Pyochelin

We repeated the same series of experiments with 3¢¢-nor-
NH-pyochelin. The UV–vis data obtained for a series of
solutions containing FeCl3 at a fixed concentration of
0.25 mM in buffered (pH 2.7) 50:50 (v/v) methanol–
water mixtures and 3¢¢-nor-NH-pyochelin at varying li-
gand-to-metal concentration ratios are summarized in
Fig. 1b. Unlike the case of pyochelin, there was no
apparent shift in kmax (approximately 510 nm) with
increasing increments of 3¢¢-nor-NH-pyochelin.

Figure 2b compares the spectral changes obtained in
the reverse titration. Here, the results were obtained for
buffered (pH 2.7) 50:50 (v/v) methanol–water solutions
containing 0.107 mM 3¢¢-nor-NH-pyochelin and varying
levels of FeCl3. As in the forward titration, no apparent
shift in kmax (approximately 510 nm) was noted as the
level of FeCl3 in the solution was increased.

From the absorbance changes in the forward and
reverse experiments, we found that the limiting complex
formation was thermodynamically complete at a ligand-
to-metal ratio of approximately 5 when the 3¢¢-nor-NH-
pyochelin concentration was varied at constant Fe(III)
concentration (Fig. 4a), or a metal-to-ligand ratio of
approximately 1 when the Fe(III) concentration was
varied at fixed 3¢¢-nor-NH-pyochelin concentration
(Fig. 4c). These results are consistent with a limiting li-
gand-to-metal stoichiometry of 1:1 in the reverse titra-
tion, and a stoichiometry higher than 1:1 for the limiting
complex in the forward titration.

Methyl hydroxamate

Experiments with methyl hydroxamate as the ligand
yielded similar spectral changes in the UV–vis region.
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Fig. 1 UV–vis spectra of Fe(III) complexes obtained with increas-
ing concentration increments of pyochelin and structurally related
compounds. a Pyochelin was added to a 0.33 mM FeCl3 solution in
methanol. b 3¢¢-nor-NH-Pyochelin was added to a 0.25 mM FeCl3
solution in buffered (pH 2.72) 50:50 (v/v) methanol–water mix-
tures. c Methyl hydroxamate was added to a 0.25 mM FeCl3
solution in buffered (pH 2.89) 50:50 (v/v) methanol–water mix-
tures. All spectra were baseline-corrected, i.e., by subtracting the
baseline from the raw data. There were no apparent spectral
contributions to the baseline from Fe(III) species in the vicinity of
500 nm in the absence of the siderophores
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When solutions were prepared with 0.25 mM FeCl3 and
varying concentrations of the methyl hydroxamate in
buffered (pH 2.7) 50:50 (v/v) methanol–water mixtures,
the kmax of the complexes formed shifted from approx-
imately 540 nm to approximately 510 nm with increas-
ing levels of the ligand (Fig. 1c). When the solutions
contained 0.125 mM methyl hydroxamate with varying
Fe(III) concentrations, the kmax of the complexes formed
moved from approximately 510 to 540 nm with
increasing Fe(III)-to-methyl hydroxamate concentration
ratios (Fig. 2c).

From the absorbance changes in the forward and
reverse experiments, we found that the limiting complex
formation was thermodynamically complete at a ligand-
to-metal ratio of approximately 4 when the methyl hy-
droxamate concentration was varied at constant Fe(III)
concentration (Fig. 5a), or at a metal-to-ligand ratio of
approximately 1 when the Fe(III) concentration was
varied at fixed methyl hydroxamate concentration
(Fig. 5c). These results are consistent with a limiting li-
gand-to-metal stoichiometry of 1:1 in the reverse titra-
tion, and a stoichiometry higher than 1:1 for the limiting
complex in the forward titration.

