
JOURNAL OF BACTERIOLOGY, May 2006, p. 3317–3323 Vol. 188, No. 9
0021-9193/06/$08.00�0 doi:10.1128/JB.188.9.3317–3323.2006
Copyright © 2006, American Society for Microbiology. All Rights Reserved.

Pyoverdine-Mediated Iron Uptake in Pseudomonas aeruginosa: the Tat
System Is Required for PvdN but Not for FpvA Transport
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Under iron-limiting conditions, Pseudomonas aeruginosa PAO1 secretes a fluorescent siderophore called
pyoverdine (Pvd). After chelating iron, this ferric siderophore is transported back into the cells via the outer
membrane receptor FpvA. The Pvd-dependent iron uptake pathway requires several essential genes involved
in both the synthesis of Pvd and the uptake of ferric Pvd inside the cell. A previous study describing the global
phenotype of a tat-deficient P. aeruginosa strain showed that the defect in Pvd-mediated iron uptake was due
to the Tat-dependent export of proteins involved in Pvd biogenesis and ferric Pvd uptake (U. Ochsner, A.
Snyder, A. I. Vasil, and M. L. Vasil, Proc. Natl. Acad. Sci. USA 99:8312–8317, 2002). Using biochemical and
biophysical tools, we showed that despite its predicted Tat signal sequence, FpvA is correctly located in the
outer membrane of a tat mutant and is fully functional for all steps of the iron uptake process (ferric Pvd
uptake and recycling of Pvd on FpvA after iron release). However, in the tat mutant, no Pvd was produced. This
suggested that a key element in the Pvd biogenesis pathway must be exported to the periplasm by the Tat
pathway. We located PvdN, a still unknown but essential component in Pvd biogenesis, at the periplasmic side
of the cytoplasmic membrane and showed that its export is Tat dependent. Our results further support the idea
that a critical step of the Pvd biogenesis pathway involving PvdN occurs at the periplasmic side of the
cytoplasmic membrane.

Iron is an essential element for almost all bacteria. However,
under aerobic conditions at neutral pH, iron forms insoluble
Fe(III) oxide hydrates and is not readily available. Many bac-
teria produce iron chelators, called siderophores, which make
iron available to the cell. Siderophores solubilize ferric ions
and transport these ions into the cells via specific outer mem-
brane transporters. The gram-negative bacteria Pseudomonas
aeruginosa produces two major siderophores. One is pyochelin
(Pch), which is a derivative of salicylic acid (14), and the other
is pyoverdine (Pvd), which is composed of a fluorescent chro-
mophore and a peptide moiety (3). P. aeruginosa strains pro-
duce several Pvd proteins, which can be classified into three
types (PvdI to PvdIII) and can be distinguished by their pep-
tide amino acid sequences (38). For all Pvd proteins, the pep-
tide and the chromophore are thought to be derived from
amino acid precursors that are assembled by nonribosomal
peptide synthetases (NRPSs), with other enzymes catalyzing
additional reactions to complete the maturation of Pvd pro-
teins (1, 6, 15, 25, 35, 36, 40, 53). The precise biological roles
of all these enzymes in the Pvd biosynthetic pathway have not
been elucidated. However, the steps of the synthesis of Pvd,
especially cyclization of the chromophore, are thought to take
place in the periplasm. The synthesis of the chromophore,
which is a condensation product of D-tyrosine and L-2,4-di-

aminobutyrate (20), involves the PvdL NRPS in P. aeruginosa
(41). This is the only NRPS in Pseudomonas, which is highly
conserved in all of the genomes analyzed so far. PvdH is an-
other conserved enzyme among the fluorescent Pseudomonas
organisms. This enzyme, which is also required for the chro-
mophore synthesis, is an aminotransferase that catalyzes the
formation of L-2,4-diaminobutyrate from aspartate �-semial-
dehyde (52). The enzyme that cyclizes L-2,4-diaminobutyrate
into the pyrimidine ring of the Pvd chromophore remains un-
known.

The cell requires specific outer membrane transporters that
actively internalize the ferric siderophore complexes (9).
Transport across the outer membrane is driven by the proton
motive force of the cytoplasmic membrane through a cytoplas-
mic membrane complex comprising TonB, ExbB, and ExbD
(28, 45, 56). FptA is the Pch-specific outer membrane trans-
porter in P. aeruginosa strains (4). The three structurally dif-
ferent Pvd proteins produced by P. aeruginosa strains are rec-
ognized by specific transporters in the outer membrane: FpvAI
and FpvB for PvdI, FpvAII for PvdII, and FpvAIII for PvdIII
(17). In the present work, PvdI and FpvAI are called Pvd and
FpvA, respectively. FpvA has been well characterized using
physiological, immunological, and molecular approaches (see
references 11, 16, 50, and 51, among others). The structures of
P. aeruginosa FptA and FpvA have been solved (12, 13). Like
FhuA (21, 33), FepA (10), and FecA (22, 57), these transport-
ers are composed of two domains: a transmembrane 22-
stranded �-barrel domain and an N-terminal plug domain that
fills the barrel interior.

