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ABSTRACT: Pyoverdine I is the main siderophore secreted by
Pseudomonas aeruginosa PAO1 to obtain access to iron. After extra-
cellular iron chelation, pyoverdine-Fe uptake into the bacteria involves
a specific outer-membrane transporter, FpvA. Iron is then released in
the periplasm by a mechanism involving no siderophore modification
but probably iron reduction. The proteins involved in this dissociation
step are currently unknown. The pyoverdine locus contains the
fpvCDEF operon, which contains four genes. These genes encode an
ABC transporter of unknown function with the distinguishing char-
acteristic of encompassing two periplasmic binding proteins, FpvC and
FpvF, associated with the ATPase, FpvE, and the permease, FpvD.
Deletion of these four genes partially inhibited cytoplasmic uptake
of 55Fe in the presence of pyoverdine and markedly slowed down the
in vivo kinetics of iron release from the siderophore. This transporter is therefore involved in iron acquisition by pyoverdine in
P. aeruginosa. Sequence alignments clearly showed that FpvC and FpvF belong to two different subgroups of periplasmic binding
proteins. FpvC appears to be a metal-binding protein, whereas FpvF has homology with ferrisiderophore binding proteins. In vivo
cross-linking assays and incubation of purified FpvC and FpvF proteins showed formation of complexes between both proteins.
These complexes were able to bind in vitro PVDI-Fe, PVDI-Ga, or apo PVDI. This is the first example of an ABC transporter
involved in iron acquisition via siderophores, with two periplasmic binding proteins interacting with the ferrisiderophore. The
possible roles of FpvCDEF in iron uptake by the PVDI pathway are discussed.

Under iron-deficient conditions, fluorescent Pseudomonas
species are characterized by the overproduction and secre-

tion of siderophores called pyoverdines.1 Siderophores are high
affinity iron chelators, which can solubilize iron and deliver it into
the bacterial cells.2 They are important for the survival and growth
of bacteria in soil and aqueous environments. Siderophores also
underlie the virulence of many pathogens in animal models of
disease where they compete with the host’s iron-chelating pro-
teins such as transferrin or lactoferrin.3 Over 60 pyoverdines
have been identified,4 forming a large class of siderophores
characterized by a conserved dihydroxyquinoline-derived chro-
mophore to which a peptide chain of variable length and
composition is attached. The size and amino-acid composi-
tion of the peptide moiety of pyoverdines are unique to each
Pseudomonas species, indicating that the specialization of each
bacterium is determined by its siderophore. Pseudomonas
aeruginosa PAO1 produces the siderophore pyoverdine I
(PVDI), a partly cyclic octapeptide linked to the chromophore.5

Among Pseudomonas, biosynthesis of pyoverdine and iron uptake
mechanisms are the best known for PVDI in P. aeruginosa PAO1.
In parallel to PVDI, P. aeruginosa is able to produce and use the
siderophore pyochelin (PCH) and is able to use siderophores

produced by other microorganisms, such as ferrichrome,
enterobactine, and cepabactin.6

After chelation of iron in the extracellular medium, PVDI-Fe
is transported across the P. aeruginosa outer membrane by
FpvAI, which is a specific outer-membrane transporter. FpvAI
consists of a C-terminal β-barrel domain, a plug domain filling
the barrel, followed by a region of four to five residues called
the TonB box, and a long periplasmic N-terminal extension.7,8

This extension is not involved in the transport of ferrisider-
ophores but functions in the regulation of transcription via a
signaling cascade.9 The binding site of the ferric siderophore is
located outside the membrane above the plug and is composed
of residues from both the plug and the β-barrel domains. The
FpvAI binding site mostly consists of aromatic residues,
including six Tyr residues and two Trp residues, and only
three hydrophilic residues. As in all Gram-negative bacteria, the
proton-motive force of the inner membrane drives the trans-
port of ferrisiderophore across the outer membrane through

Received: July 5, 2012
Accepted: September 25, 2012
Published: September 25, 2012

Articles

pubs.acs.org/acschemicalbiology

© 2012 American Chemical Society 2036 dx.doi.org/10.1021/cb300330v | ACS Chem. Biol. 2012, 7, 2036−2045

pubs.acs.org/acschemicalbiology


interaction of the inner-membrane TonB protein with the
TonB box of the outer-membrane transporter.10,11

In Gram-negative bacteria, the subsequent uptake of
ferrisiderophores across the inner membrane is performed by
either a transporter, belonging to the family of periplasmic bind-
ing protein-dependent ABC transporters,12 or by permeases.13,14

In Escherichia coli, the transport of ferric siderophores is sus-
tained by a specific ABC transporter for each siderophore
pathway: FhuBCD for desferrichrome and desferrioxamine,15,16

FecCDE for citrate,17,18 and FepCDG for enterobactin.19 In
P. aeruginosa, ferripyochelin and ferrichrome are transported across
the inner membranes by permeases: FptX for ferripyochelin,13

and FiuB and FoxB for ferrichrome.14 For these siderophore
pathways, the whole ferrisiderophore complex is transported into
the cytoplasm and iron is then released from the siderophore.
The release mechanisms for ferrichrome involve iron reduction20

followed by acetylation of the siderophore and its recycling into
the growth media.14,21 The release mechanism for ferrienter-
obactin involves cytoplasmic esterase hydrolysis of the side-
rophore.22 Previous studies indicated that the dissociation of the
PVDI-Fe complex occurs in the periplasm and not in the
cytoplasm.23,24 This process does not involve any chemical
degradation or modification of the siderophore, but apparently an
iron reduction. PVDI is then recycled to the extracellular medium
by the PvdRT-OpmQ efflux pump24−26 thereby allowing a new
cycle of iron uptake to take place. However, the molecular
mechanisms involved in the release of metal from PVDI and the
reuptake of iron from the periplasm to the cytoplasm remain
unknown.
In P. aeruginosa PAO1, a periplasmic binding protein-