Analysis of the UV–vis titration data

A quantitative analysis of the UV–vis titration data was
carried out to obtain the conditional formation con-
stants (pH�2) for the complexes formed between Fe(III)
and the three ligand systems. In each case, the titration
data were fitted within the framework of the formation
of 1:1 and 2:1 ligand–Fe(III) complexes. At each wave-
length, we could then write, following the Beer–Lambert
law,

Absorbance ðkÞ ¼ OD ¼ e1ðkÞ � C1 þ e2ðkÞ � C2; ð1Þ

where OD is the optical density, subscripts 1 and 2 refer
to the 1:1 and 2:1 complexes, respectively, and where
the optical cell path length was taken to be 1 cm. The
extinction coefficients for the two species could be
obtained from the limiting OD in the two titration
experiments, where presumably the complex of the
limiting stoichiometry would be formed under the con-
ditions of the experiment in each case. Thus, when the
titration was carried out by varying the ligand concen-
tration at constant Fe(III), the limiting complex at high
ligand-to-metal concentration ratios should have been
the 2:1 complex, and the OD would be given by
e2(k)C2max=e2(k)M0, where M0 is the stoichiometric
concentration of the Fe(III) in the experiment. Similarly,
in the reverse titration, the limiting complex at high
metal-to-ligand ratios should be the 1:1 complex, and
the limiting OD would be given by e1(k)C1 max=e1(k)L0,
where L0 is the stoichiometric concentration of the li-
gand in this experiment. Table 1 lists the extinction
coefficients at two wavelengths in the vicinity of kmax of
the 1:1 and the 2:1 ligand–Fe(III) complexes of pyoch-
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Fig. 2 aUV–vis spectra obtained for a series of solutions containing
pyochelin at a fixed concentration of 0.23 mM and increasing
concentrations of FeCl3. b UV–vis spectra obtained for a series of
solutions containing 3¢¢-nor-NH-pyochelin at a fixed concentration of
0.107 mM and increasing concentrations of FeCl3. c UV–vis spectra
obtained for a series of solutions containing methyl hydroxamate at a
fixed concentration of 0.125 mM and FeCl3 at varying concentration
ratios. As in Fig. 1, all the spectra were corrected for the baseline. The
contribution of the free ligand to the absorbance in the vicinity of
500 nm is negligible for all three siderophores
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elin, 3¢¢-nor-NH-pyochelin, and methyl hydroxamate
determined in this manner.

Once the extinction coefficients had been determined
for the two species at a particular wavelength, the
absorbance measured in a given experiment could be
used to deduce the concentration of the two species
under the conditions of the experiment by invoking the
relationship C1+C2=M0 in the forward titration, and
C1+2C2=L0 in the reverse titration. Finally, after the
concentrations of the 1:1 and 2:1 Fe(III) complexes had
been determined as a function of L0/M0, the results
could be used to obtain the conditional equilibrium
constants K1 and K2 associated with the successive for-
mation of the two complexes in the following chemical
equations for the forward titration:

Fe(III)þ L�
K1

Fe(III)�L

Fe(III)�Lþ L �
K2

Fe(III)�L2:

ð2Þ

Similarly, in the reverse titration, once the concentra-
tions of the 1:1 and 2:1 Fe(III) complexes had been
determined as a function of M0/L0, the results could be
used to obtain the product K1K2 and Kcomp in the fol-
lowing multiple equilibria:

Table 2 Conditional equilibrium constants (pH�2) determined for
the formation of the Fe(III) complexes of pyochelin and its analogs

Ligand K1 (M
�1)a K2 (M

�1)b Kcomp
c

Pyochelin 6,740±4,640 274±178 29.4±16.7
3¢¢-nor-NH-Pyochelin 33,300±4,940 2,630±1,070 10.3±7.0
Methyl hydroxamate 3,010±520 2,790±779 1.16±0.95

aK1=[FeL]/([Fe][L])
bK2=[FeL2]/([FeL][L])
cKcomp=[FeL]2/([FeL2][Fe])
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Fig. 3 a Absorbance vs pyochelin-to-Fe(III) concentration ratio
(L0/M0) observed at 448 and 526 nm in a forward titration where a
solution of 0.33 mM FeCl3 (M0) in methanol was titrated with
increasing concentrations of pyochelin (L0). b Concentrations
of the 1:1 and 2:1 species formed as a function of L0/M0.