In bacteria, protein translocation across the cytoplasmic
membrane occurs via two major routes. The Sec pathway is the
main route for protein export. It allows a fast translocation of
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nonfolded substrates (18). A second general transport pathway,
called Tat, for twin-arginine translocation, has been recently de-
scribed (for a review, see reference 44). The Tat machinery
exports folded proteins across the cytoplasmic membrane.
Most of the different Tat-secreted proteins studied are
periplasmic enzymes that take part in multiprotein oxido-re-
duction systems involved in respiration or anaerobic growth (7,
47). Before they are secreted, Tat-dependent proteins are
folded in the cytoplasm, and many bind redox cofactors (47).
Both Sec and Tat-dependent proteins are synthesized in pre-
cursor form with cleavable N-terminal signal peptides that
carry specific signatures for one or the other export machinery.
Both signal sequences have a tripartite structure, with a basic
N-terminal region preceding a longer hydrophobic part, fol-
lowed by a C-terminal region containing the recognition se-
quence for the signal peptidase. Signal peptides that target
proteins to the Tat machinery have specific additional features.
The most obvious is a consensus motif containing two highly
conserved arginines (R). This motif has the form S-R-R-X-
�-�, where S is serine and � is a hydrophobic residue (leucine,
phenylalanine, valine, or methionine). Tat signal peptides are
usually longer and less hydrophobic than Sec signal peptides
and frequently contain a basic residue in the C terminus called
the “Sec avoidance motif.”

It has been shown that a P. aeruginosa tat mutant affects both
Pvd biogenesis and uptake (42). The Pvd outer membrane
receptor FpvA is predicted to have a putative Tat signal pep-
tide. Consequently, it has been proposed that FpvA is trans-
ported by the Tat pathway (42). Here, we investigated the
relationship between Tat export and Pvd-mediated iron up-
take. We found that, in a P. aeruginosa tat mutant, ferric Pvd
uptake is not altered, and FpvA is fully functional and correctly
located in the outer membrane. However, we showed that at
least one essential component of the Pvd biogenesis pathway,
PvdN, is exported by the Tat pathway, explaining why no Pvd
is synthesized in this context.

MATERIALS AND METHODS

Chemicals and siderophores. 55FeCl3 was from Perkin Elmer Life and Ana-
lytical Sciences (Boston, Mass.). Pyoverdins (Pvd, Pvd-Fe, and Pvd-55Fe) were
prepared as described previously (2, 19, 49). Anti-FpvA and anti-FptA polyclonal
antisera were prepared from purified FpvA and FptA. New Zealand rabbits were
immunized with 150 �g of receptor in 1 ml of phosphate-buffered saline and
Freund’s complete adjuvant V.

Bacterial strains and growth media. The strains used in this study are the
wild-type strains P. aeruginosa PAK and PAO1 and their respective isogenic
mutants that lack functional Tat machinery: PAK�tatC (54), PAO�tatABC,
PAO1�fpvA (50), and PAO1�pvdN (30). The PAO�tatABC mutant was con-
structed as previously described (5). Briefly, 500-bp sections upstream and down-
stream of the target genes were PCR amplified. The oligonucleotides were
designed for amplifying fragments with overlapping 3� and 5� ends. Both frag-
ments were ligated by using an overlapping PCR. This was done by using the
most-upstream and -downstream primers in a second PCR with a mix of the two
fragments as the matrix. The resulting PCR product was cloned into the PCR2.1
plasmid (TA cloning kit; Invitrogen). A 1,000-bp BamHI-EcoRV DNA fragment
was then subcloned into the suicide pKNG101 vector (27). The resulting con-
struct was transferred to P. aeruginosa by mobilization. The strains in which the
chromosomal integration event occurred were selected on Pseudomonas isola-
tion agar plates containing 2,000 �g of streptomycin per ml. Excision of the
plasmid, resulting in the deletion of the chromosomal target gene, was per-
formed after selection on Luria-Bertani (LB) plates containing 5% sucrose.
Clones that became sucrose resistant and streptomycin sensitive were confirmed
to contain the gene deletion by PCR analysis. The recombinant plasmid pMMB-
PvdNV5H6 was introduced into P. aeruginosa using the conjugative properties of

pRK2013 and clones selected on Pseudomonas isolation agar (Difco Laborato-
ries) plates containing 300 �g/ml carbenicillin. Strains were grown at 37°C with
aeration in different media: succinate (or iron limiting) (19), LB, and phosphate
limiting (proteose peptone broth).