dependent ABC transporter is present at the pyoverdine locus
(PA2407-10) and conserved in most Pseudomonas species apart
in the non-fluorescent Pseudomonas stutzeri and Pseudomonas
mendocina.27 Expression of these genes is regulated by iron,
PvdS,27−29 and two other ECF factors.28 Mutation of PA2407-
10 genes does not appear to affect growth or PVDI production
under iron-limiting conditions,30 another iron uptake pathway
probably taking over this process. According to its genome,
P. aeruginosa PAO1 has at least 11 iron uptake pathways.31 In the
present study, we reinvestigated the involvement of PA2407-10
genes in iron acquisition via the PVDI pathway in P. aeruginosa
PAO1. We showed that deletion of these four genes affects
cytoplasmic 55Fe acquisition via PVDI and inhibited the kinetics
of iron release from this siderophore in bacterial cells. In vitro
experiments with purified FpvC and FpvF (the two periplasmic
binding proteins of this ABC transporter) and in vivo cross-
linking experiments showed formation of complexes with diffe-
rent stochiometries for the FpvC and FpvF proteins. These
complexes could bind PVDI-Fe and apo PVD.

■ RESULTS AND DISCUSSION
fpvCDEF Are Predicted To Encode an ABC Trans-

porter. The sequence of PA2407-10, called here fpvCDEF and
which is located in the pvd locus,27,28 is predicted to form an
operon encoding a periplasmic binding protein dependent ABC
transporter. PA2408 ( fpvD) codes for a probable ATP-binding
component, and PA2409 ( fpvE) encodes a probable permease
of an ABC transporter. PA2407 ( fpvC) and PA2410 ( fpvF) are
predicted to encode proteins of the TroA-like superfamily.32

Such proteins are periplasmic binding components of ABC-
type transport systems that bind ferric siderophores and metal
ions such as Mn2+, Fe3+, Cu2+, and/or Zn2+. These proteins
have a similar organization; two independent globular domains

interact with each other to create the binding cleft between
them.33 TroA-like proteins are generally encoded by ABC-type
operons such as fpvCDEF. A 317-amino-acid periplasmic
protein of 34309.4 Da is expected from the nucleotide
sequence of FpvC (PA2407) (http://www.expasy.ch/cgi-bin/
protparam). A signal sequence is predicted by SignalP,34 with a
putative cleavage site between residues 37 and 38. From the
expected final amino-acid sequence, the predicted molecular
mass of the mature form of the FpvC protein is 30457.7 Da.
The nucleotide sequence for FpvF (PA2410) predicts a 305-

amino-acid periplasmic protein. SignalP predicted a putative
cleavage site between residues 25 and 26,34 and the expected
molecular mass of the mature protein is 30143.3 Da. The
molecular weight of each protein was confirmed by ESI-MS
analysis under denaturing conditions on purified FpvC and
FpvF. The experimental values obtained after deconvolution of
the multicharged spectra are 30457 Da for FpvC and 30145 Da
for FpvF (Supplemental Table 1). Under native conditions, the
molecular weight observed for FpvC was 30522 Da. This higher
medium molecular weight corresponded to the addition of
three sodium adducts.
Amino-acid sequence alignments clearly indicated that FpvC

and FpvF belong to two different subgroups of TroA-like pro-
teins (Figure 1). The first group includes FpvC, TroA, ZnuA,
and MntA and corresponds to metal-binding proteins. The
second group is composed of FpvF, BhuT, and FhuD, which
are all proteins involved in ferrisiderophore binding. For FpvC
(as for TroA, ZnuA, and MntA), the four amino-acid residues
involved in metal chelation (three His and one Asp) are con-
served, suggesting that FpvC is able to chelate a metal. The
sequence alignment for FpvF suggests that this protein has a role
in ferrisiderophore binding like FhuD and BhuT (Figure 1).
For these proteins, the binding site recognizes the siderophore
but not the chelated metal.35 On the basis of these sequence
homologies, FpvCDEF appears to be a mixed ABC transporter
that can interact with both a siderophore and a metal via its two
periplasmic binding proteins.

FpvCDEF Deletion Partially Affects 55Fe Uptake by
PVDI and Cytoplasmic 55Fe Accumulation. We assessed
the ability of a mutant with a fpvCDEF deletion to transport
and accumulate 55Fe in the presence of PVDI. To avoid iron
uptake by the siderophore pyochelin (PCH) and in order to
control the concentration of PVDI in the experiments, the
PCH- and PVDI-negative P. aeruginosa mutant PAO6383
(Table 1) and its fpvCDEF deletion mutant derivative PAS158
were used. Bacteria were incubated with two different PVDI-55Fe
concentrations, 100 and 500 nM, and the radioactivity incor-
porated into the cells was monitored (Figure 2). For 500 nM
PVDI-55Fe, around 30% inhibition of iron uptake was observed
for the fpvCDEF mutant. When PAS158 was complemented
with pMH3L, a pMMB derivative carrying the fpvCDEF genes,
this iron uptake was restored to the level measured for
PAO6383. Accordingly, FpvC and FpvF are highly expressed in
these complemented cells (Supplemental Figure 1). PVDI-55Fe
uptake inhibition was never complete, even with increasing
PVDI-55Fe concentrations (1 μM, data not shown). In the
presence of 100 nM PVDI-55Fe, no iron uptake inhibition was
observed, probably because the concentration is not high
enough and would only allow one or two turnovers of FpvA
transport. We repeated the experiment for each strain after
treating the cells with the protonophore CCCP. This com-
pound inhibits the proton motive force (PMF) of the bacteria and
thus also inhibits any TonB-dependent uptake.36 As expected, no
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iron uptake occurred with CCCP-treated cells (Figure 2). The
inhibition of 55Fe accumulation in cells that are unable to
express the FpvCDEF ABC transporter indicates a role of
FpvCDEF in the uptake of iron via the PVDI pathway.
The uptake experiments in the presence of 500 nM