c Absorbance versus Fe(III)-to-pyochelin concentration ratio
(M0/L0) observed at 448 and 526 nm in a reverse titration where
a solution of 0.23 mM pyochelin (L0) in methanol was titrated with
increasing concentrations of Fe(III) (M0). d Concentrations of the
1:1 and 2:1 species formed as a function of M0/L0

Table 1 Extinction coefficients (M�1 cm�1) for the ligand-to-metal
charge transfer bands observed at wavelengths near kmax for the 1:1
and 2:1 Fe(III) complexes of pyochelin, 3¢¢-nor-NH-pyochelin, and
methyl hydroxamate

Ligand FeL FeL2

Pyochelin e488=1,297,
e526=1,417

e488=1,448,
e526=922

3¢¢-nor-NH-Pyochelin e510=1,187 e510=2,428
Methyl hydroxamate e510=3,552,

e540=3,657
e510=3,652, e540=3,362
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Fe(III)þ 2L +(
K1K2

Fe(III)�L2

Fe(III)�L2 þ Fe(III))*
Kcomp

2Fe(III)�L;
ð3Þ

where Kcomp is the conditional equilibrium constant for
the comproportionation of the 2:1 complex into two 1:1
species in the presence of Fe(III) at the pH of the reverse
titration.

The equilibrium constants K1, K2, and Kcomp deter-
mined by the aforementioned procedure for the three
pyochelin analogs examined in this study are summa-
rized in Table 2. In Figs. 3, 4, and 5, we have also
summarized the outcome of our analysis of the absor-
bance data within the framework of our model. Plots of
the absorbance versus pyochelin-to-Fe(III) concentra-
tion ratio are compared between the results of fitting the
data to the model and the OD data observed at two
wavelengths, k=448 and 526 nm in Fig. 3a. Similar
comparison between the model and experiment for the
absorbance versus Fe(III)-to-pyochelin concentration
ratio in the reverse titration is shown in Fig. 3c. The
agreement can be seen to be quite satisfactory in both
cases. The same comparison is made at k=510 nm for

the forward titration in the case of 3¢¢-nor-NH-pyochelin
in Fig. 4a, and for the reverse titration in Fig. 4c. Here,
the agreement between the model and the observed
absorbance is almost perfect. Finally, in Fig. 5, we do
the same comparison for methyl hydroxamate at two
wavelengths, 510 and 540 nm. Again, the model fits the
absorbance data well for both the forward (Fig. 5a) and
the reverse (Fig. 5c) titrations.

The concentrations of the 1:1 and 2:1 complexes are
summarized for each of the three ligand systems in the
various titration experiments in Fig. 3b and d (pyoch-
elin), Fig. 4b and d (3¢¢-nor-NH-pyochelin), and Fig. 5b
and d (methyl hydroxamate). In the case of pyochelin, it
is clear that the 1:1 complex is formed with a much
higher formation constant from the free ligand and
Fe(III) than the 2:1 complex is from the 1:1 species. In
fact, appreciable concentrations of the 2:1 complex are
not formed until L0/M0� 4. The same is also true for
3¢¢-nor-NH-pyochelin, except that the individual equi-
librium constants for the two steps are 5–10 times higher
than the corresponding constants in the case of pyoch-
elin. As a result, the overall formation constant for the
2:1 complex (product of K1 and K2) is significantly
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Fig. 4 a Absorbance versus 3¢¢-nor-NH-pyochelin-to-/Fe(III) con-
centration ratio (L0/M0) observed at 510 nm in a forward titration
where a solution of 0.25 mM FeCl3 (M0) in a buffered (pH 2.7)
50:50 (v/v) methanol–water mixture was titrated with increasing
concentration of 3¢¢-nor-NH-pyochelin (L0). b Concentrations of
the 1:1 and 2:1 species formed as a function of L0/M0 in the
forward titration. c Absorbance versus Fe(III)-to-3¢¢-nor-NH-

pyochelin concentration ratio (M0/L0) observed at 510 nm in a
reverse titration where a solution of 0.107 mM 3¢¢-nor-NH-
pyochelin (L0) in a buffered (pH 2.7) 50:50 (v/v) methanol–water
mixture was titrated with increasing concentration of FeCl3 (M0). d
Concentrations of the 1:1 and 2:1 species formed as a function of
M0/L0 in the reverse titration
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higher, but even then the 1:1 complex remains the
dominant species until L0/M0>2. In other words, the
limiting 1:1 complex is readily formed, as we have shown
in the reverse titration. In contrast, K1 and K2 are
essentially equal in the case of methyl hydroxamate.