Construction of pMMB-PvdNV5H6. pMMB-PvdNV5H6 encoding PvdNV5H6

was constructed using the Gateway PAO1 collection (29). Basically, all PAO1
open reading frames (ORF) were cloned by PCR and inserted into an entry
vector constituting the PAO1 Gateway bank. Subsequently, any ORF can be
rapidly moved into the desired destination vector by using phage attR and attL
recombination sites flanking the cloned gene in the entry vector and in the
destination vectors to allow phage recombinase-mediated recloning. We moved
ORF 2394 encoding PvdN into the destination vector pET-DEST42 (Invitro-
gen) to produce a C-terminal V5-hexahistidine (V5H6)-tagged PvdN, called
PvdNV5H6. The pvdNV5H6 gene fusion was then reinserted into the broad-host-
range vector pMMB67EH (24) using XbaI and SmaI restriction sites. This fusion
gene was placed under the control of the isopropyl-�-D-thiogalactopyranoside
(IPTG)-inducible tac promoter to give pMMB-PvdNV5H6.

Cell fractionation. Cellular fractions used for the FpvA localization shown in
Fig. 1 were prepared as follows: bacteria were collected by centrifugation after
overnight growth in iron-limited medium, frozen, and stored overnight at �80°C
in 10 mM Tris-HCl (pH 8) containing a Complete EDTA-free (Roche) protease
inhibitor cocktail. The cell samples were subjected to ultrasonic disintegration,

FIG. 1. FpvA is transported into the outer membrane in a Tat-
independent manner. Bacterial cell culture of wild-type PAO1 (WT)
and its isogenic tatABC mutant (tat) grown in iron-limited medium
were subjected to subcellular fractionation. S, soluble fraction contain-
ing cytoplasmic and periplasmic protein; TM, whole cell envelope;
CM, cytoplasmic membrane; OM, outer membrane. The equivalent of
0.1 OD600 unit of the cultures was loaded onto a 9% SDS-PAGE gel
and then stained with Coomassie blue (A). Alternatively, proteins were
blotted onto nitrocellulose and revealed using anti-FpvA antibody (B),
anti-FptA antibody (C), anti-XcpY antibody (D), or anti-OprF anti-
body (E). Molecular mass markers (kDa) are shown on the right. The
position of FpvA, identified by mass spectrometry, is shown by an
arrow in panel A.
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and unlysed cells were removed by centrifugation (15 min at 12,000 � g). The cell
envelope fractions were collected by ultracentrifugation (30 min at 125,000 � g)
and dissolved in 10 mM Tris-HCl (pH 8). Supernatants correspond to soluble
fractions (cytoplasmic and periplasmic). Cytoplasmic and outer membrane pro-
teins were separated by differential sodium lauryl sarcosyl (SLS) solubilization.
Cell envelope fractions were incubated with 2% SLS for 25 min at room tem-
perature with gentle shaking. SLS-insoluble outer membrane proteins were sep-
arated from soluble cytoplasmic membrane proteins by ultracentrifugation (30
min at 125,000 � g).

Outer membrane preparations used for fluorescence resonance energy trans-
fer (FRET) experiments presented in Fig. 2 were prepared as previously de-
scribed (50).

Spheroplasts used in the trypsin digestion experiment (see Fig. 6) were pre-
pared as follow: 1 � 1010 bacteria (optical density at 600 nm [OD600] of 10) were
collected by centrifugation and resuspended in 150 �l of buffer A (200 mM
Tris-HCl, pH 5.5, 0.5 mM EDTA, 500 mM sucrose) and 2.2 ml of buffer B (30
mM Tris-HCl, pH 7.6, 10 mM EDTA, 750 mM sucrose). Lysozym (3,300 U)
(Euromedex) resuspended in 100 �l of buffer B was slowly added to the cells, and
the preparation was slowly shaken at room temperature for 40 min. The sphero-
plasts were then ready for trypsin digestion.

Trypsin digestion. We tested the trypsin sensitivity of PvdNV5H6 by incubating
250 �l (1 � 109 bacteria) of the spheroplast preparation at various trypsin
concentrations for 10 min at room temperature. Protease activity was inhibited
by adding 1 mM phenylmethylsulfonyl fluoride.

