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ABSTRACT: In iron-deficient conditions,Pseudomonas aeruginosasecretes a major fluorescent siderophore
named pyoverdin (Pvd), which after chelating iron(III) is transported back into the cell via its outer
membrane receptor FpvA. FpvA is a TonB-dependent transport protein and has the ability to bind Pvd in
its apo- or iron-loaded form. The fluorescence properties of Pvd were used to determine the binding
kinetics of metal-free and metal-loaded Pvd to FpvA and showed two major features. First, the kinetics
of formation of the FpvA-Pvd complex, in vivo and in vitro, are markedly slower compared to those
observed for FpvA-Pvd-metal. Second, apo-Pvd and Pvd-metal absorbed with biphasic kinetics to
FpvA: the bimolecular step (association of the ligand with the receptor) is followed by a slower step (t1/2

values of 5 and 34 min for Pvd-metal and Pvd, respectively) that presumably leads to a more stable
complex. The most likely explanation for this second step is that the binding of the ligand to the receptor
induces a conformational change on FpvA, which may be different, depending on the loading status of
Pvd. Analysis of the dissociation of metal-free Pvd from FpvA revealed an energy and a TonB dependency.
The dissociation of iron-free Pvd from FpvA in the absence of the TonB protein occurs with slow kinetics
in the range of hours, but it can be highly activated by the protonmotive force and TonB to reach a
kinetic with at1/2 of 1 min. Apparently, under iron-limited conditions, TonB activates the FpvA receptor,
resulting in a fast release of iron-free Pvd and generating an unloaded FpvA receptor, competent for
binding extracellular Pvd-Fe.

When grown under iron-limited conditions, many bacteria
synthesize and release in the extracellular medium, iron
chelators termed siderophores (1, 2). These siderophores
(MW usually between 300 and 2000 Da) make iron available
for use by the cells by solubilizing the ferric ion of insoluble
complexes that is formed under aerobic conditions (3-6).

For uptake of the ferric siderophores, Gram-negative bac-
teria use in the outer membrane siderophore-specific, high-
affinity, active receptors. The X-ray crystal structures of three
TonB-dependent iron siderophore transporters inEscherichia
coli, FepA, FhuA, and FecA, respectively, ferric enterobactin,
ferrichrome, and ferric citrate outer membrane receptors, have
been solved (7-11). All structures show a similar 22-
strandedâ-barrel, enclosing an N-terminal plug domain. The
ligand-binding surfaces on the extracellular side of these
proteins are formed by residues of both the plug and the
â-barrel domains. The transport into the periplasm via the
specific outer membrane receptor requires the protonmotive
force (pmf)1 across the cytoplasmic membrane and an energy
transduction complex that includes the cytoplasmic mem-
brane proteins TonB, ExbB, and ExbD (12-15). The

mechanism by which TonB is coupled to the pmf and how
this energy is transduced to the outer membrane receptor
have been mostly studied inE. coli and are still unknown.
However, the pmf and the ligand-bound receptor drive con-
formational changes in TonB, suggesting a dynamic model
of energy transduction in which TonB cycles through a set
of conformations that differ in potential energy (reviewed
in ref 16).

Pseudomonas aeruginosais an opportunistic human path-
ogen that infects injured, immunodeficient, or otherwise
compromised patients. Under iron-limited conditions,P.
aeruginosasecretes a major siderophore called pyoverdin
(Pvd). Pvd is a partly cyclic octapeptide linked to a chro-
mophore, derived from 2,3-diamino-6,7-dihydroxyquinoline,
which confers color and fluorescence to the molecule (17,
18). Like other TonB-dependent uptake systems, the process
of iron uptake byP. aeruginosabegins with the binding of
ferric Pvd to its specific outer membrane receptor, FpvA (19).
The FpvA protein belongs to a subfamily of siderophore
outer membrane receptors, for which a role as a regulator
of transcription induction has been shown (20). The receptors
of this family present also different structural features
compared to the other siderophore outer membrane receptors.† This work was partly funded by the Centre National de la Recherche
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They all contain an additional 70-residue extension preceding
the N-terminal plug domain. Removal of this region abolishes
transcription induction without affecting transport (21),
suggesting that both siderophore transport and induction of
genes are independent processes. Moreover, FecA and FpvA,
two receptors of this subfamily, are able to bind their iron-
free siderophore and, in the case of FpvA, with almost the
same affinity as for the ferric siderophore form (10-fold
difference;19). It has been demonstrated, for each of these
two receptors, that the normal states of FecA and FepA,
under iron-limited conditions, seem to be the receptor-apo-
siderophore complex (11, 19). Formation of the FpvA-Pvd-
Fe complex, which is the first step in the iron-uptake process,
occurs by the displacement of the bound Pvd with the
extracellular Pvd-Fe on the FpvA receptor (19). The kinetics
of this siderophore displacement is stimulated by TonB (19).
For the FecA-diCit-Fe complex, ligand binding is ac-
companied by conformational changes in three domains of
FecA: two extracellular loops (L7 and L8), one plug domain
loop, and the periplasmic TonB-box motif. The large
rearrangement of loops L7 and L8 in the FecA-diCit-Fe
complex closes the binding site and renders diferric dicitrate
inaccessible to the extracellular medium (11). In the FecA-
diCit complex, no change of conformation has been observed
in the extracellular loops of the receptor, and the FecA-bound
citrate is still accessible from the extracellular medium (11).
Similarly, time-resolved fluorescence spectroscopy studies
using the spectral properties of Pvd and Pvd-Ga have shown
a different proteic environment of Pvd in the in vitro formed
FpvA-Pvd and FpvA-Pvd-Ga complexes: for the FpvA-
Pvd-Ga complex, the Pvd is less solvent accessible and less
mobile than in the FpvA-Pvd complex formed under the
same experimental conditions (22). As the diferric dicitrate
in its binding site on FecA, the Pvd-Ga seems to be trapped
deeper inside the FpvA receptor compared to metal-free Pvd.

In this study, we report the binding kinetics of metal-free
Pvd and metal-loaded Pvd to the FpvA receptor in vitro and
in vivo using the fluorescent properties of Pvd (23). The
binding of apo-Pvd and Pvd-metal to FpvA showed complex
and different kinetics, with a mechanism depending on the
metal-loaded status of the siderophore. Moreover, the
fluorescent properties of Pvd have been used as well to
investigate the dissociation kinetics of the FpvA-Pvd and
FpvA-Pvd-metal complexes and the possible regulation by
the TonB protein of these kinetics. We show for the first
time that the TonB inP. aeruginosais able to highly activate
the release of Pvd from its receptor FpvA. Furthermore, the
iron uptake via the Pvd pathway inP. aeruginosawill be
discussed in the light of all these new and important data.