Electron paramagnetic resonance

The liquid-helium-temperature EPR spectra observed
for the pyochelin–Fe(III), 3¢¢-nor-NH-pyochelin–Fe(III),
and methyl hydroxamate–Fe(III) complexes are typical
of high-spin (S=5/2) Fe(III) with rhombic ligand fields.
The spectra recorded in the case of pyochelin for dif-
ferent pyochelin-to-Fe(III) concentration ratios are
summarized in Fig. 6a. The turning points observed in
the derivative spectrum at g=9.50, 4.26, and 2.00 are
consistent with a six-coordinate Fe(III), a coordination
environment similar to that previously reported for the
Escherichia coli siderophore ferrichrome and most
other iron transporters [15]. The subtle variations
observed in the EPR spectrum with the ligand-to-
metal ratio (Fig. 6b, c) merely reflect changes in the

symmetry of the ligand field around the Fe(III) ion,
subtle changes in the zero-field parameters (Fig. 6d, e)
between the Fe(III)–methanol complex, and the heter-
ogeneity of the ligand–Fe(III) complexes reflecting the
different proportions of the 1:1 and 2:1 pyochelin–
Fe(III) species formed under different conditions.

X-ray absorption experiments

The limiting 2:1 Fe(III) complexes formed with pyoch-
elin, 3¢¢-nor-NH-pyochelin, and the methyl hydroxamate
were also subjected to Ka-edge XAS as well as EXAFS
studies. The Fe K-edges observed at 10 K for the three
complexes are similar to the corresponding K-edges of
Fe2O3 (7,125 eV), consistent with a +3 oxidation state
for the iron complexes (Fig. 7a). The corresponding K-
edge of Fe(II) in FeO occurs at approximately 7,120 eV.
The normalized pre-edges (1s fi 3d) of the iron com-
plexes at 7,113 eV are less than 0.1 of the absorption
intensity (Fig. 7b, inset), indicating that the coordina-
tion geometry around the Fe(III) is distorted from
octahedral, possibly tetragonal, in each case.
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Fig. 5 a Absorbance versus methyl hydroxamate-to-Fe(III) con-
centration ratio (L0/M0) observed at 510 and 540 nm in a forward
titration where a solution of 0.25 mM FeCl3 (M0) in a buffered
(pH 2.7) 50:50 (v/v) methanol–water mixture was titrated with
increasing concentration of methyl hydroxamate (L0). b Concen-
trations of the 1:1 and 2:1 species formed as a function of L0/M0 in
the forward titration. c Absorbance versus Fe(III)-to-methyl

hydroxamate concentration ratio (M0/L0) observed at 510 and
540 nm in a reverse titration where a solution of 0.125 mM methyl
hydroxamate (L0) in a buffered (pH 2.7) 50:50 (v/v) methanol–
water mixture was titrated with increasing concentration of FeCl3
(M0). d Concentrations of the 1:1 and 2:1 species formed as a
function of M0/L0 in the reverse titration
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We analyzed the fine structure in the postedge region
of the XAS to deduce the first and second coordination
shell ligand environment around the Fe(III) in the three
2:1 complexes (Fig. 8a). The locations of the first-shell

ligand atoms are typically in the range 1–2 Å (Fig. 8b).
These results are consistent with only oxygen and
nitrogen scatterers in the first coordination shells of
these complexes, in agreement with the similar kmax

observed for the ligand-to-metal charge transfer bands
in the UV–vis spectra of the three 2:1 complexes. No
attempt was made to fit the EXAFS data further to
extract coordination numbers, as the coordination
geometry is already known to be octahedral, and it is not
possible to distinguish between N and O ligands in the
first coordination shell of the ligand atoms.