PVDI-55Fe were repeated, and cells were fractionated after

30 min of incubation with the siderophore-iron complex and
radioactivity in each cell compartment was monitored (Figure 2C).
Around 45% less radioactivity was detected in the cytoplasm of
PAS158 compared to that of PAO6383. The amount of 55Fe in
the periplasm seemed to be independent of the FpvCDEF
expression. In the complemented strain PAS158(pMH3L) the
amount of 55Fe increased in both periplasm and cytoplasm,
consistent with the high expression of the FpvCDEF proteins in
this strain (Supplemental Figure 1).
All of these observations indicate that the ABC transporter

FpvCDEF is involved in the uptake of iron by the siderophore
PVDI and plays a role in iron translocation from the periplasm
into the cytoplasm. In the absence of FpvCDEF, PVDI-55Fe can
still be transported across the outer membrane by FpvA but
accumulates into the periplasm. This periplasmic 55Fe accumu-
lation explains why in fpvCDEF mutant PAS158 only 30%
inhibition of 55Fe uptake is observed.

fpvCDEF Deletion Affects PVDI-Fe Dissociation
in Vivo. Previous studies have shown that iron is released
from PVDI in the periplasm through a mechanism probably involv-
ing iron reduction.23,24 This dissociation can be followed in real
time by exciting the bacterial sample at 400 nm and monitor-
ing the fluorescence at 447 nm.23 Only apo PVDI is fluorescent
at 447 nm (excited at 400 nm37,38). In its ferric form, iron
quenches the fluorescence of the siderophore. To investigate
further the role of FpvCDEF in iron uptake by PVDI in
P. aeruginosa, cells of the PVDI-negative mutant PAO6383, its
fpvCDEF mutant PAS158, the corresponding complemented
strain PAS158(pMH3L), and the fpvA mutant PAOpvdFfpvA
were incubated in the presence 20 nM or 100 nM PVDI-Fe
(Figure 3). Consistent with previous findings,23 an increase in
fluorescence was observed following the addition of PVDI-Fe
to PAO6383. This corresponded to the dissociation of PVDI-Fe
(formation of fluorescent apo PVDI) in the bacterial periplasm.
No increase of fluorescence was observed in the absence of FpvA,
where no PVDI-Fe can be transported into the bacteria. For both
tested ferrisiderophore concentrations, deletion of the fpvCDEF
genes resulted in a clear decrease of the kinetics of PVDI-Fe
dissociation (0.034 and 0.356 ΔF min−1 for PAS158 and

Figure 1. Sequence alignment of FpvC (PA2407) and FpvF (PA2410) with proteins belonging to the TroA superfamily, shown to function in the
ABC transport of ferric siderophores and metal ions such as Mn2+, Fe3+, Cu2+, and/or Zn2+. Invariant residues as well as highly conserved residues
are shaded in blue. Residues occupying conserved positions but deviating from the consensus amino-acid sequence are shaded in brighter blue. The
four residues of TroA involved in metal chelation are shaded in yellow. The blue vertical line indicates a 44 amino-acid extension of ZnuA, which is
not represented on the alignment. Sequence alignment was performed using CLUSTALW 52 and was manually readjusted by accounting for the
residues involved in metal chelation. Two subgroups are shown. The upper group, composed of FpvC, TroA, ZnuA and MntA, corresponds to
metal-binding proteins whereas the lower group, composed of FpvF, BhuT, and FhuD, contains proteins involved in ferrisiderophore chelation.

Table 1. Strains and Plasmids Used in This Study

strains or
plasmids relevant characteristics

source or
reference

P. aeruginosa Strains
PAO1 wild-type strain 46
PAO6383 derivative of PAO1; ΔpvdF ΔpchBA 47
PAS158 derivative of PAO1; ΔpvdF ΔpchBA

ΔfpvCDEF
this study

PAOpvdFfpvA derivative of PAO1; pvdF::kana, ΔfpvA 48
PAOfpvC derivative of PAO1; pvdC::GmR 30

E. coli Strains
TOP10 F−, mcrA Δ(mrr-hsdRMS-mcrBC)

Φ80lacZΔM15 ΔlacX74 recA1 araD139
Δ(ara-leu)7697 galU galK rpsL endA1
nupG

Invitrogen

BL21(DE3) F_ ompT hsdSB(rB
_mB

_) gal dcm (λ DE3) Novagen
Plasmids

pMMB190 AmpR, RSF replicon (Inc.Q), tac promoter 49
pME3088 suicide vector; TcR ; ColE1 replicon ; EcoRI

KpnI DraII XhoI HindIII polylinker
50, 51

pME497 mobilizing plasmid, ApR 51
pJET1/blunt
vector

rep (pMB1), bla (ApR), eco47IR, PlacUV5 Fermentas

pMH3L pMMB190 carrying BamHI-HindIII
fragment containing fpvCDEF

this study

pLJ68 pJET1/blunt carrying EcoRI-HindIII
fragment containing the 700bp upstream
fpvC and the 700 pb downstream fpvF.