SDS-PAGE and immunoblotting. For protein analysis, protein samples were
resuspended in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) sample buffer (34) with 2% SDS and heated for 10 min at 95°C. The
equivalent of 1 � 108 bacteria (OD600 of 0.1) was loaded onto the gels. Elec-
trophoresis was carried out in the SDS-polyacrylamide gels at 25 mA per gel at
room temperature. For Western blotting, proteins were transferred from the gel
onto nitrocellulose membranes. The membranes were blocked by incubation
overnight in phosphate-buffered saline (pH 7.6)–0.1% dried milk–0.01% Tween
20 and then incubated in blocking buffer with primary antibodies against XcpQ
(8), �-lactamase (QIAGEN), V5 epitope (Bethyl), FpvA, FptA, XcpY (39), or
OprF (23), followed by a second incubation in blocking buffer with horseradish
peroxidase-conjugated goat anti-rabbit or anti-mouse immunoglobulin G anti-
bodies. Blots were developed using an enhanced chemiluminescence protocol
(Amersham).

Iron uptake. Iron uptake assays were carried out as reported previously for the
FpvA/Pvd system (48). After overnight growth in iron-limited medium, bacteria
were prepared at an OD600 of 0.5 in 50 mM Tris-HCl (pH 8.0) and incubated
at 37°C. Transport assays were initiated by adding 100 nM Pvd-55Fe. Aliquots
(100 �l) of the suspension were removed at different times and filtered, and the

retained radioactivity was counted. The experiment was repeated in the presence
of 200 �M carbonyl cyanide m-chlorophenylhydrazone (CCCP; Sigma).

Fluorescence spectroscopy. Fluorescence experiments were carried out using a
Photon Technology International TimeMaster (Bioritech) spectrofluorometer.
To show that Pvd is recycled on FpvA, the experiments were carried out as
previously described (48). After overnight growth in iron-limited medium, the
cells were resuspended at an OD600 of 0.5 in 50 mM Tris-HCl (pH 8.0). The
bacterial suspension (995 �l) was stirred at 29°C in a 1-ml cuvette. Pvd-Fe (5 �l)
was added to 995 �l of the bacterial suspension to give a final concentration of
100 nM Pvd-Fe. The fluorescence at 447 nm (excitation wavelength set to 290
nm) was measured every second for 30 min. Cell stability at 290 nm was checked
by repeating the same experiments in the absence of the siderophore. For the
FRET spectra on outer membranes, the membranes were resuspended in 50 mM
Tris-HCl (pH 8.0) at a concentration of 160 �g/ml total protein. The excitation
wavelength was set to 290 nm.

RESULTS

The Tat system is not required for FpvA transport to the
outer membrane. In the P. aeruginosa PAO1 strain, the Pvd
receptor FpvA contains two consecutive arginines within a long
N-terminal region in its signal peptide. These may be part of a
Tat signal peptide. Therefore, we studied the cellular location
of FpvA in a PAO�tatABC mutant to check whether FpvA
transport is Tat dependent. Strain PAO�tatABC and the pa-
rental strain PAO1 were grown under iron-limited conditions.
We prepared cell fractions (cytoplasmic membrane, outer
membrane, and soluble fraction containing both cytoplasmic
and periplasmic proteins) as described in Materials and Meth-
ods and separated the proteins in polyacrylamide gel contain-
ing SDS. The proteins were stained by Coomassie blue (Fig.
1A) or were transferred onto nitrocellulose membranes and
identified using specific antibodies (Fig. 1B to E). We first
observed that a 90-kDa protein, identified by mass spectrom-
etry as FpvA, was more abundant in the outer membrane
fractions of the wild-type strain than the tat mutant (tat) (Fig.
1A). As tat mutants do not produce Pvd, this lower level of
FpvA is consistent with previous data (6) showing that a Pvd-
deficient strain produces less FpvA than the wild-type strain.
However, immunoblotting with specific antibodies against
FpvA indicated that the receptor was located in the outer
membrane of a tat mutant (Fig. 1B) or a wild-type strain. We
obtained exactly the same results when we analyzed the Pch
transporter FptA (Fig. 1C). However, unlike FpvA, this sid-
erophore transporter has no typical Tat signal peptide. A small
fraction of the outer membrane protein OprF was recovered in
the cytoplasmic membrane fraction (Fig. 1E). This suggests
some contamination of the cytoplasmic membrane by proteins
of the outer membrane, thus explaining the small amount of
FpvA and FptA recovered in the cytoplasmic membrane frac-
tion. More importantly, XcpY, a cytoplasmic membrane pro-
tein, was only recovered from the cytoplasmic membrane frac-
tion (Fig. 1D), indicating no contamination of the outer
membrane fraction by cytoplasmic membrane proteins. This
experiment clearly shows that FpvA is properly located in the
outer membrane of the tat mutant.