MATERIALS AND METHODS

Chemicals.Carbenicillin disodium salt was a generous gift
from SmithKline Beecham (Welwyn Garden City, Herts,
U.K.). The protonophores FCCP [carbonyl cyanidep-
(trifluoromethoxy)phenylhydrazone] and CCCP (carbonyl
cyanide m-chlorophenylhydrazone) were purchased from
Sigma. Pvd, [3H]Pvd, [3H]Pvd-Fe, and Pvd-Ga have been
prepared as described previously (19, 22, 24, 25).

Bacterial Strains and Growth Media.The P. aeruginosa
strains used and their phenotypes are listed in Table 1. Strain
K691 is an FpvA-deficient mutant whose construction has

been described previously (23). The Pvd-deficient strain
CDC5 was originally described by Ankenbauer et al. (26).
The mutation has been mapped to thepVd locus, which
contains genes involved in the synthesis of the peptide moiety
of pyoverdin. PAD14 is a TonB1 mutant and Pvd-deficient
strain, which has been described (27). Overproduction of
FpvA in PAD14, K691, and CDC5 strains was achieved by
introduction of the plasmid pPVR2 carrying the clonedfpVA
gene (28).

All cells were grown overnight in a iron-limited growth
medium and succinate as carbon source (25) at 29°C in the
presence of 150µg/mL carbenicillin for CDC5(pPVR2) and
K691(pPVR2) and 50µg/mL tetracyclin and 500µg/mL
streptomycin for PAD14(pPVR2). For all of the experiments,
cells were grown overnight to an OD600 of 0.3-0.5.
Subsequently, cells were collected by centrifugation, and the
pellet was washed twice with an equal volume of fresh
medium. The pellet was resuspended in 50 mM Tris-HCl
(pH 8.0) to the desired OD600.

Preparation of Outer Membranes and Purified FpVA
Receptor.Outer membranes and purified FpvA receptor from
Pvd-deficient strain CDC5(pPVR2) were prepared as de-
scribed previously (23).

Effect of FCCP and CCCP on Iron Uptake.CDC5-
(pPVR2) and PAD14(pPVR2) cells were prepared at an
OD600 of 0.6 in 50 mM Tris-HCl (pH 8.0) buffer and
incubated at room temperature in the presence of increasing
concentrations of CCCP or FCCP (0-500 µM) during 15
min. Pvd-55Fe was then added at a final concentration of
0.1µM, and the mixture was incubated during 30 min. Pvd-
55Fe was prepared as described previously (19). The iron
uptake was stopped by filtration of the samples on GF/B
(Whatman) filters presoaked in 1% poly(ethylenimine) to
reduce nonspecific retention of Pvd-55Fe.

Effect of FCCP and CCCP on Cell Viability.CDC5-
(pPVR2) and PAD14(pPVR2) cells were prepared at an
OD600 of 0.05 in 50 mM Tris-HCl (pH 8.0). The bacteria
were incubated in the presence or in the absence of 200µM
FCCP or CCCP at 29°C during 15 min. After incubation,
the cells were pelleted and washed twice with 2 volumes of
Tris-HCl buffer containing 1 mM BSA (bovine serum
albumin), followed with 2 volumes of Tris buffer, and finally,
the cells were resuspended in LB medium and spread on
plates.

Ligand-Binding Assays.For the in vivo and in vitro deter-
mination of the apparent dissociation constants for [3H]Pvd
and [3H]Pvd-Fe binding to FpvA, we used the filtration assay
as described previously (19). Since the expression level of
FpvA is 3 times higher in CDC5(pPVR2) compared to
PAD14(pPVR2), the CDC5(pPVR2) and PAD14(pPVR2)
cells were prepared respectively at an OD600 of 0.05 and 0.15,
in order to have the same concentration of FpvA receptors
in each cell suspension. To prevent ligand depletion, leading
to erroneous interpretation of ligand association data when
the Scatchard plot is used (29), the two cell suspensions were

Table 1: P. aeruginosaStrains Used in This Study

strain phenotype ref

K691(pPVR2) fpVA+ PvdtonB1 tonB2 23
CDC5(pPVR2) fpVA+ ∆PvdtonB1 tonB2 28
PAD14(pPVR2) fpVA+ ∆Pvd∆tonB1 tonB2 this study
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further diluted 5-fold in 50 mM Tris-HCl (pH 8.0) buffer.
Then, the cells were incubated at 29°C in a final volume of
500 µL in the presence of varying concentrations of [3H]-
Pvd (0.1-90 nM; 2.1 Ci/mmol) and [3H]Pvd-Fe (0.1-80
nM; 2.1 Ci/mmol) for 2 and 1 h, respectively. All incubations
were carried out at 29°C except for CDC5(pPVR2), which
was incubated in the presence of [3H]Pvd-Fe. In this case,
the samples were incubated at 0°C in order to avoid iron
uptake. Incubations were stopped as described previously
by filtering the assay mixture (19). To evaluate the nonspe-
cific binding of [3H]Pvd and [3H]Pvd-Fe, the binding
experiment were repeated, in parallel, for each concentration
of siderophore with the same strains grown in LB medium.
In an iron-rich medium, no FpvA receptor is expressed.

Fluorescence Spectroscopy.FRET experiments were per-
formed with a SPEX Fluorolog-2 or a PTI (Photon Technol-
ogy International TimeMaster, Bioritech) spectrofluorometer.
For all of the experiments the sample was stirred at 29°C
in a 1 mLcuvette, the excitation wavelength was set at 290
nm, and the emission of fluorescence was measured at 447
nm.

For the kinetic studies on purified FpvA, the receptor was
prepared at a concentration of about 0.05µg/mL in 1% octyl-
POE and 50 mM Tris-HCl buffer (pH 8.0). Pvd-Ga and Pvd
were added at different concentrations (2-50 nM for Pvd-
Ga and 10-175 nM for Pvd). The emission of fluorescence
at 447 nm was measured every 0.1 s for Pvd-Ga (during
900 s) and every 1 s for Pvd (during 3 h). To check the
stability of the receptor at 290 nm, the experiment was
repeated in the absence of siderophore. The stabilities of Pvd
and Pvd-Ga at 290 nm were monitored as well. The same
experiments were repeated with outer membranes prepared
from Pvd-deficient FpvA-overexpressing strain CDC5
(pPVR2).

For the binding kinetics in vivo, CDC5(pPVR2) and
PAD14(pPVR2) were prepared in 50 mM Tris-HCl (pH 8.0)
at an OD600 of 0.005 and 0.015, respectively. The binding
kinetics in the presence of different concentrations of Pvd-
Ga and Pvd were carried out as described above for purified
FpvA. For the kinetics in the presence of protonophore, the
cells were prepared in Tris-HCl buffer containing 100µM
FCCP and incubated for 15 min before addition of sidero-
phore. Measurement of the kinetics was then carried out, as
described above, in the presence of 100µM FCCP. For the
binding of siderophore to FpvA, the FRET signal/noise ratio
is better with purified FpvA receptor than with cells. This is
not due to a different measurement statistic since we used
the same counting and sampling times. This comes only from
a bigger noise. The reason is that the living cell suspensions
we used were not homogeneous; we clearly have a suspen-
sion with aggregates.