Theoretical calculations

We undertook semiempirical calculations on the 2:1
pyochelin–Fe(III) and 3¢¢-nor-NH-pyochelin–Fe(III)
complexes in an attempt to place the aforementioned
chemical conclusions on a firmer structural basis, and to
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Fig. 6 a X-band electron paramagnetic resonance (EPR) spectra of
the pyochelin–Fe(III) complex were obtained for a 0.33 mM FeCl3
solution in methanol containing increasing increments of pyoch-
elin. The spectra were recorded at 4 K with a microwave power of
1.263 mW, a modulation amplitude of 10 G, a modulation
frequency of 100 kHz, and a microwave frequency of 9.477 GHz.
b EPR spectra of the pyochelin–Fe(III) complex in the g=4.26
region. c EPR spectra of the pyochelin–Fe(III) complex observed in
the g=2.00 region
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distinguish between various modes of coordination.
These computations were done using the program
Spartan. The results of these computations are summa-

rized in Tables 3 and 4. Only the six stablest conformers
are included in each case. It turns out that these
conformers involve asymmetric tetradendate and bid-
entate coordination only; all conformers with symmetric
tridendate coordination are much higher in energy. In
the case of pyochelin, we found that the stablest geom-
etry of the Fe(III)–pyochelin complexes is that with
tetradentate coordination of the iron to the phenol
oxygen (O1), sp2 nitrogen of the thiazole (N1), the sp3

methyl secondary nitrogen of the thiazoline (N2), and
the sidechain carboxylate oxygen (O3) of one pyochelin,
and bidentate coordination to the phenol oxygen (O1¢)
and the sp2 imino nitrogen of the thiazole ring (N1¢) of
the second ligand molecule. In these calculations, we
assumed that the phenol oxygen is deprotonated, and
although the carboxylate oxygen is protonated at pH�2
in methanol solution, this proton was released in the
formation of the complexes. A parallel calculation was
also done with the carboxylate oxygen protonated in the
Fe(III) complex, but the conformation energy of the
complex was significantly less stable. Finally, although
other coordination schemes were possible, these con-
formers were all higher in energy by more than
15 kcal mol�1. The same structural conclusions were
obtained in the case of 3¢¢-nor-NH-pyochelin, not sur-
prisingly, as the only difference between 3¢¢-nor-NH-
pyochelin and pyochelin is the methyl substitution at the
nitrogen of the thiazoline ring (N2) in the case of py-
ochelin. Stick presentation views of the stablest con-
former predicted for pyochelin–Fe(III) and the 3¢¢-nor-
NH-pyochelin–Fe(III) are shown in Scheme 2.

In the case of methyl hydroxamate, only the phenoxyl
and imino groups are retained to provide the original set
of oxygen and nitrogen ligands, and two other ligand
atoms must be sought to complete the octahedron. The
remaining ligand atoms could come from the sp2 oxygen
of the methoxylamide group (O2 or O2¢) and/or the
ethereal oxygen of the methoxyl group (O3 or O3¢). The
coordination to the latter two ligands could either be
symmetrical, with both ligands contributing the sp2

oxygen of the methoxylamide group (i.e., O2 and O2¢) or
the ethereal oxygen of the methoxyl group (i.e., O3 or
O3¢), or asymmetrical, with one ligand contributing the
methoxylamide carbonyl oxygen (O2 or O2’) and the
other ligand the ethereal oxygen (O3 or O3¢). In any
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Fig. 8 a Extended X-ray absorption fine structure (EXAFS) of iron
complexes at 10 K. All spectra are plotted on the same scale with
the middle and upper spectra offset vertically by 15 and 30 units,
respectively, for clarity. b Fourier transforms of k3v(k) EXAFS. All
spectra are plotted on the same scale with the middle and upper
spectra offset vertically by 15 and 25 units, respectively, for clarity.
Pyochelin–Fe (1), 3¢¢-nor-NH-pyochelin–Fe (2), and methyl hy-
droxamate–Fe (3)