The Tat system is not required for FpvA function. We fur-
ther investigated the functionality of FpvA in the outer mem-
brane of a tat mutant. Previous studies have shown that FpvA
receptors of cells producing Pvd were all loaded with iron-free
Pvd (apo-Pvd) and that this FpvA-Pvd complex is the normal
transporter state under iron-depleted conditions (50). The

FIG. 2. Fluorescent emission spectra of FpvA in P. aeruginosa wild-
type and tat mutant. Outer membrane fractions of P. aeruginosa PAK
(‚) and PAK�tatC (E) were dissolved in 50 mM Tris-HCl at pH 8.0.
Excitation was at 290 nm, and fluorescence was recorded at 447 nm.
a.u., arbitrary units.
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loaded status of FpvA can be determined by the fluorescent
properties of Pvd (50). Apo-Pvd can undergo FRET with the
tryptophan present in the protein. Upon excitation at 290 nm,
the FpvA-Pvd complex fluoresces at 447 nm, as shown in Fig.
2, when the outer membrane fraction of the P. aeruginosa
strain PAK (50) is used. Outer membrane fractions prepared
from tat mutant (PAK�tatC) strains showed no fluorescence at
447 nm upon excitation at 290 nm, indicating that no binding
of Pvd to FpvA had occurred (Fig. 2). This is not surprising
because tat mutants are Pvd-deficient cells.

The ability of FpvA to transport iron in PAO�tatABC cells
was studied by incubating cells grown under iron-deficient con-
ditions with Pvd-55Fe and monitoring the uptake of iron. FpvA
expressed in a tat mutant was functional and could transport
iron as well as FpvA expressed in wild-type cells (Fig. 3). This
iron uptake involves specifically the FpvA receptor, since no
iron was transported in an fpvA mutant. When the PAO�
tatABC cells were treated with the protonophore CCCP, trans-
port was inhibited as in wild-type cells (Fig. 3). This supports
the TonB-dependent mechanism characteristic of siderophore
receptors. The same results were obtained with the PAK�tatC
strain (data not shown).

We have previously shown that once iron is released inside
the cells, Pvd is recycled on FpvA and in the extracellular
medium (48). Therefore, we tested whether FpvA in a tat
mutant is fully functional for all steps of the iron acquisition
process, including the recycling of Pvd. Cells were incubated in
the presence of Pvd-Fe, and the fluorescence at 447 nm was
monitored (FRET with excitation at 290 nm). We observed an
increase in fluorescence at 447 nm when PAK�tatC cells were

incubated in the presence of Pvd-Fe (Fig. 4), indicating binding
of apo-Pvd to FpvA after iron release in the cells. There is no
FRET signal when Pvd-Fe binds to free binding sites on FpvA.
As previously described (48), when higher concentrations of
Pvd-Fe were used, we observed recycling of Pvd on FpvA and
in the extracellular medium (data not shown).

The Tat system is required for PvdN biogenesis. In the P.
aeruginosa tatC mutant, we observed no specific Pvd fluores-
cence (data not shown and reference 42), suggesting that at
least one key element in the Pvd biogenesis pathway is exported
in the periplasm by the Tat pathway. Among the different pro-
teins known to be directly or indirectly involved in Pvd biogenesis,
three of them, PA2389, PvdP (PA2392), and PvdN (PA2394),
contain two consecutives arginines in their signal peptides.
However, the new TatP1.0 prediction program (http://www.cbs
.dtu.dk/services/TatP/), together with a recent study (32), sug-
gests that only PvdN, a putative class V aminotransferase,
contains a valid Tat signal peptide.

The cellular location of PvdN in a P. aeruginosa tat mutant
was investigated to demonstrate directly its export by the Tat
pathway. A C-terminally tagged PvdN (PvdNV5H6) was engi-
neered (see Materials and Methods), and the chimera was
produced in the PAO1 and PAO�tatABC strains. The analysis
of the subcellular location of PvdNV5H6 by separating sphero-
plasts and periplasm revealed that most PvdN is present in the
spheroplast fraction in both wild-type and Tat-deficient strains,
whereas the periplasmic marker �-lactamase was fully recov-
ered in the periplasmic fraction (Fig. 5). Therefore, in order to
determine the PvdN translocation status in the spheroplast
fraction, protease accessibility experiments were carried out
(Fig. 6). Spheroplasts were prepared for either wild-type or
tatABC mutant strains expressing pvdNV5H6, and increasing
concentrations of trypsin were added. Proteins were separated