For the siderophore dissociation experiments, purified
FpvA, at a concentration of about 0.05µg/mL in 1% octyl-
POE and 50 mM Tris-HCl buffer (pH 8.0), was incubated
in the presence of 40 nM Pvd-Ga or 150 nM Pvd. When
equilibrium was reached, 500 nM Pvd-Fe or 0.1 mM Pvd-
Ga was added, and the decrease of fluorescence at 447 nm
was monitored. For the in vivo experiments, the assay was
repeated with CDC5(pPVR2) and PAD14(pPVR2) cells at
an OD600 of respectively 0.05 and 0.1, preincubated with or
without 100µM FCCP. The Pvd-producing K691(pPVR2)
cells were prepared as well at an OD600 of 0.05 in 50 mM

Tris-HCl (pH 8.0) and 100µM FCCP buffer. Pvd-Fe (0.1
mM) was added, and the decrease of fluorescence was
monitored at 447 nm.

F/F0 is defined as the ratio of the net fluorescence (F) by
the net fluorescence intensity at the beginning of an experi-
ment (F0).

Data Analysis.The curves were fitted by a least-squares
method. The uniqueness of the fits was checked by repeated
calculations performed with distinct experimental data points
(from several experiments). Additionally, several sets of
initial values of parameters have been used to avoid local
minima in the minimization process. Some variations among
different cell batches were noted specially for the kinetics
with iron-free Pvd, but within modest limits.

In most of the cases, the curves could be fitted only with
a biexponential rise:

with

whereF(0) andF(∞) are the initial and final fluorescence,
L is the concentration of ligand, anda and b are the
amplitudes of the increase of fluorescence. For large values
of L (L . Kd1, Kd1 ) koff1/kon1) we used the approximation

For some other experiments, the curves could be fitted
only with a monoexponential rise:

with

and

Dissociation curves were analyzed with either one or two
exponentials according to the following:

or

with

a andb are given as amplitudes of the decrease (30).

RESULTS

Affinity of [3H]PVd and [3H]PVd-Fe for FpVA in ViVo in
the Absence and in the Presence of TonB and pmf.In
previous papers, we have shown that, under iron-limited

F(t) ) F(0) + a[1 - exp(-kapp1t)] +
b[1 - exp(-kapp2t)]

a + b ) F(∞) - F(0)

kapp1≈ kon1L + koff1

kapp2≈ kon2 + koff2

F(t) ) F(0) + a[1 - exp(-kappt)]

a ) F(∞) - F(0)

kapp) konL + koff

F(t) ) F(∞) + a exp(-kofft)

F(t) ) F(∞) + a exp(-koff1t) + b exp(-koff2t)

F(0) - F(∞) ) a + b
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conditions, the normal state of FpvA in the outer membrane
of P. aeruginosais the FpvA-Pvd complex (19). During
iron uptake this FpvA-bound Pvd is displaced by the
extracellular Pvd-Fe, giving rise to an FpvA-Pvd-Fe com-
plex (19). This siderophore exchange mechanism on FpvA
is stimulated by TonB (19). To clarify the mechanism by
which TonB activates the formation of the FpvA-Pvd-Fe
complex, we compared the affinities of [3H]Pvd and [3H]-
Pvd-Fe to FpvA in vivo, in the absence and in the presence
of TonB and/or pmf, using again the filtration assay and the
Scatchard analysis of the data (19, 23). The experimental
conditions are summarized in Table 2. For the determination
of the affinities of the two forms of Pvd for FpvA in the
presence of TonB and pmf, the CDC5(pPVR2) cells were
placed at 0°C (Table 1). At this temperature, the outer
membrane receptors are able to bind ferric siderophores, but
no uptake occurs (29). For the experiments in the absence
of TonB, the TonB1-deficient PAD14(pPVR2) (Table 1)
mutant was used. InP. aeruginosa, two tonB genes have
been identified,tonB1 and tonB2 (31). TonB1 is directly
involved in ferric pyoverdin uptake, since disruption of only
the tonB1 gene abrogates siderophore-mediated iron uptake
(31). Deletion of thetonB2 gene does not adversely affect
growth on iron-restricted medium. For the experiments per-
formed in the absence of pmf, the concentration of proto-
nophore used has been determined from the assay described
in Figure 1. In this experiment, CDC5(pPVR2) cells were
incubated in the presence of Pvd-55Fe and of increasing
concentrations of FCCP or CCCP, and the55Fe uptake was
followed in time. The same inhibitor effect on the iron uptake
has been observed for both FCCP and CCCP, namely, a total
inhibition at 100-150 µM protonophore. The viability of
P. aeruginosacells at this concentration of FCCP is about
80% (32). In all of the binding experiments carried out in
vivo, the nonspecific binding was estimated by repeating the
same experiment with cells grown in LB medium. Since the
expression of the FpvA receptor is regulated by the iron
concentration in the extracellular medium, FpvA will not be
expressed when cells are grown in this medium. The
nonspecific binding has been subtracted for the determination
of the Kd.

Table 2 summarizes the apparentKd determined for [3H]-
Pvd-Fe and [3H]Pvd in the different studied conditions. In
all cases, the same amount of FpvA receptors was able to
bind [3H]Pvd and [3H]Pvd-Fe with about a 10-fold difference

in their affinities. Moreover, the affinity of [3H]Pvd and [3H]-
Pvd-Fe for FpvA seems to be TonB1 and pmf independent.

PaA-Ga Binds Faster to FpVA than Metal-Free PVd.
According to the data presented in Table 2, pmf and TonB
do not regulate the affinity of FpvA for Pvd and Pvd-Fe.
But a similar Kd does not involve necessarily the same
association (kon) and dissociation (koff) kinetic constants (Kd

) koff/kon). These kinetic constants may vary in a way to
keep a constantKd. To test this possibility, the fluorescent
properties of Pvd were used to study the binding kinetics of
Pvd and Pvd-metal to FpvA. Because of the presence of a
2,3-diamino-6,7-dihydroxyquinoline chromophore, Pvd is a
really interesting fluorescent siderophore having the spectral
properties to interact by FRET with the Trps of FpvA
(maximum of absorption at 380 nm and emission of
fluorescence at 447 nm;23). Only iron-free Pvd is fluores-
cent. After complexation with iron(III), the metal quenches
the fluorescence of Pvd, and FRET cannot be observed for
the FpvA-Pvd-Fe complex. A fluorescent Pvd-metal com-
plex can be obtained by complexing Pvd with Ga. We have
shown previously that the Pvd-Ga complex has the same
affinity for FpvA and is transported with the same velocity
as the ferric form (22). To study the FpvA receptor, our group
has already used the Pvd-Ga complex to visualize different
mechanistic aspects of the interaction between FpvA and its
siderophore, using time-resolved fluorescence spectroscopy
(22).