Scheme 2 Stick presentation
views of the stablest pyochelin–
Fe (a) and 3¢¢-nor-NH-
pyochelin–Fe (b) models
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case, each ligand would contribute three ligand atoms
for tridentate coordination to form the 2:1 methyl hy-
droxamate–Fe(III) complex. The energetics predicted by
the theoretical calculations favored invoking the phen-
oxyl oxygen (O1 and O1¢), the imino nitrogen (N1 and
N1¢), and either of the ethereal oxygens (O3 and O3¢).
One of latter ethereal oxygens could be replaced by the
methoxylamide carbonyl oxygen (O2 or O2¢), but this
conformer is some 5 kcal mol�1 higher in energy (Ta-
ble 5). Stick presentation views of the two stablest con-
formers predicted for the 2:1 methyl hydroxamate–
Fe(III) complex are shown in Scheme 3.

Finally, the results of the coordination–conformational
energy calculations for the Fe–pyochelin and Fe–3¢¢-nor-
NH-pyochelin complexes, that is, the tetradentate and
bidentate coordination predicted for the first and second
ligand, respectively, are consistent with the relatively lar-
ger formation constant for the 1:1 complex compared with
the equilibrium constant for the formation of the 2:1
complex from the 1:1 species. The equal equilibrium
constants for the successive formation of the 1:1 and the
2:1 complexes in the case of methyl hydroxamate are also
consistent with the tridentate coordination of two ligands
to form the 2:1 Fe(III) complex in this system.

Table 3 Semiempirical bond distances and coordination–conformational energies of various pyochelin–Fe(III) models

Model Bond distances (Å) Energy (kcal mol�1)

Fe–O1 Fe–N1 Fe–N2 Fe–O3 Fe–O1¢ Fe–N1¢

1 A 1.8559 1.8910 2.1046 1.9029 1.8856 2.0815 �500.33
B 2.0334 1.8813 2.1126 2.7467 1.8758 2.0500 �348.59

Fe–O1 Fe–N1 Fe–N2 Fe–O3 Fe–O3¢ Fe–N2¢ Energy (kcal mol�1)

2 A 1.8863 1.8853 2.3762 1.9177 2.0002 1.9515 �485.17
B 2.5426 2.0706 1.9261 2.1791 4.0978 1.9322 �157.06

Fe–O1 Fe–N1 Fe–N2 Fe–O2 Fe–O3¢ Fe–N2¢ Energy (kcal mol�1)

3 A 1.9075 2.0090 1.9649 2.2829 1.8970 1.9208 �371.37
B 2.0669 1.8913 2.2289 2.2714 4.2235 2.2279 �170.31

Fe–O1 Fe–N1 Fe–N2 Fe–O2 Fe–O1¢ Fe–N1¢ Energy (kcal mol�1)

4 A 1.8837 1.8860 2.1246 2.0414 1.8826 2.0680 �355.26
B 1.8837 1.8860 2.1246 2.0414 1.8826 2.0680 �355.26

Fe–O1 Fe–N1 Fe–N2 Fe–O3 Fe–O2¢ Fe–N2¢ Energy (kcal mol�1)

5 A 1.8829 1.9013 2.1781 1.9154 2.2375 1.9536 �353.34
B 2.0643 1.8890 2.2226 2.5896 2.2258 2.2687 �163.24

Fe–O1 Fe–N1 Fe–N2 Fe–O2 Fe–O2¢ Fe–N2¢ Energy (kcal mol�1)

6 A 2.1533 2.0595 1.9302 2.2766 2.2267 1.9322 �172.52
B 2.5426 2.0706 1.9261 2.1791 4.0978 1.9322 �172.52

O S

N

SH3CN

O

O

O
S

N

S NCH3

O

O

O1

O2

O3

O1'

O2'

O3'

N1

N2
N1'

N2'

S1

S2

S1'

S2'

O S

N

SH3CN

OH

O

O
S

N

S NCH3

HO

O

O1

O2

O3

O1'