FIG. 3. Iron uptake in P. aeruginosa wild-type and fpvA and tatABC
mutants. P. aeruginosa PAO1 (‚), PAO�tatABC (E), and PAO�fpvA
(�) cells at an OD600 of 0.5 were incubated for 15 min in 50 mM
Tris-HCl (pH 8.0) before transport assays were started by adding 100
nM Pvd-55Fe. Aliquots (100 �l) of the suspension were removed at
different times and filtered, and the retained radioactivity was counted.
The experiment was repeated in the presence of 200 �M CCCP (Œ, P.
aeruginosa PAO1; F, PAO�tatABC; and }, PAO�fpvA). The data
presented in this figure are the results of three experiments (error bars
are indicated). Similar results were obtained with P. aeruginosa PAK
and PAK�tatC.

FIG. 4. Pvd recycling in P. aeruginosa wild-type and tat mutant
strains. PAK�tatC cells at an OD600 of 0.6 were incubated in 50 mM
Tris-HCl (pH 8.0) at 29°C. The assay was started by adding 100 nM
Pvd-Fe to the cells (E). The increase in fluorescence at 447 nm was
monitored by measuring the fluorescence at 450 nm (excitation wave-
length, 290 nm) every second for 30 min. The same fluorescence
measurements were repeated in the absence of the siderophore (F).
a.u., arbitrary units.
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in SDS gel containing 11% polyacrylamide, transferred onto
nitrocellulose membrane, and stained by Ponceau red (Fig.
6A). Specific proteins were subsequently immunoblotted using
specific antibodies (Fig. 6B and C). Unlike XcpQ, an outer
membrane protein involved in type II secretion (8) that is
exported independently of the Tat system and presents similar
protease sensitivity in wild-type and Tat-deficient strains, the
trypsin degradation profile of PvdNV5H6 was dependent on a
functional Tat system. PvdNV5H6 appeared significantly more
resistant to trypsin in the Tat-deficient strain than in the wild-
type strain (Fig. 6C). PvdNV5H6 protease protection in PAO�
tatABC spheroplasts is consistent with its presence in the cy-
toplasm and, thus, with Tat-dependent export of this protein.
The insolubility and higher sensitivity of the protein in the
wild-type spheroplasts suggest that PvdN is located on the
periplasmic side of the cytoplasmic membrane.

DISCUSSION

Previous studies have shown that the Tat system is involved
in the export of many proteins. These include extracellular
proteins involved in virulence, such as hemolytic and nonhe-
molytic phospholipases (54), or periplasmic enzymes that take
part in multiprotein oxido-reduction systems and are involved
in respiration or anaerobic growth (7, 47). P. aeruginosa tat
mutants have been described as being unable to produce the

siderophore Pvd and as having an affected ferric Pvd uptake
process (42). In this study, we have shown that the outer
membrane location (Fig. 1) and function (Fig. 2 to 4) of this
siderophore receptor are not altered in a tat mutant despite the
presence of a possible Tat signal peptide at the N terminus of
FpvA. In a tat mutant, the FpvA receptor is fully functional for
all the different steps of Pvd-Fe uptake (Pvd-Fe uptake and
Pvd recycling on FpvA after iron release). These findings dem-
onstrated that FpvA does not require the Tat pathway for its
export across the cytoplasmic membrane. This is not in agree-
ment with a previous study of the Tat-dependent transport of
FpvA (42). This discrepancy can be explained by the different
experimental approaches used. Ochsner et al. found that Tat-
deficient cells were not rescued by cross-feeding Pvd and con-
cluded that Tat deficiency affected the uptake of Pvd-Fe (42).
They also used a mutant strain producing an FpvA protein
having an altered Tat recognition motif (FpvA-R18K). Pvd
production was reduced in this mutant, and it failed to grow in
the presence of the iron chelator ethylenediamine di(o-hy-
droxyphenyl)acetic acid (42). The authors finally concluded
that FpvA transport was Tat dependent. However, they did not
show any direct evidence for the presence or the absence of
FpvA in the outer membranes of these two mutants (�tatC and
fpvA-R18K), and, therefore, no direct proof of Tat-dependent
export of FpvA was given. In the present study, we used two

FIG. 5. PvdNV5H6 is recovered in the spheroplast fraction in both
wild-type and tat-deficient strains. Wild-type (WT) and tatABC (tat) P.
aeruginosa mutant strains expressing pvdNV5H6 were grown in LB me-
dium. pvdNV5H6 expression was induced in the exponential phase by 0.1
mM IPTG for 1 h. Cells were further collected and treated for sphero-
plast preparation. Wild-type and tatABC spheroplasts were further
centrifuged for 10 min at 8,000 RPM. The pellet corresponds to the
spheroplast (S), whereas the supernatant corresponds to periplasm
(P). Samples equivalent to 0.1 OD600 unit of original cultures were
further analyzed by 11% SDS-PAGE, followed by Western blotting
using anti-V5 and anti-�-lactamase antibodies. Molecular mass mark-
ers (kDa) are shown on the right.