this study

pLJ76 pME3088 carrying EcoRI-HindIII fragment
containing the 700bp upstream fpvC and
the 700 pb downstream fpvF.

this study

pET23−789 pET23 carrying a fragment containing the
fpvCDE genes

this study

pVEGA6 pMMB190 carrying EcoRI-HindIII fragment
containing fpvF-6His

this study
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PAO6383, respectively) in the presence of 100 nM PVDI-Fe as
compared to the PAO6383 mutant (Figure 3B), and around
85% less apo PVDI was generated. The experiment was also
carried out with PAS158 cells carrying pMH3L. Dissociation was
restored in PAS158 cells complemented with the four fpvCDEF
genes (Figure 3).
In conclusion, the data presented in Figures 2 and 3 suggest

that FpvCDEF must be involved in the transport of iron across
the inner membrane and that this transporter is necessary for
an efficient PVDI-Fe dissociation. Previous studies have shown
that iron is apparently removed from PVDI in the periplasm
by a mechanism involving iron reduction and no degradation
of the siderophore23−26 and that PVDI is able to bind and
oxidize the ferrous ion in vitro.39 Therefore, FpvCDEF, by
exporting iron across the inner membranes, may activate PVDI-
Fe dissociation.

FpvF Interacts More Efficiently with PVDI-Fe than
FpvC. FpvC was overexpressed in E. coli, and FpvF was over-
expressed in P. aeruginosa cells. After their purification, both
proteins were analyzed independently by ESI-MS. This technique
has become widely used for primary-structure determination and
characterization of purified proteins. It has also been used to
assess the stability of noncovalent complexes in the vacuum of

Figure 2. (A, B) Time-dependent uptake of PVDI-55Fe in P. aeruginosa
PAO6383, PAS158, and PAS158(pMH3L) strains. PAO6383 is a
PCH- and PVDI-negative strain, PAS158 its fpvCDEF deletion
mutant, and PAS158(pMH3L) the complemented fpvCDEF strain.
Cells were incubated for 15 min in 50 mM Tris-HCl (pH 8.0) before
the initiation of transport assays by the addition of 100 (panel A) or
500 (panel B) nM PVD-55Fe (PAO6383, ○; PAS158, ◇; and
PAS158(pMH3L), Δ). Samples (100 μL) from the suspension were
removed at various time points and filtered; the radioactivity retained
was measured. The results are expressed as pmol of PVD-55Fe
transported per mL of cells at an OD600 nm of 1. The experiment was
repeated with the CCCP protonophore at a concentration of 200 μM
(PAO6383, ●; PAS158, ◆; and PAS158(pMH3L), ▲). The
experiments were repeated three times, and equivalent kinetics were
observed. (C) 55Fe repartition in the different cell compartments of
P. aeruginosa cells. PAO6383, PAS158, and PAS158(pMH3L) cells
were incubated for 30 min in the presence of 500 nM PVDI-55Fe in
the same condition as for the uptake assays in panel B. Afterward, the
cells were pelleted, the periplasms (black bars), cytoplasms (white
bars), and membranes (gray bars) were isolated for each strain, and
the amount of 55Fe present was monitored.

Figure 3. In vivo PVD-Fe dissociation kinetics, monitored by direct
excitation of PVD in PAO6383 (○), PAS158 (◇), PAS158(pMH3L)
(Δ), and PAOpvdFfpvA (▽) cells. PAO6383 is a PCH- and PVDI-
negative strain, PAS158 its fpvCDEF deletion mutant, PAS158-
(pMH3L) the complemented fpvCDEF strain, and PAOpvdFfpvA a
PVDI- and FpvA mutant. Cells were washed and resuspended to an
OD600 nm of 0.2 in 50 mM Tris-HCl pH 8.0 and incubated at 29 °C.
Following the addition of 20 (panel A) or 100 nM (panel B) PVDI-Fe
(indicated by an arrow), the change in fluorescence (excitation set at
400 nm) was monitored by measuring the emission of fluorescence at
447 nm, every second, for 60 min. The experiments wererepeated
three times, and equivalent kinetics were observed.
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the mass spectrometer by analyzing their resistance to dis-
sociation.40 Native ESI-MS is highly sensitive and rapid and has a
low sample consumption, making it a powerful structural biology
technique. According to native ESI-MS analyses, FpvC and
FpvF were purified in our experimental conditions without any
siderophore or metal bound to them (Table 2). These analyses
also demonstrated that FpvF can form dimers (FpvF2), whereas
FpvC did not (Table 2).
We next aimed to identify the compounds that bind to FpvC

and FpvF and thus eventually transported by the FpvDE trans-
porter. The purified periplasmic binding proteins FpvC and
FpvF were individually incubated in the presence of 10 equiv of
apo PVDI, PVDI-Fe, or siderophore-free Fe3+ before ESI-MS
analyses (Table 2 and Figure 4). The molecular weights of
PVDI (1336 Da) and PVDI-Fe (1388 Da) were checked by
ESI-MS analysis. No interaction was observed between
siderophore-free Fe3+ and either FpvC or FpvF. In the presence
of apo PVDI or PVDI-Fe, the major FpvC form detected was
siderophore-free protein. Lower amounts of FpvC-PVDI or
FpvC-PVDI-Fe were also detected (Table 2 and Figure 4A).
However, FpvC is important for iron acquisition by PVDI,
since deletion of fpvC affected 55Fe accumulation (around 30%
inhibition, Supplemental Figure 2) as fpvCDEF mutation.