The data presented in Figure 2 show the difference in the
binding kinetics between Pvd and Pvd-Ga for FpvA. The
TonB1- and Pvd-deficient PAD14(pPVR2) (OD600 ) 0.6)
strain has been incubated in the presence of 200 nM Pvd-
Ga or Pvd, and the fluorescence was monitored at 447 nm
(excitation wavelength set at 290 nm). In the absence of
TonB, the siderophore outer membrane receptor is able to
bind its unloaded or metal-loaded siderophore, but no
transport occurs. The increase of fluorescence observed in
Figure 2 represents the formation of the FpvA-Pvd (O) or
FpvA-Pvd-Ga complex (4). As illustrated in Figure 2, the
binding of Pvd and Pvd-Ga to the FpvA receptor is different
in terms of amplitude and time course. First, the equilibrium

Table 2: Apparent Dissociation Constants (Kdapp) of [3H]Pvd and
[3H]Pvd-Fe to FpvA Determined in Vivoa

Kdapp(nM)

strain [3H]Pvd (nM) [3H]Pvd-Fe (nM)

CDC5(pPVR2) (at 0°C) 6.8( 1.1 0.5( 0.1
(+TonB1, +pmf)

CDC5(pPVR2)+ FCCPb 3.2( 0.9 0.6( 0.1
(+TonB1, -pmf)

PAD14(pPVR2) 3.2( 0.8 0.5( 0.1
(-TonB1, +pmf)

PAD14(pPVR2)+ FCCPb 3.4( 0.4 0.7( 0.1
(-TonB1, -pmf)

a The constants have been determined from a Scatchard representa-
tion, and the errors have been determined from multiple Scatchard plots.
b FCCP was used at a concentration of 100µM, and the cells have
been preincubated during 15 min in the presence of FCCP (100µM)
befor the start of the experiment.

FIGURE 1: Effect of CCCP and FCCP on Pvd-55Fe uptake. CDC5-
(pPVR2) cells at an OD600 of 0.6 were preincubated during 15 min
in the presence of increasing concentrations of CCCP (b) or FCCP
(O) (0-500µM). Subsequently, 0.1µM Pvd-55Fe was added, and
the cells were incubated for another 30 min. The iron uptake was
stopped by filtration as described in Materials and Methods.
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is reached within a few minutes in the presence of Pvd-Ga,
and only after 1 h in thepresence of metal-free Pvd, showing
clearly that metal-free Pvd binds slower to the FpvA receptor
in vivo than metal-loaded Pvd. The difference in the ratio
F/F0 is due to a difference in the occupancy of the
siderophore binding sites on FpvA (Pvd-Fe has a 7-fold better
affinity for FpvA than apo-Pvd; Table 2).

PVd-Ga Binding to FpVA: Determination of the Binding
Kinetic Constants in Vitro.To determine accurately the
kinetic constants (kon andkoff) of the binding of Pvd-Ga to
purified FpvA, different concentrations (from 2 to 50 nM)
of Pvd-Ga were added to the purified FpvA receptor. We
chose ligand concentrations [L] at least 1 order of magni-
tude higher than the total receptor concentration [RT] ([L]
> 10[RT]) to reach pseudo-first-order conditions. The
samples were excited at 290 nm (excitation wavelength of
the Trp), and the emission of fluorescence was measured at
447 nm (emission of fluorescence of Pvd-Ga) as a function
of time. Figure 3A shows the time course for purified FpvA
incubated in the presence of 7.5 and 15 nM Pvd-Ga. As in
Figure 2, the increase of the Pvd-emitted fluorescence at 447
nm reflects the occupancy of receptors by the fluorescent
ligand. The experimental binding trace for each studied con-
centration of Pvd-Ga was fitted by a sum of two exponentials
revealing a two-step binding with two apparent association
rate constants (kapp1andkapp2). The first step is a rapid process
in the second time range, representing 90% of the FRET
amplitude. In agreement with a bimolecular reaction scheme,
its apparent rate increases linearly with ligand concentration
(Figure 2B), with a slope equal to 9.6× 105 M-1 s-1

representingkon1 (Table 3). The intercept with the ordinate
axis gives an estimation of the dissociation rate constant for
this first rapid step (koff1 ) 0.0056 s-1; Table 3). The second
step develops in the minute time range, and its apparent rate
constant is roughly constant with respect to the concentration
of Pvd-Ga (Figure 2B and Table 3). Sincekapp2 ≈ kon2 +

koff2, if koff2 can be neglected in respect tokon2, one haskapp2

≈ kon2 (kon2 ) 0.0024 s-1). This plateau is in agreement with
the equation more classically used,kapp2) kon2[L/(L + Kd1)]
+ koff2 (33), and corresponds to the case whereL . Kd1.
Because of the limitation of the technique of FRET used,
kapp2could not be determined for low concentrations of Pvd-
Ga. Indeed, the second step of binding represents a low
increase of FRET amplitude (about 10% of the total am-
plitude) and could be hardly estimated at low concentration
of Pvd-Ga. A simply kinetic scheme, involving the binding
of Pvd-Ga to the FpvA receptor, followed by a rate-limiting
isomerization toward a more stable state (Scheme 1), may
fit the data.

The same experiment was repeated with outer membranes
of CDC5(pPVR2) cells. The number of receptors present in
these membranes was estimated from radiolabeled [3H]Pvd-
Fe binding. The kinetic constants (kon1, koff1, andkon2) deter-
mined are of the same order of magnitude as for the purified
FpvA receptor and are summarized in Table 3.

FIGURE 2: Binding of Pvd and Pvd-Ga monitored by FRET in the
TonB1-deficient PAD14(pPVR2) cells. TonB1-deficient and FpvA-
overproducing PAD14(pPVR2) cells were resuspended in 50 mM
Tris-HCl (pH 8.0) at an OD600 of 0.6, and the emission of
fluorescence at 447 nm was monitored at 29°C. After 120 s, Pvd
(O) and Pvd-Ga (4) were added at a final concentration of 200
nM, and the emission of fluorescence at 447 nm was monitored
during 1 h. The experiment was repeated without addition of
siderophore (0). The kinetics in the absence of siderophore has
been subtracted from the kinetics in the presence of siderophore
before calculation ofF/F0.