FIG. 6. Protease accessibility of PvdN in spheroplasts. Wild-type
PAO1 and PAO�tatABC mutant strains expressing pvdNV5H6 were
grown in phosphate-limited medium. pvdNV5H6 expression was induced
in the exponential phase by incubation with 0.1 mM IPTG for 2 h. Cells
were then collected and treated for spheroplast preparation. Wild-type
(WT) and tatABC (tat) spheroplast samples equivalent to 0.1 OD600
unit of the original cultures were further treated with increasing con-
centrations of trypsin and analyzed by 11% SDS-PAGE, followed by
Western blotting using anti-XcpQ (B) and anti-V5 (C) antibodies.
Panel A is a red Ponceau-stained nitrocellulose membrane used for
Western blotting. This shows that for each trypsin concentration, the
same amount of protein is loaded for the wild-type strain and the tat
mutant, indicating that the smaller amount of PvdN observed in the
wild-type strain compared to the tat mutant is not due to overloading.
This experiment was repeated twice.
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direct and complementary approaches that demonstrated the
correct function and cellular location of FpvA in a tat mutant.

FpvA is not transported by the Tat machinery, despite the
presence of two consecutives arginines in its signal peptide.
Tat-independent transport of predicted Tat substrates has al-
ready been reported previously (26). This suggests that al-
though the known specific features of the Tat signal peptide
are necessary, these features cannot confidently predict Tat
substrates. Consequently, prediction of Tat signal peptides ap-
pears to be difficult and must always be experimentally con-
firmed. There are several other arguments against a Tat-de-
pendent transport of FpvA. FpvA is not known to bind any
cofactor requiring folding into the cytoplasm and, therefore,
does not require Tat translocation. Like porins, FpvA (12) is a
member of the �-barrel outer membrane protein family for
which no cytoplasmic folding is required. During outer mem-
brane protein biogenesis, the folding steps leading to the
�-barrel formation start in the periplasm and finish in the outer
membrane (55). Finally, FpvA is the only Pvd transporter to
have two arginines in its signal peptide. FpvAII and FpvAIII
do not have this motif and therefore reach the outer mem-
brane via a Sec-dependent route. This is also the case for FptA,
the Pch siderophore receptor of P. aeruginosa, which possesses
a typical Sec signal peptide and is transported, like FpvA, in a
Tat-independent manner (Fig. 1). In the P. aeruginosa genome,
a recent, improved prediction study has revealed possible Tat
substrates including another TonB-dependent receptor, FepD
(32), for which Tat dependency still remains to be demon-
strated.

The Tat pathway is involved in the biogenesis of Pvd because
a tat mutant does not produce Pvd (reference 42 and data not
shown). A total of at least 15 genes have now been identified
that are essential for Pvd synthesis in P. aeruginosa PAO1, but
little is known concerning the Pvd biosynthesis pathway. Both
the chromophore (41) and the peptide chain of this sid-
erophore (31, 37) are synthesized by NRPS, with other en-
zymes catalyzing additional reactions to complete the matura-
tion of Pvd proteins (1, 6, 15, 25, 35, 36, 40, 53). The precise
biological function of these enzymes and in what order they
play a role in the Pvd biosynthetic pathway are still not clear.
Currently, the steps of the synthesis of Pvd, especially cycliza-
tion of the chromophore, are thought to take place in the
periplasm.

We have shown here that PvdN is transported into the
periplasm by the Tat pathway and binds in this cellular com-
partment to the cytoplasmic membrane. At the periplasmic
side of the cytoplasmic membrane, PvdN could be part of a
protein complex involved in the final steps of Pvd biogenesis.
Many genes in the different Pvd clusters encode proteins that
are anchored in the cytoplasmic membrane or have a predicted
signal peptide, although their functions in Pvd biosynthesis are
still hypothetical; examples are PvdM (PA2393), a predicted
membrane-bound dipeptidase, and PvdE, which belongs to the
family of the ATP-binding cassette transporters (36, 46). When
these proteins are mutated, a decrease in the production of
Pvd is observed (30, 42, 43).