For FpvF, the presence of PVD seemed to activate the
formation of FpvF dimers (FpvF2) with a molecular weight of
60.2 kDa, and only the dimer was able to interact with metal-
free PVDI or PVDI-Fe (Table 2, Figure 4B and C). No inter-
action was seen between FpvF monomers and any form
of PVDI. The signal intensity of the multicharged ions
corresponding to FpvF2-PVDI and FpvF2-PVDI-Fe was lower
than the signal intensity of the FpvF dimer ions (Figure 4B).
In conclusion, FpvC, which was predicted to be a metal-

binding protein, exists only as a monomer and cannot bind
in vitro siderophore-free Fe3+, though it can interact with PVDI-
Fe. FpvF, which belongs according its sequence to the sider-
ophore binding protein family, forms dimers able to interact
with apo PVDI or PVDI-Fe. No interaction was observed with
siderophore-free iron. According to the amount of protein-
PVD-Fe complexes detected by ESI-MS, FpvF seems to be
more efficient in interacting with PVDI-Fe than FpvC.

FpvC and FpvF Are Able To Interact and Form Two
Complexes with Different Stoichiometries. When the
purified periplasmic FpvC and FpvF proteins were incubated
together in the absence of Fe3+ and siderophore, two complexes
were observed by ESI-MS (Table 2 and Figure 5). The first com-
plex comprised one FpvC and two FpvF proteins (FpvC-FpvF2),

Table 2. Complexes Formed between FpvC, FpvF and PVDI, PVDI-Fe, and Siderophore-Free Fe3+a

proteins incubated with or
without siderophores

proteins or complexes observed and
experimental molecular weight in native

condition (Da)

FpvC FpvC: 30522 (+3 Na+)
FpvC + Fe3+ no FpvC-Fe complex was observed

FpvC: 30 522
FpvC + PVDI FpvC-PVDI: 31856

FpvC
FpvC + PVDI-Fe FpvC-PVDI-Fe

(masses presented in Figure 4A)
FpvF FpvF: 30145

FpvF2: 60291
FpvF + Fe3+ no FpvF-Fe or FpvF2-Fe complexes were

observed
FpvF

FpvF + PVDI FpvF2
FpvF2-PVDI
(masses presented in Figure 4B)
FpvF

FpvF + PVDI-Fe FpvF2
FpvF2-PVDI-Fe
(masses presented in Figure 4C)

FpvC + FpvF FpvC
FpvF
FpvF2
FpvC-FpvF2
FpvC2-FpvF2
(masses presented in Figure 5)

FpvC + FpvF + Fe3+ FpvC
FpvF
FpvC-FpvF2
FpvC2-FpvF2

FpvC + FpvF + PVDI FpvC
FpvF

proteins incubated with or
without siderophores

proteins or complexes observed and
experimental molecular weight in native

condition (Da)

FpvC-PVDI
FpvC-FpvF2
FpvC-FpvF2-PVDI
FpvC-FpvF2-PVDI2
FpvC2-FpvF2
FpvC2-FpvF2-PVDI
FpvC2-FpvF2-PVDI2
(masses presented in Figure 7A)

FpvC + FpvF + PVDI-Fe FpvC
FpvF
FpvC-PVDI-Fe
FpvC-FpvF2
FpvC-FpvF2-PVDI-Fe
FpvC-FpvF2-PVDI2−Fe2
FpvC2-FpvF2
FpvC2-FpvF2-PVDI-Fe
FpvC2-FpvF2-PVDI2−Fe2
(masses presented in Figure 7B)

FpvC + FpvF + PVDI-Ga FpvC
FpvF
FpvC-PVDI-Ga
FpvF-PVDI-Ga
FpvF2
FpvF2-PVDI-Ga
FpvC-FpvF2
FpvC-FpvF2-PVDI-Ga
FpvC-FpvF2-PVDI2-Ga2
FpvC2-FpvF2
FpvC2-FpvF2-PVDI-Ga
FpvC2-FpvF2-PVDI2-Ga2
(masses presented in Supporting Information)

aFpvC and FpvF were incubated independently or together, in the presence or in the absence of 10 equiv of PVDI, PVDI-Fe, or FeCl3 in 100 mM
ammonium acetate pH 6.5 buffer. The analyses of samples by ESI-MS were realized under native conditions with a final concentration of 10 pmol/
μL FpvC and FpvF in 150 mM ammonium acetate. The experimental molecular weights correspond to the molecular weights obtained after the
deconvolution of the multicharged ions in native conditions, and the composition of the complexes formed was deduced from the molecular weight.
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and the second complex was composed of dimers of both FpvC
and FpvF (FpvC2-FpvF2). The ability of FpvC and FpvF to
interact was confirmed in vivo with cross-linking experiments
using formaldehyde (Figure 6). PAO6383 cells were incubated
in the presence or absence of PVDI-Fe or PVDI-Ga and in the
presence or absence of 1% formaldehyde. After incubation, the
periplasmic proteins were isolated by cell fractionation and
analyzed by SDS-PAGE. A new protein band was observed
using polyclonal anti-FpvC and anti-FpvF at 110 kDa in the
presence of formaldehyde as compared to the experiments in
the absence of cross-linking agent, suggesting formation of
FpvC-FpvF complexes in vivo. More FpvF has been observed in
this cross-linking complex than FpvC suggesting a FpvC-FpvF2
stoichiometry as observed by native mass spectrometry. At last,

the amount of cross-linked FpvC-FpvF increased in the pre-
sence of PVDI-metal complexes, suggesting a stabilization of
this protein complex in the presence of PVDI-Fe or PVDI-Ga.