O2'

O3'

N1

N2
N1'

N2'

S1

S2

S1'

S2'

(A) (B)

429



Discussion

Recently, Klumpp et al. [9] studied the 1:1:1 octahedral
complex of Fe(III) with cepabactin and pyochelin in
methanol solution by mass spectrometry. On the basis of
this study, and the structure of ferric pyochelin co-
crystallized with the FptA receptors [10], it was sug-
gested that pyochelin contributed a tetradentate ligand
and the cepabactin a bidentate ligand, to form a com-
plex with an overall octahedral coordination. High-spin
Fe(III) complexes are typically hexa-coordinated. As in
the case of the ternary complex between Fe(III) and

pyochelin and cepabactin, Fe(III) also forms a similar
asymmetrical 2:1 complex with pyochelin in methanol
solution. In other words, the octahedron is provided by
four ligand atoms from one pyochelin and two ligand
atoms from a second pyochelin. This tetradentate
coordination of one ligand molecule and bidentate
coordination of a second to the iron occurs in the case of
3¢¢-nor-NH-pyochelin as well. The recent results for the
three-dimensional structure of the specific outer-mem-
brane receptor FptA loaded with ferripyochelin show
this same asymmetrical ligand coordination to the
Fe(III) in the siderophore–receptor complex, illustrating

Table 4 Semiempirical bond distances and coordination–conformational energies of various 3¢¢-nor-NH-pyochelin–Fe(III) models

Model Bond distances (Å) Energy (kcal mol�1)

Fe–O1 Fe–N1 Fe–N2 Fe–O3 Fe–O1¢ Fe–N1¢

1 A 1.8889 1.8911 2.1011 1.9005 1.8821 2.0420 �490.58
B 1.8875 2.0312 1.9205 2.1691 1.8989 1.8720 �344.44

Fe–O1 Fe–N1 Fe–N2 Fe–O3 Fe–O3¢ Fe–N2¢ Energy (kcal mol�1)

2 A 1.9036 2.0003 1.9321 1.8866 1.8817 2.2449 �485.11
B 2.0276 1.8751 2.0401 2.0876 2.7377 1.9482 �127.96

Fe–O1 Fe–N1 Fe–N2 Fe–O2 Fe–O3¢ Fe–N2¢ Energy (kcal mol�1)

3 A 1.9182 2.0310 1.9383 2.3775 1.8897 1.9225 �377.25
B 2.1250 2.0217 1.9270 2.1827 2.4596 1.9209 �168.32

Fe–O1 Fe–N1 Fe–N2 Fe–O2 Fe–O2¢ Fe–N1¢ Energy (kcal mol�1)

4 A 1.8854 1.8839 2.1300 2.0410 1.8800 2.0422 �344.19
B 1.8854 1.8839 2.1300 2.0410 1.8800 2.0422 �344.19

Fe–O1 Fe–N1 Fe–N2 Fe–O3 Fe–O2¢ Fe–N2¢ Energy (kcal mol�1)

5 A 1.8957 2.0116 1.9442 1.9115 2.4806 1.9500 �356.17
B 2.0970 2.0422 1.9151 2.3952 2.2146 1.9264 �163.88

Fe–O1 Fe–N1 Fe–N2 Fe–O2 Fe–O2¢ Fe–N2¢ Energy (kcal mol�1)

6 A 1.8980 2.0311 1.9351 2.3746 2.0224 1.9329 �169.32
B 1.8980 2.0311 1.9351 2.3746 2.0224 1.9329 �169.32
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the generality of this type of ligand coordination to
Fe(III) with pyochelin and related analogs [10].