FIGURE 3: Time recording of Pvd-Ga binding to purified FpvA.
(A) Time course of Pvd-Ga binding to purified FpvA. Purified FpvA
in 50 mM Tris-HCl (pH 8.0) and 1% octyl-POE was incubated in
the presence of 7.5 nM (O) and 15 nM (b) Pvd-Ga, and the
emission of fluorescence was monitored at 447 nm (excitation at
290 nm). Data were fitted to the theoretical time course for a two-
component exponential model (solid line). (B) Plot of apparent rate
constantsk1app(b) andk2app(O) versus Pvd-Ga concentration.k1app
andk2appwere determined from fitting binding traces of the binding
of Pvd-Ga to purified FpvA receptor with two exponentials. The
solid lines through the data points were obtained by fitting with eq
1 under Materials and Methods.
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PVd-Ga Binding to FpVA: Determination of the Binding
Kinetic Constants in ViVo. Three different in vivo conditions
have been studied where Pvd-Ga binds to the FpvA receptor
but no transport occurs. First, the binding of Pvd-Ga to the
FpvA receptor was studied in vivo in the absence of TonB
and in the presence of pmf. For this purpose, TonB1-deficient
PAD14(pPVR2) cells (Table 1) were used. The same
experiment was repeated in TonB1-producing CDC5(pPVR2)
cells pretreated with the protonophore FCCP at a concentra-
tion of 100 µM. Under these two conditions, the FpvA
receptor is able to bind Pvd-Ga, but no uptake occurs because
of the absence of pmf or TonB1. For the FRET experiments,
the protonophore FCCP was used instead of CCCP, because
of its lower absorbance at 400 nm (a 2.5-fold difference).
Finally, as a control experiment, PAD14(pPVR2) cells
pretreated with the protonophore FCCP were used. As for
the experiments in vitro, different concentrations (from 2 to
50 nM) of Pvd-Ga were added to the cells under pseudo-
first-order conditions ([L]> 10[RT]; [RT] is the total receptor
concentration). The mixtures were excited at 290 nm, and

the emission of fluorescence was measured at 447 nm in
function of time. Figure 4A shows the time course of the
binding of 15 nM Pvd-Ga to FpvA in CDC5(pPVR2) cells
treated with FCCP. The different time courses have been
analyzed like the in vitro data with a double exponential.
The kinetic rates determined from the plot of the apparent
rate constants versus the Pvd-Ga concentration (Figure 4B)
are summarized in Table 3. These data clearly show that in

Scheme 1: Kinetic Model for the Binding of Pvd-Metal and Apo-Pvd to FpvAa

a The equilibria represent a minimal kinetic binding model derived from in vivo and in vitro binding data.

Table 3: Pvd-Ga Binding Rate Constants for the FpvA Receptora

rate
constant value t1/2

c

purified FpvAb kon1 9.6× 105 M-1 s-1 1 min 12 s
7 s

koff1 0.0056 s-1 2 min
kon2 0.0024 s-1 5 min

outer membraneb kon1 2.7× 106 M-1 s-1 26 s
3 s

koff1 0.0078 s-1 1 min 20
kon2 0.0053 s-1 2 min

CDC5(pPVR2)+ FCCPd kon1 1.7× 106 M-1 s-1 41 s
(+TonB1, -pmf) 4 s

koff1 0.0075 s-1 1 min 30
kon2 0.0034 s-1 3 min 20

PAD14(pPVR2) kon1 2.8× 106 M-1 s-1 25 s
(-TonB1, +pmf) 3 s

koff1 0.0027 s-1 4 min 30
kon2 0.001 s-1 11 min 30

PAD14(pPVR2)+ FCCPd kon1 2.7× 106 M-1 s-1 26 s
(-TonB1, -pmf) 3 s

koff1 0.0040 s-1 3 min
kon2 0.0041 s-1 3 min

a Rate constants determined from in vitro and in vivo fluorescence
binding time courses are summarized for the interconversions in Scheme
1. Constants were determined at 29°C in 50 mM Tris-HCl (pH 8.0)
and for the purified FpvA receptor in the presence of 1% octyl-POE.
b Purified FpvA and outer membranes were prepared from Pvd-deficient
strain CDC5(pPVR2) cells.c The t1/2 values were calculated from the
respective constants using the relationshipt1/2 ) 0.693/k. For kon1, t1/2

was calculated for a concentration of Pvd-Ga of first 10 nM and then
100 nM to compare with the Pvd data in Table 4.d FCCP was used at
a concentration of 100µM, and the cells were preincubated during 15
min in the presence of FCCP (100µM) before the start of the
experiment.

FIGURE 4: Time recording of Pvd-Ga binding to FpvA in vivo.
(A) Time course of Pvd-Ga binding to FpvA in CDC5(pPVR2)
cells preincubated in the presence of 100µM FCCP. Cells were
diluted in 50 mM Tris-HCl (pH 8.0) supplemented with 100µM
FCCP, at an OD600 of 0.005, and incubated in the presence of 15
nM Pvd-Ga; subsequently the emission of fluorescence was
monitored at 447 nm (excitation at 290 nm). Data were fitted to
the theoretical time course for a double exponential model (solid
line). (B) Plot of apparent rate constantsk1appandk2appversus Pvd-
Ga concentration.k1app (b, 2) andk2app (O, 4) for the binding of
Pvd-Ga to FpvA in CDC5(pPVR2) and PAD14(pPVR2) cells,
respectively, were determined from fitting binding traces with the
double exponential. The solid lines through the data points were
obtained by fitting with eq 1 under Materials and Methods.
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vivo, in the absence of pmf and TonB, Pvd-Ga binds to the
FpvA receptor as in vitro, with a biphasic kinetic and with
binding kinetic constants of the same order of magnitude
(Scheme 1).

Dissociation of PVd-Ga Bound to FpVA. Dissociation of
receptor-ligand complexes, obtained at equilibrium with 40
nM Pvd-Ga, was initiated by rapid mixing with a large excess
(500 nM) of Pvd-Fe. The experiment was first carried out
with purified FpvA receptor (Figure 5A) and then in vivo
with CDC5(pPVR2) cells pretreated with the protonophore
FCCP (100µM) (Figure 5B). The dissociation of the FpvA-
Pvd-Ga complex and the formation of the FpvA-Pvd-Fe
complex was followed in time by monitoring the loss of
fluorescence energy transfer. Ferric Pvd is not fluorescent,
because iron(III) completely quenches the chromophore
fluorescence (23). Both dissociation relaxations were best
represented using a single exponential process (in vitro,kapp

) 0.0025 s-1, t1/2 ) 5 min; in vivo,kapp ) 0.0011 s-1, t1/2 )
10 min). The determinedkappprobably represents the limiting

values of the kinetic rate constantskoff1 andkoff2 presented
in Scheme 1 for the release of Pvd-Ga in the dissociation
process. The 2-fold difference between the in vitro and in
vivo kinetic rates is probably not significant and may be due
to a difference in the receptor concentration and/or to the
higher signal/noise ratio in vivo.