FpvC-FpvF2 and FpvC2-FpvF2 Complexes Are Able To
Bind apo PVDI and PVDI-Fe. Purified FpvC and FpvF were
incubated together in the presence of 10 or 20 equiv of apo
PVDI, PVDI-Fe, or FeCl3, and the interactions were followed
by ESI-MS (Table 2 and Figure 7). Neither FpvC-FpvF2 nor
FpvC2-FpvF2 complexes interacted with siderophore-free iron.
In the presence of 10 equiv of PVDI-Fe, complexes between
FpvC, FpvF, and PVDI-Fe were observed. The stoichiometries
of these complexes were 1:2:1:1, 1:2:2:2, 2:2:1:1, and 2:2:2:2
(FpvC:FpvF:PVDI:Fe; Figure 7A and Table 2), consistent with
the molecular weights of the in vivo cross-link products in

Figure 4. Native mass spectra of FpvC in the presence of PVDI-Fe
(A) and of FpvF in the presence of PVDI-Fe (B) or apo PVDI (C).
FpvC (A) and FpvF (B, C) were incubated independently, in the
presence of 10 equiv of PVDI or PVDI-Fe in 100 mM ammonium
acetate buffer pH 6.5. ESI-MS of the samples was performed under
native conditions with final concentrations of FpvC and FpvF of 10
pmol/μL in 150 mM ammonium acetate. The capillary exit was 150 V
for panels A and B and 160 V for panel C. The multicharged ions in
panel A correspond to FpvC and FpvC-PVDI-Fe.

Figure 5. Native mass spectra of FpvC and FpvF incubated together.
Equivalent amounts of FpvC and FpvF were incubated together in 100
mM ammonium acetate buffer pH 6.5. ESI-MS of the samples was
performed under the same conditions as described in Figure 4.

Figure 6. In vivo cross-linking of FpvC-FpvF complexes. PAO6382
grown in iron-limited medium were incubated in the presence of 1 μM
PVDI-Fe or PVDI-Ga. After 30 min of incubation at room
temperature, 1% formaldehyde was added, and the mixture incubated
for another 30 min. Periplasmic proteins were isolated by cell
fractionation, subjected to SDS-PAGE in a 12% polyacrylamide gel,
and transferred to nitrocellulose membranes. FpvC (A) and FpvF (B)
were detected with polyconal anti-FpvC and anti-FpvF. The cell were
incubated without siderophore (lanes 1, 2), with 1 μM PVDI-Fe (lanes
3, 4), or with 1 μM PVDI-Ga (lanes 5, 6). In lanes 1, 3 and 5, the
experiment has been performed in the absence of formaldehyde and in
lanes 2, 4, and 6 with formaldehyde.
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Figure 6. The increase of PVDI-Fe concentration promoted the
formation of large amounts of FpvC2-FpvF2-PVDI-Fe and
FpvC2-FpvF2-PVDI2-Fe2 (data not shown). These data suggest
that in the P. aeruginosa PVDI pathway, the ferrisiderophore in
the periplasm interacts with FpvC-FpvF2 and FpvC2-FpvF2
complexes and not just with one periplasmic binding protein. In
the presence of PVDI-Ga, equivalent complexes were formed in
the same proportions as with PVDI-Fe: FpvC-FpvF2-PVDI-Ga,
FpvC-FpvF2-PVDI2-Ga2, FpvC2-FpvF2-PVDI-Ga, and FpvC2-
FpvF2-PVDI2-Ga2 (Table 2 and Supplemental Figure 3).
When the experiment was repeated in the presence of apo

PVDI, FpvC-FpvF-PVDI complexes were observed on ESI-MS
with the following stoichiometries: 1:2:1, 1:2:2, 2:2:1, and 2:2:2
(Table 2 and Figure 7A).
The ability of FpvC-FpvF2 and FpvC2-FpvF2 to bind both

PVDI-Fe and apo PVDI, but not Fe3+, suggests that these pro-
tein complexes interact more strongly with the PVDI moiety of
PVDI-Fe and are thus present in the periplasm of P. aeruginosa
cells to pick up PVDI-Fe after its transport across the outer

membrane by FpvA. Consistent with this hypothesis, FpvC2-
FpvF2 or FpvC-FpvF2 were also able to interact with PVDI-Ga.
At last and consistent with the in vivo cross-linking experiments,
FpvC-FpvF2 and FpvC2-FpvF2 complexes were more efficient
in binding PVDI-Fe than the individual FpvC and FpvF
proteins.

Conclusion. FpvCDEF is the first example of an ABC
transporter with two associated periplasmic binding proteins
involved in iron uptake by siderophores in Gram-negative
bacteria. FpvC and FpvF are able to form complexes in vivo in
the periplasm and bind PVDI-Fe. Previous approaches have
shown that PVD-Fe, after uptake across the outer membrane
by FpvA, dissociates in P. aeruginosa periplasm without any
chemical modification of the siderophore but probably via a
metal reduction step. In such a scenario and according to the
data presented here, the two periplasmic FpvC and FpvF must
pick up PVDI-Fe in the periplasm after transport by FpvA but
do not bring the PVDI-Fe complex to the FpvE permease for
uptake across the inner membrane. Instead, they must be
somehow involved in the periplasmic dissociation of iron from
PVDI and the subsequent transport of iron across the inner
membrane into the cytoplasm by FpvDE. Deletion of the four
genes of this ABC transporter did not completely inhibit Fe55