The similarity of the EXAFS spectra for the Fe(III)
complexes of pyochelin and 3¢¢-nor-NH-pyochelin
(Fig. 8a, spectra 1 and 2) indicates that the coordina-
tion environments are essentially identical between
these two complexes. While the obvious shape differ-
ences in spectrum 3 of Fig. 8a observed for the methyl
hydroxamate complex and the corresponding sharper

Fourier transform (FT) peak observed in Fig. 8b sup-
port the conclusions here that the first coordination
sphere of the methyl hydroxamate complex is different
from those of pyochelin and 3¢¢-nor-NH-pyochelin,
there is no evidence for the direct involvement of sulfur
ligand(s) in the methyl hydroxamate. As Fe–S bonds
are longer, and sulfur is a much stronger backscatterer
than O and N, sulfur coordination would show up as a
separate peak in the FT EXAFS. Such a peak was not

Table 5 Semiempirical bond distances and coordination–conformational energies of various the methyl hydroxamate–Fe(III) models

Model Bond distances (Å) Energy (kcal mol�1)

Fe–O1 Fe–N1 Fe–O3 Fe–O1¢ Fe–N1¢ Fe–O3¢

1 1.8797 1.8769 2.0857 1.8787 1.8708 2.1261 �294.23

Fe–O1 Fe–N1 Fe–O2 Fe–O1¢ Fe–N1¢ Fe–O3¢ Energy (kcal mol�1)

2 1.8821 1.8919 2.1207 1.8851 1.8672 2.1030 �289.64

Fe–O1 Fe–N1 Fe–O2 Fe–O1¢ Fe–N1¢ Fe–O2¢ Energy (kcal mol�1)

3 1.8596 1.8865 1.9627 1.9779 1.8725 2.1427 �278.21
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observed or evident in the FT EXAFS; thus, only N
and O ligation is involved in the methyl hydroxamate
complex as well. From the structural conclusions de-
rived in this study, it is evident that the phenoxyl group
as well as the imino group at the thiazoline ring from
pyochelin and its analogs must be critical to the ferric
ion coordination. We replaced the phenol substituent
by its methoxylated analog on the thiazoline ring; the
modified molecule was no longer able to chelate with
ferric ion.

In all likelihood, however, the Fe(III) complex exists
principally as a 1:1 Fe(III)–pyochelin complex in the
extracellular medium with the remaining two coordina-
tion sites filled by hydroxides or water molecules. The
same scenario occurs for the Fe(III)–pyochelin system in
methanol. In fact, the large equilibrium constant (Ta-
ble 2) measured for the comproportionation of the 2:1
complex of pyochelin (and 3¢¢-nor-NH-pyochelin as
well) implies that the 1:1 complex is the predominant
species, except under high ligand concentrations. A
similar Fe(III)–pyochelin complex is formed in the
presence of ethylene glycol, with the diol of the ethylene
glycol replacing the two water molecules and serving as
the bidentate ligand [10]. In any case, such a 1:1 Fe(III)–
pyochelin precursor would then be poised for uptake by
a membrane-bound translocation protein such as FptA
to deliver the ferric ion into the periplasm of the bacte-
rial cell. This scenario is consistent with the recently
reported three-dimensional structure of the ferripyoch-
elin-loaded FptA receptor [10].

Conclusion

In conclusion, we have studied the coordination prop-
erties of pyochelin and two analogs, 3¢¢-nor-NH-pyoch-
elin and methyl hydroxamate, to Fe(III) ion in methanol
or buffered methanol–water mixtures. While pyochelin
and 3¢¢-nor-NH-pyochelin can serve as tetradentate li-
gands to coordinate with Fe(III) to form a 1:1 complex,
they could also serve as bidentate ligands to complete
the octahedral coordination shell by displacing the labile
solvent molecules (alkoxide in the case of methanol;

hydroxides in the case of water) to form the corre-
sponding 2:1 ferric complexes. The large value of the
comproportionation constant in the case of the pyoch-
elin and 3¢¢-nor-NH-pyochelin complexes supports the
predominance of the 1:1 species except when the ligand
is in large excess. In contrast, methyl hydroxamate could
only serve as tridentate ligands. It is possible here that
the two ligands could offer the same set of ligand atoms
to coordinate with ferric ions symmetrically. It is hoped
that these studies have shed some insight into the nature
of the coordination chemistry used by an iron sidero-
phore to facilitate ferric ion transport across the mem-
brane into the cytoplasm of the cell.
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