Metal-Free PVd Binding to FpVA: Determination of the
Binding Kinetic Constants in Vitro and in ViVo. The kinetic
constants of the binding of iron-free Pvd to FpvA were
determined using again the technique of FRET (excitation
at 290 nm and emission of fluorescence recorded at 447 nm).
As was shown in Figure 2, the binding of Pvd to FpvA is
slower compared to Pvd-Ga; therefore, the emission of
fluorescence was monitored during 3 h with integration times
of 1 s instead of 0.1 s. Different concentrations (from 10 to
150 nM) of iron-free Pvd were added to the purified FpvA
receptor under pseudo-first-order conditions ([L]> 10[RT];
[RT] is the total receptor concentration). Figure 6A shows
the time course for purified FpvA incubated in the presence
of 20, 30, 40, and 60 nM Pvd. Again, the increase of the
Pvd emitted fluorescence at 447 nm reflects the occupancy
of receptors by the fluorescent ligand. A single exponential
best described binding of iron-free Pvd to purified FpvA. In
a bimolecular reaction the association kinetic rate increases
linearly with the concentration of ligand. The apparent kinetic
rate (kapp) determined for this binding is independent of the
concentration of Pvd, which shows that the limiting step is
not bimolecular. Most likely, Pvd binds in a two-step process
like Pvd-Ga, with two apparent association rate constants
(kapp1andkapp2; Scheme 1), but only the second step, which
must be noticeably slower than the first one, is visualized
by the used technique of FRET and occurs with akapp2,
independent of the concentration of Pvd, of 0.0004 s-1 (t1/2

) 30 min). The first step cannot be seen either because this
step is too fast and only accessible via stopped-flow kinetics
or because Pvd is not close enough to a Trp to allow FRET.
In the second step a change of conformation of FpvA or a
different binding of Pvd to FpvA produces a FRET signal.
When performing an excitation at 290 nm and monitoring
the emission of fluorescence at 447 nm, only the kinetics of
this second step is followed.

The kinetic constants for the binding of iron-free Pvd to
FpvA in vivo could not be determined. Indeed, it is not
possible to have the same batch of bacteria in the same
physiological state in order to repeat 3 h kinetic experiments
in the presence of different concentrations of Pvd. For this
reason, the binding of Pvd to FpvA was studied in vivo (in
the presence and in the absence of TonB1 and/or pmf) only
for a concentration of 100 nM Pvd. In vivo (Figure 6B), as
in vitro, the time course of the binding is best described by
a single exponential. As shown in Table 4, the apparent
kinetic rate determined for the binding of iron-free Pvd to
FpvA is neither TonB nor pmf modulated.

Dissociation of Metal-Free PVd Bound to FpVA. Dissocia-
tion of receptor-ligand complexes obtained with 150 nM
Pvd was initiated by rapid mixing with a large excess (1
µM) of Pvd-Fe. In the different experiments presented in
Figure 7, the binding of iron-free Pvd to FpvA is monitored
by the increase of fluorescence at 447 nm. Afterward, the
dissociation of the FpvA-Pvd complex and the formation
of the FpvA-Pvd-Fe complex with time was followed by
monitoring the decrease of fluorescence energy transfer. The

FIGURE 5: In vitro and in vivo Pvd-Ga dissociation time course.
(A) For the in vitro, purified FpvA receptor (O) was preincubated
for at least 30 min with 40 nM Pvd-Ga. Afterward, the dissociation
of Pvd-Ga is initiated by rapid mixing with buffer containing 500
nM Pvd-Fe. The solid lines are the best fits obtained with a single
exponential. For purified FpvA the experiment has been repeated
in the absence of addition of Pvd-Fe (b). (B) For the in vivo
dissociation, the experiment was repeated by mixing CDC5(pPVR2)
cells (4), preincubated for at least 30 min with 40 nM Pvd-Ga,
with buffer containing 500 nM Pvd-Fe. To avoid Pvd-Fe or Pvd-
Ga uptake, the CDC5(pPVR2) cells have been pretreated with 100
µM FCCP. The solid lines are the best fits obtained with a single
exponential.
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experiment was carried out in vitro with purified FpvA
(Figure 7A) and in vivo in the absence (Figure 7B) and in
the presence of TonB1 (Figure 7C,D).

For the experiment with purified FpvA receptor (Figure
7A), identical dissociation relaxations were obtained for
different preincubation times (association step): 20, 60, and
180 min. The dissociation traces obtained are best described
by a single-exponential relaxation (kapp ) 0.0001 s-1, t1/2 )
2 h; Table 4). The determinedkapp probably represents the
limiting values of the kinetic rate constantskoff1 and koff2

presented in Scheme 1 for the release of apo-Pvd in the
dissociation process.

The experiment was repeated in vivo with the TonB1-
deficient PAD14(pPVR2) cells preincubated in the presence
of 150 nM Pvd for 80 min (Figure 7B). In the absence of

TonB1 the FpvA receptor is able to bind the ferric sidero-
phore, but no transport occurs (31). According to the kinetics
presented in Figure 7B, in the absence of TonB1, Pvd hardly
dissociates from FpvA. However, the added Pvd-Fe competes
with Pvd for the remaining empty FpvA binding site at the
cell surface and decreases the binding kinetic rate of iron-
free Pvd.

The Pvd dissociation experiment was repeated in vivo in
the presence of energy and the TonB machinery with CDC5-
(pPVR2) cells and is summarized in Figure 7C. Under these
experimental conditions, the dissociation of Pvd from FpvA,
which is shown by the decrease of fluorescence at 447 nm,
is fast with at1/2 ) 4 min (30-fold faster than in vitro). Once
the equilibrium is reached, the fluorescence increases slightly
due to the recycling of Pvd (after iron release) on the FpvA
receptor (34). When the experiment is repeated in the
presence of the protonophore FCCP, the dissociation of Pvd
from FpvA is slowed down as in Figure 7B, confirming that
the TonB1 protein regulates the dissociation of iron-free Pvd.
The experiment presented in Figure 7C demonstrates also
that only a few FpvA receptors are activated by TonB1 and
involved in the iron uptake.

As documented previously (22), two procedures can be
used to prepare the FpvA-Pvd complex. Either the complex
is prepared in vitro as described above or it is preformed in
vivo from aP. aeruginosaPvd- and FpvA-producing strain
and subsequently purified. Time-resolved fluorescent spec-
troscopy has shown that the FpvA-Pvd complex undergoes
two different conformations depending on how it was
prepared (22). When the FpvA-Pvd complex has been
formed in vivo, the polarity of the environment of Pvd, its
solvent accessibility, and its rotational dynamics are much
slower than for the in vitro formed complex. Previous in
vitro experiments on the purified in vivo formed FpvA-
Pvd complex have shown a dissociation half-life time of 25
h (19). In Figure 7D, the experiment was repeated in vivo
by incubation of K691(pPVR2) cells in the presence of an
excess of Pvd-Fe (1µM). Strain K691(pPVR2) produces
Pvd, which explains the increase of fluorescence before
addition of Pvd-Fe (t ) 120 s). After addition of an excess
of Pvd-Fe, the dissociation of iron-free Pvd with the in vivo
formed FpvA-Pvd complex is fast in the presence of the
TonB1 protein (t1/2 ) 1 min; Figure 7D) and is shown by
the decrease of fluorescence at 447 nm. Afterward, the
increase of fluorescence after 250 s shows the recycling of

FIGURE 6: Time recording of metal-free Pvd binding to FpvA in
vitro and in vivo. (A) Time course of Pvd binding to purified FpvA.
Purified FpvA in 50 mM Tris-HCl (pH 8.0) and 1% octyl-POE
was incubated in the presence of 10 nM (O), 20 nM (b), 30 nM
(0), 40 nM (4), and 60 nM (]) Pvd, and the emission of
fluorescence was monitored at 447 nm (excitation at 290 nm). The
experiment has been repeated without addition of siderophore and
subtracted from the kinetics in the presence of siderophore. Data
were then fitted to the theoretical time course by a single exponential
(solid line). (B) Time course of Pvd binding to FpvA in CDC5-
(pPVR2) cells. Cells diluted in 50 mM Tris-HCl (pH 8.0) at an
OD600 of 0.005 were incubated in the presence of 15 nM Pvd, and
the emission of fluorescence was monitored at 447 nm (excitation
at 290 nm) (b). As above, the experiment has been repeated without
addition of siderophore and subtracted from the kinetics in the
presence of siderophore. Data were then fitted to the theoretical
time course by a single exponential (solid line).