Previous studies indicated that Pvd biogenesis is not fully
abolished in a pvdN mutant, whereas there is no Pvd produc-
tion in the tat mutant (30, 42, 43). This discrepancy may indi-
cate that at least another enzyme important for the synthesis of

the siderophore must be Tat dependent. Since PA2389 and
PvdP have no valid Tat signal peptide (32), it is likely that there
is another Tat-dependent protein whose involvement in Pvd
biosynthesis has not been shown yet. Further experimental
studies will be thus necessary to clearly understand the com-
plete Tat dependence of the synthesis and production of Pvd.

In conclusion, our study has shown that despite the presence
of a twin arginine in the sequence signal of FpvA, this trans-
porter is not transported via the Tat machinery. However,
PvdN, an enzyme involved in the production of Pvd, is ex-
ported in a Tat-dependent way. This enzyme is transported in
the periplasmic compartment and binds to the cytoplasmic
membrane, where it is probably part of a multiprotein complex
involved in the synthesis of Pvd. The identification of the other
components of this multiprotein complex and an explanation
of why PvdN needs to be exported by the Tat pathway will be
goals for future studies.
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ADDENDUM IN PROOF

In a recent paper, Caldelari et al. (I. Caldelari, S. Mann, C. Crooks,
and T. Palmer, Mol. Plant Microbe Interact. 19:200–212, 2006) de-
scribe the role of the Tat system in the plant pathogen Pseudomonas
syringae strain DC3000. In this study, the authors showed Tat-depen-
dent transport of PSPTO2155, a putative aminotransferase involved in
the synthesis of a siderophore of this bacterium. Moreover, in the same
study the authors showed that, in spite of the presence of two consec-
utive arginines in their signal sequences, the outer membrane local-
ization of two putative TonB-dependent siderophore receptors found
in P. syringae (PSPTO3294 and PSPTO3574) is Tat independent. All
together, these results are in full agreement with our findings.

REFERENCES

1. Ackerley, D. F., T. T. Caradoc-Davies, and I. L. Lamont. 2003. Substrate
specificity of the nonribosomal peptide synthetase PvdD from Pseudomonas
aeruginosa. J. Bacteriol. 185:2848–2855.

2. Albrecht-Garry, A. M., S. Blanc, N. Rochel, A. Z. Ocacktan, and M. A.
Abdallah. 1994. Bacterial iron transport: coordination properties of pyover-
din PaA, a peptidic siderophore of Pseudomonas aeruginosa. Inorg. Chem.
33:6391–6402.

3. Ankenbauer, R., S. Sriyosachati, and C. D. Cox. 1985. Effects of sid-
erophores on the growth of Pseudomonas aeruginosa in human serum and
transferrin. Infect. Immun. 49:132–140.

4. Ankenbauer, R. G., and H. N. Quan. 1994. FptA, the Fe(III)-pyochelin
receptor of Pseudomonas aeruginosa: a phenolate siderophore receptor ho-
mologous to hydroxamate siderophore receptors. J. Bacteriol. 176:307–319.

5. Ball, G., E. Durand, A. Lazdunski, and A. Filloux. 2002. A novel type II
secretion system in Pseudomonas aeruginosa. Mol. Microbiol. 43:475–485.

6. Beare, P. A., R. J. For, L. W. Martin, and I. L. Lamont. 2003. Siderophore-
mediated cell signalling in Pseudomonas aeruginosa: divergent pathways reg-
ulate virulence factor production and siderophore receptor synthesis. Mol.
Microbiol. 47:195–207.

7. Berks, B. C. 1996. A common export pathway for proteins binding complex
redox cofactors. Mol. Microbiol. 22:393–404.

8. Bitter, W., M. Koster, M. Latijnhouwers, H. de Cock, and J. Tommassen.
1998. Formation of oligomeric rings by XcpQ and PilQ, which are involved
in protein transport across the outer membrane of Pseudomonas aeruginosa.
Mol. Microbiol. 27:209–219.

9. Braun, V. 2003. Iron uptake by Escherichia coli. Front. Biosci. 8:s1409–s1421.
10. Buchanan, S. K., B. S. Smith, L. Venkatramani, D. Xia, L. Esser, M. Pal-

3322 VOULHOUX ET AL. J. BACTERIOL.



metkar, R. Chakraborti, D. Van der Helm, and J. Deisenhofer. 1999. Crystal
structure of the outer membrane active transporter FepA from Escherichia
coli. Nat. Struct. Biol. 6:56–63.

11. Clément, E., P. J. Mesini, F. Pattus, M. A. Abdallah, and I. J. Schalk. 2004.
The binding mechanism of pyoverdin with the outer membrane receptor
FpvA in Pseudomonas aeruginosa is dependent on its iron-loaded status.
Biochemistry 43:7954–7965.
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