uptake by PVDI (Figure 2). This is probably because, even in
the absence of FpvCDEF and therefore of the FpvC2-FpvF2
complex, FpvA is still functional. PVDI-55Fe can thus accumu-
late in the periplasm as reported for PVDI-Ga and other
PVDI-metal complexes that are unable to dissociate in
P. aeruginosa.41 PVDI-Fe dissociation was more dramatically
affected by fpvCDEF deletion (Figure 3), indicating that this
step must involve FpvC and FpvF. FpvC has three His and one
Asp conserved amino-acid residues. We thus hypothesized that
within the FpvC-FpvF2-PVDI-Fe, FpvC-FpvF2-PVDI2-Fe2,
FpvC2-FpvF2-PVDI-Fe, and FpvC2-FpvF2-PVDI2-Fe2 com-
plexes these four conserved residues are ready for an exchange
with PVDI regarding the coordination of iron. Previous studies
have shown that PVDI-Cr was unable to dissociate in the
periplasm,23 confirming that the dissociation mechanism must
include a ligand exchange. Indeed, Cr forms complexes with
siderophores that are structurally similar to siderophore-Fe but
are inert to ligand exchange.42 In such a scenario, where both
FpvC and FpvF participate in the periplasmic dissociation of
PVDI-Fe, there may be a dissociation mechanism where FpvC2-
FpvF2-PVDI2-Fe2 dissociates into FpvC-Fe and FpvF-PVDI or
FpvC2-Fe2 and FpvF2-PVDI2. In agreement with this notion,
mass-spectrometry analyses clearly showed that FpvF was more
efficient in binding apo PVDI than FpvC. However, neither
FpvC nor FpvF was able to bind Fe3+ in vitro, although further
investigations under anaerobic conditions are necessary to
check whether FpvC can chelate Fe2+ instead of Fe3+. Another
next key step would consist in determining the X-ray structure
of the FpvC2-FpvF2-PVDI2-Fe2 complex or to study the iron
coordination in this complex.

■ METHODS
Chemicals, Growth Media, and Siderophores. [55Fe]Cl3 was

obtained from PerkinElmer Life and Analytical Sciences (Boston,
USA). The protonophore carbonyl cyanide m-chlorophenylhydrazone
(CCCP) was purchased from Sigma, and isopropyl-D-1-thiogalacto-
pyranoside (IPTG) was purchased from Euromedex.

P. aeruginosa PAO1 strains were grown overnight in succinate
medium: 6.0 g L−1 K2HPO4, 3.0 g L

−1 KH2PO4, 1.0 g L
−1 [NH4]2SO4,

0.2 g L−1 MgSO4·7H2O, 4.0 g L−1 sodium succinate; the pH was
adjusted to 7.0 by addition of NaOH at 30 °C. LB broth (Lennox)

Figure 7. Native mass spectra of FpvC and FpvF incubated together in
the presence of PVDI-Fe (A) or apo PVDI (B). FpvC and FpvF were
incubated together, in the presence of 10 equiv of PVDI-Fe (A) or
PVDI (B) in 100 mM ammonium acetate buffer pH 6.5. ESI-MS of
the samples was performed under the same conditions as described in
Figure 4.
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and LB broth agar medium were both purchased from Difco and were
used as rich medium in all experiments. Media were supplemented as
necessary with the relevant antibiotics at the following concentrations:
50 μg mL−1 kanamycin, 100 μg mL−1 ampicillin, 150 μg mL−1

carbenicillin, 100 μg mL−1 tetracyclin, and 10 μg mL−1 chloramphenicol.
PVD and PVD-Fe were purified and prepared as previously

described.43

Bacterial Strains and Plasmids. The strains and plasmids used in
this study are summarized in Table 1. Mutation or cloning strategies
are described in Supporting Information.
Iron Uptake Assays and Cell Fractionation. PVD-55Fe (0.25 Ci

mmol−1) was prepared as previously described,44 with a 4-fold excess
of PVDI over iron. The uptake assays were carried out as previously
described.44 An overnight culture under conditions of iron limitation
was performed. Bacteria were harvested and prepared in 50 mM Tris-
HCl (pH 8.0) at an OD600 nm of 1 and were incubated at 37 °C.
Transport assays were initiated by adding 100 and 500 nM of
PVDI-55Fe. Aliquots (100 μL) of the suspension were removed at
different times, filtered, and washed with 50 mM Tris-HCl, and the
retained radioactivity was counted. The experiment was repeated with
cells that had been previously treated with 200 μM CCCP, which is a
protonophore that inhibits iron uptake.36

Periplasm and cytoplasm fractions were prepared as previously
described.45

Fluorescence Spectroscopy. Fluorescence experiments were
performed with a PTI (Photon Technology International TimeMaster;
Bioritech) spectrofluorometer. The cells were washed with 2 vol of
50 mM Tris-HCl pH 8.0 and were then resuspended in the same
buffer to a final OD600 nm of 1. For all experiments, the sample was
stirred at 29 °C in a 1 mL cuvette; the excitation wavelength was set at
400 nm, and fluorescence emission was measured at 447 nm, every
300 ms, for the duration of the experiment.
Expression and Protein Purification. Expression and Purifica-

tion of FpvC. E. coli BL21 (DE3) carring pET23-789 were grown
at 37 °C in Luria−Bertani (LB) medium containing 100 μg/mL
ampicillin and 40 μM FeSO4. After 24 h of culture, bacteria were
harvested and resuspended in buffer A (50 mM Tris-HCl pH 8.0,
1 mM EDTA, 20% sucrose). To isolate the periplasmic fraction was
added 1 mg mL−1 lysozyme, and the mixture was incubated for 2 min
on ice. The suspension was then centrifuged for 20 min at 6,700g. The
supernatant containing the periplasmic fraction was ultracentrifuged at
125,000g for 20 min to remove membrane traces from the sample. The
periplasm was diluted 3X in a solution of 50 mM MES pH 6.5 and
1 mM EDTA, loaded onto a Source S column (GE Healthcare)
equilibrated with 50 mM MES pH 6.5 and 1 mM EDTA, and then
eluted with a linear gradient of 0−1 M NaCl. The fractions containing
FpvC (as determined by SDS-PAGE) were pooled, concentrated, and
placed onto a Superdex 200 10/300 GL column (GE Healthcare)
equilibrated with 50 mM MES pH 6.5 and 350 mM NaCl. The
fractions containing FpvC were loaded onto a HiTrap Desalting
column (GE Healthcare) equilibrated with 50 mM MES pH 6.5 to
remove salts from the sample. After purification, all of the protein
fractions were pooled and concentrated by ultrafiltration at 10,000g
using a molecular cutoff weight of 10 kDa (Amicon, Millipore).
Expression and Purification of FpvF. BL21(DE3) expressing FpvF