Table 4: Iron-Free Pvd Binding Rates Constants for the FpvA
Receptora

rate constant value (s-1) t1/2
c (min)

purified FpvAb kapp1 0.00034 34
outer membraneb kapp1 0.00024 48
CDC5(pPVR2)+ FCCPd kapp1 0.00045 26
CDC5(pPVR2) kapp1 0.0005 23

a The apparent association kinetic rates were determined from in vitro
and in vivo fluorescence time courses at 29°C in 50 mM Tris-HCl
(pH 8.0) in the presence of 100 nM Pvd. For the purified FpvA receptor,
the experiment was carried out in the presence of 1% octyl-POE.
b Purified FpvA and outer membranes were prepared from Pvd-deficient
strain CDC5(pPVR2) cells.c The t1/2 values were calculated from the
respective constants using the relationshipt1/2 ) 0.693/k. d FCCP was
used at a concentration of 100µM, and the cells were preincubated
during 15 min in the presence of FCCP (100µM) before the start of
the experiment.
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Pvd on FpvA and the continuous secretion of the synthesized
Pvd by the cells. This recycling step has been described
previously (34).

DISCUSSION

FpvA and theE. coli FecA receptors have particular
features compared to other siderophore outer membrane
receptors. In addition to the ability to transport ferric
siderophore, they are able to bind their corresponding iron-
free siderophore (11, 19, 23, 34, 35) and to regulate the
transcription of genes involved in the iron uptake (36, 37).
In this study we have investigated the property of FpvA to
bind iron-free and iron-loaded Pvd (19) and its implication
in the Pvd pathway iron-uptake mechanism. The fluorescent
properties of Pvd have shown that under iron-limited
conditions all of the FpvA receptors at the cell surface are
loaded with iron-free Pvd (19). Binding assays using tritiated
Pvd and Pvd-Fe demonstrated that both forms of Pvd bind
with close affinities, and with a stoichiometry of 1, to a
common or overlapping binding site on FpvA (19, 22). In

parallel, the X-ray structures of FecA-diCit and FecA-
diCit-Fe have shown that iron-free and iron-loaded dicitrate
bind as well to a common binding site on FecA (11, 38).
However, the relative orientations of the two citrate ions are
different in the two structures. For the hemophore receptor
in Serratia marcescen, Létoffé et al. have shown that apo-
and holo-hemophore are able to bind with the same affinity
to the same binding site on HasR (38).

Binding of PVd-Ga and PVd to FpVA. The data presented
in this paper point out clearly a different mechanism for the
binding of apo-Pvd and metal-loaded Pvd to FpvA. The
displacement experiment (Figures 5 and 7) shows that Pvd
and Pvd-metal are in competition for a common or overlap-
ping binding site on FpvA. The binding affinities (Kd) of
both forms of Pvd are close, with a 10-fold difference in
favor of Pvd-metal (Table 1 and refs19 and23). However,
the kinetics presented in Figure 2 show that the formation
of the FpvA-Pvd-metal complex is faster compared to the
formation of FpvA-Pvd. A more precise analysis of these
kinetics showed a two-step binding for Pvd and Pvd-Ga

FIGURE 7: In vitro and in vivo iron-free Pvd dissociation time courses. (A) Dissociation of Pvd in vitro (purified FpvA). In vitro dissociation
of Pvd is initiated by rapid mixing of purified FpvA receptor preincubated for 20 min (3), 60 min (0), and 180 min (O) with 150 nM
Pvd before addition of buffer containing 1µM Pvd-Fe. The experiment was repeated without addition of Pvd-Fe (4) and without addi-
tion of Pvd and Pvd-Fe (0). (B) Dissociation in vivo in a TonB1-deficient strain. Dissociation of Pvd is initiated by rapid mixing of the
TonB1-deficient PAD14(pPVR2) cells preincubated for 80 min with 150 nM Pvd before addition of buffer containing 1µM Pvd-Fe (4).
The experiment was repeated without addition of Pvd-Fe (O). (C) Dissociation of Pvd in vivo in the presence or in the absence of pmf.
Dissociation of Pvd is initiated by rapid mixing of the Pvd-deficient CDC5(pPVR2) cells preincubated for 80 min with 150 nM Pvd be-
fore addition of buffer containing 1µM Pvd-Fe (4). The experiment was repeated without addition of Pvd-Fe (O). Both experiments with
(0) or without (]) addition of Pvd-Fe have been repeated in the presence of 100µM FCCP. (D) Dissociation in vivo in a Pvd-producing
P. aeruginosastrain. Dissociation of Pvd is initiated by rapid mixing of the Pvd- and FpvA-producing K691(pPVR2) cells with buffer
containing 1µM Pvd-Fe. In these strains the FpvA-Pvd complex is formed in vivo. In all experiments the addition of Pvd-Fe is shown by
an arrow.
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(Scheme 1).
For Pvd-Ga, the first step is fast, in the range of seconds

(Table 3), and corresponds probably to the binding of the
ligand to the receptor. The second step, which is slower, in
the range of minutes (Table 3), may correspond to the
formation of a more stable FpvA-Pvd-Ga complex (Scheme
1). Considering that Pvd-Ga and Pvd-Fe have the same
affinities for the FpvA receptor and are transported with the
same velocity (22), the binding mechanism shown for Pvd-
Ga can probably be extended to Pvd-Fe. Such biphasic
association kinetics have been reported also for the binding
of ferric enterobactin or ColB to FepA inE. coli, with a fast
binding component and a secondary slower component (39).

Similarly to metal-loaded Pvd, metal-loaded Pvd binds in
a two-step process to the FpvA receptor. The apparent kinetic
rate (kapp) determined for the kinetic time courses presented
in Figure 6 is independent of the concentration of Pvd,
showing that the limiting step is not bimolecular. Probably,
iron-free Pvd binds in a two-step process, with the first one
being markedly faster than the second one. In that way the
kinetics of the bimolecular stage does not affect the kinetics
of the second stage. The first step cannot be seen either
because this step is too fast and only accessible via stopped-
flow kinetics or because Pvd is not in close proximity of a
Trp and FRET cannot occur. In the second stage, Pvd may
bind differently to the FpvA receptor, or the binding of Pvd
induces a change of conformation in FpvA, which brings
one or more Trps close to the bound Pvd. In Folschweiller
et al., a Foerster distance of 13 Å has been determined
between Pvd and the Trp involved in FRET in the purified
FpvA-Pvd complex (22). If we suppose the existence of a
first binding site, on one of the extracellular loops of FpvA,
and a second one closer to the plug domain, the distance
between them is about 20-30 Å, according to the X-ray
structures of FhuA (10), FepA (7), or FecA (8, 11).
Moreover, the extracellular loops of FpvA are poor in Trps.
Indeed, in FhuA, FecA, and FepA, most of the Trps form
an aromatic girdle positioned to extend into the lipid bilayer
and delineate the border between the lipid hydrocarbon
chains and the polar headgroups. The stabilization step is
about 10-fold slower for iron-free Pvd compared to metal-
loaded Pvd, probably due to a difference in the 3D structure
of Pvd and Pvd-metal and to a difference in the mechanism
of interaction between FpvA and both forms of Pvd. The
kinetics of this second binding step of Pvd is TonB1 and
energy independent (Table 4); indeed, the same apparent
kinetic rate is observed in the presence or in the absence of
the TonB machinery.

This biphasic binding process (Scheme 1) of Pvd and Pvd-
metal strongly suggests either a mechanism with two binding
sites for the siderophore (one localized on the level of the
extracellular loops and the second one deeper in the protein)
or a conformational change occurs in the receptor induced
by the adsorption of the siderophore. Previously published
time-resolved fluorescent spectroscopy studies have shown
a different proteic environment for the Pvd chromophore in
the FpvA-Pvd and FpvA-Pvd-Ga complexes. Indeed, the
polarity of the environment of Pvd, its solvent accessibility,
and its rotational dynamics are much slower in the FpvA-
Pvd-Ga complex compared to FpvA-Pvd (22). Moreover,
the 3D structure of FecA-diCit-Fe shows that the binding
of ferric dicitrate induces a change in the conformation of

two extracellular loops (L7 and L8), which form the lid of
the siderophore-binding pocket (11). This large rearrange-
ment of the L7 and L8 loops closes the lid of the binding
pocket and renders the ligand inaccessible to the extracellular
medium. On the contrary, the binding of iron-free citrate
induces only a small change in the conformation of L7 and
L8. In this complex, these loops slightly constrict the binding
pocket, without closing it completely. One can imagine that
the second step in the binding of Pvd and Pvd-metal to FpvA
may be related, as in FecA, to a change of conformation of
some extracellular loops.

Release of PVd-Ga and PVd from FpVA. The mutual
exclusion of one ligand by the binding of the other allowed
measurement of the dissociation rates of Pvd or Pvd-metal
from FpvA. In contrast to the biphasic association kinetics
observed for Pvd and Pvd-Ga, their dissociation rates
followed single-component first-order decays (Figure 5).
However, the determinedkoffapp probably represents only the
limiting values of the rate constants (koff1 andkoff2; Scheme
1) for the release of Pvd or Pvd-Ga. For Pvd-Ga, the
dissociation process is in the range of minutes (koff ) 0.0011
s-1, t1/2 ) 10 min; Figure 5).

For metal-free Pvd, two different methods have been used
to prepare the FpvA-Pvd complex. Either the complex is
prepared in vitro by incubating purified FpvA in the presence
of Pvd and Pvd-Ga or it is preformed in vivo from aP.
aeruginosaPvd- and FpvA-producing strain and subse-
quently purified. For the FpvA-Pvd complex, the data
presented here show that this complex can exist in different
conformations: (i) an in vivo formed FpvA-Pvd complex,
which is extremely stable in the absence of TonB1 [t1/2 )
24 h (23)], (ii) an in vitro formed FpvA-Pvd complex, which
according to the data presented in Figure 7A,B is less stable
in the absence of TonB1 (determined on purified FpvA,t1/2

) 2 h, kapp ) 0.0001 s-1, Figure 7A; determined in living
cells, t1/2 > 2 h, Figure 7B) compared to the in vivo one,
and (iii) a TonB1-activated FpvA-Pvd complex which has
a short half-life time (t1/2 ) 4 min, Figure 7C;t1/2 ) 1 min,
Figure 7D). The mechanism involved in the activation of
the FpvA-Pvd complex by the TonB1 machinery to get
release of Pvd is unknown. It probably involves some change
of conformation of the FpvA receptor which decreases the
stability of the FpvA-Pvd complex and the affinity of the
receptor for Pvd (Kd ) koff/kon). Moreover, Figure 7C clearly
shows that only a few FpvA receptors are activated by the
TonB protein to release Pvd. TonB is a limiting factor when
many TonB-dependent uptake systems are induced (40) and
even more in conditions of overexpression of outer mem-
brane receptors. In addition, this activation of TonB seems
to be fast and for these different reasons cannot be seen under
the experimental conditions used in Table 2 to determine
theKd. To better understand the mechanism of activation of
the release of Pvd from FpvA by the TonB1 machinery, the
TonB1/ExbB/ExbD machinery should be overexpressed at
the same level as the FpvA receptor. However, it is the first
time that TonB is shown to be involved in the activation of
an outer membrane receptor to get a fast release of the bound
apo siderophore. This new biological function of TonB
undeniably must play a role in the iron uptake mechanism
via Pvd inP. aeruginosa.

Ferric PVd Uptake Mechanism in P. aeruginosa.Clearly,
different intermediate states must exist in the transport
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mechanism of a ligand-gated channel like FpvA. Under iron-
limited conditions, all of the receptors at the cell surface are
loaded with iron-free Pvd. By a yet unknown mechanism,
this FpvA-Pvd complex is dissociated with a fast kinetic
rate by the action of the TonB1 machinery in vivo. Since
TonB1 is limiting compared to the amount of FpvA receptors
at the cell surface, only a few FpvA-Pvd complexes are
activated to get release of Pvd. Once the FpvA receptor has
its binding site free, extracellular Pvd and Pvd-Fe competes
with similar affinities for this binding site. The data in Figure
2 clearly show that at equivalent concentration, metal- loaded
Pvd binds much faster to the FpvA receptor than iron-free
Pvd. Once the FpvA-Pvd-Fe complex is formed, the TonB1

machinery activates the receptor to get transport of the ferric
siderophore into the periplasm. Taken together, a multitude
of questions remain to be answered. Among others, what is
the mechanism for the activation of the FpvA-Pvd complex
by the TonB1 protein to get release of the iron-free Pvd?
What is the mechanism of activation of the FpvA-Pvd-Fe
complex by TonB1 to get uptake of iron? Elucidation of the
exact role of TonB in this activation process will be a goal
for future studies.
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