were grown at 37 °C in LB medium with 100 μg mL−1 ampicillin until
the cultured cells reached an OD600 of 0.6. Expression of the recom-
binant protein was induced with 1 mM IPTG at 37 °C for 3 h. Cells
were harvested by centrifugation, resuspended in a solution of 50 mM
Tris-HCl pH 8.0 and EDTA 1 mM, and then disrupted by two
sonications (50−60% amplitude). Soluble proteins were separated
from the cell membranes by a 125,000g ultracentrifugation for 20 min.
Twenty millimolar imidazole was added to the supernatant contain-
ing FpvF. The sample was applied onto a HisTrap column (GE
Healthcare) equilibrated in a solution containing 50 mM Tris-HCl pH
8.0, 500 mM NaCl, 20 mM imidazole. The protein was eluted with a
linear gradient of 50 mM Tris-HCl pH 8.0, 500 mM NaCl, 500 mM
imidazole. The fractions containing FpvF (as determined by SDS-
PAGE) were pooled, concentrated, and washed by ultrafiltration with
50 mM Tris-HCl pH 7.5 and loaded onto a HiTrap Q column

equilibrated with 50 mM Tris-HCl pH 7.5. The protein was eluted
with a linear gradient of 0−1 M NaCl in 50 mM Tris-HCl pH 7.5. The
FpvF fractions were loaded onto a HiTrap desalting column (GE
Healthcare) equilibrated with 50 mM Tris-HCl pH 7.5 to remove salt
traces from the sample. After purification, all of the protein fractions
were then pooled and concentrated by ultrafiltration at 10,000g using a
molecular cutoff weight of 10 kDa (Amicon, Millipore).

Electrospray Mass Spectrometry Analysis. All studies were
performed using an electrospray time-of-flight mass spectrometer
(ESI-MS) (MicrOTOF II, Bruker, Bremen, Germany). The FpvC and
FpvF proteins were prepared at 100 μM concentration in 100 mM
ammonium acetate buffer pH 6.5. Ultrafiltration at 10,000g using a
molecular cutoff weight of 10 kDa (Amicon, Millipore) was used for
the buffer exchange. Proteins were incubated with the equivalent of
10−20 FeCl3, PVDI, or PVDI-Fe. Samples were analyzed under
denaturing conditions at a final concentration of 5 pmol μL−1 in
water/acetonitrile v/v 1% formic acid and under native conditions at a
final concentration of 10 pmol μL−1 in 150 mM ammonium acetate.
The samples were continuously infused into the ion source at a flow
rate of 3 μL min−1 using a syringe pump (KD Scientific, Holliston,
MA, USA). Data were acquired in the positive mode. An ESI-L low-
concentration tuning mix (Agilent Technologies) was used to calibrate
the device for denaturation analyses, whereas a 1 mg mL−1 solution of
cesium iodide (Fluka) in ethanol was used to calibrate the device for
native analyses. To preserve the noncovalent complexes, relatively mild
interface conditions were used; a declustering voltage (Capillary exit)
was ranged from 40 to 200 V, and the capillary temperature was set to
160 and 180 °C. The time of acquisition was between 30 s and 1 min.
Data were analyzed with Data Analysis software (ver 4.0 SP1, Bruker)
and the protein electro-spray spectra were deconvoluted using Maxi-
mum Entropy or Charge State Ruler.

Cross-Linking. An overnight culture of PAO6383 (50 mL) in iron-
limited medium was harvested and washed twice in 50 mM sodium
phosphate buffer (pH 6.8). The cell suspension was incubated in the
presence of 1 μM PVDI-Fe or 1 μM PVDI-Ga during 30 min. After
incubation at RT, the cells were incubated another 30 min in the
presence or absence of 1% formaldehyde. The cells were harvested and
resuspended in 50 mM Tris-HCl (pH 8.0), 1 mM EDTA, and 20%
sucrose to isolate the periplasmic fractions as described above. The
periplamic fractions were analyzed by immunoblotting using FpvC and
FpvF antibodies.

Immunoblot Analysis. Proteins were transferred onto nitro-
cellulose membranes by electroblotting (Bio-Rad). The nitrocellulose
membranes were then blocked by incubation for 20 min in phosphate-
buffered saline (PBS, pH 7.6, 5% dried milk powder) followed by
incubation in blocking buffer supplemented with a primary antibody.
They were then incubated in blocking buffer supplemented with a
peroxidase-conjugated goat anti-rabbit IgG secondary antibody (Sigma,
dilution 1/10000). Antibody binding was detected by enhanced chemi-
luminescence (SuperSignal West Pico Chemiluminescent Subtrate,
Pierce). Anti-FpvC and anti-FpvF polyclonal antisera were prepared
from purified FpvC and FpvF, respectively. New Zealand rabbits were
immunized with 200 μg of proteins in 1 mL of PBS and Freund’s
Complete Adjuvant V.
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