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SOPHIE BLEVES,† MANON GÉRARD-VINCENT, ANDRÉE LAZDUNSKI, AND ALAIN FILLOUX*
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The general secretory pathway of Pseudomonas aeruginosa is required for the transport of signal peptide-
containing exoproteins across the cell envelope. After completion of the Sec-dependent translocation of
exoproteins across the inner membrane and cleavage of the signal peptide, the Xcp machinery mediates
translocation across the outer membrane. This machinery consists of 12 components, of which XcpQ (GspD)
is the sole outer membrane protein. XcpQ forms a multimeric ring-shaped structure, with a central opening
through which exoproteins could pass to reach the medium. Surprisingly, all of the other Xcp proteins are
located in or are associated with the cytoplasmic membrane. This study is focused on the characteristics of one
such cytoplasmic membrane protein, XcpP. An xcpP mutant demonstrated that the product of this gene is
indeed an essential element of the P. aeruginosa secretion machinery. Construction and analysis of truncated
forms of XcpP made it possible to define essential domains for the function of the protein. Some of these
domains, such as the N-terminal transmembrane domain and a coiled-coil structure identified at the C
terminus of XcpP, may be involved in protein-protein interaction during the assembly of the secretory
apparatus.

Protein secretion in Pseudomonas aeruginosa is driven by
three separate secretion pathways that are widespread in gram-
negative bacteria. Alkaline protease follows the type I pathway
(22, 61), whereas exoenzymes S, T, and U follow the type III
pathway (16). Most P. aeruginosa exoproteins, including elas-
tase and exotoxin A, follow the type II pathway, or main ter-
minal branch, of the general secretory pathway (GSP) (14, 15).
GSP-dependent exoproteins are synthesized with an N-termi-
nal signal sequence and are translocated in a Sec-dependent
manner across the inner membrane. Transport across the outer
membrane is mediated by specialized machinery, the type II
secretory apparatus, comprising 12 proteins designated Xcp
(15). The term Gsp is used to denote Xcp homologs from other
bacteria (51). Although this machinery is involved in protein
translocation across the outer membrane, most of its compo-
nents are present in the inner membrane. Defects in any of the
components lead to the periplasmic accumulation of exopro-
teins.

XcpA and XcpS are polytopic inner membrane proteins, as
shown for their homologs of Erwinia carotovora, OutO and
OutF, respectively (52, 60). XcpA functions as a prepilin leader
peptidase (44) and is also responsible for the processing of five
components of the Xcp machinery, the pseudopilins XcpT
(GspG), -U (-H), -V (-I), -W (-J), and -X (-K) (4, 7, 45). The
subcellular distribution of these pseudopilins is unclear. They
have a hydrophobic segment typical of inner membrane pro-
teins but have been found, in some conditions, to fractionate
with both the inner and outer membrane fractions (4, 45).

XcpR contains an ATP-binding motif (4) and, like several of its
homologs (GspE proteins), is peripherally associated with the
cytoplasmic membrane (3, 49, 55). Of the 12 Xcp components,
only XcpQ (GspD), belonging to the newly defined secretin
family, is located in the outer membrane. Secretins are in-
volved in various secretion pathways in gram-negative bacteria
(19), including filamentous phage secretion, and are large ho-
momultimers of 10 to 12 subunits (5, 23, 29, 33, 56). The XcpQ
secretin forms a ring-shaped structure with a central cavity 95
Å in diameter (5), which may be the outer membrane channel
of the GSP through which exoproteins pass. The large diame-
ter of the cavity is consistent with GSP-dependent exoproteins
being secreted in a folded conformation (8, 9, 17, 24, 26). A
pore of this kind in the outer membrane must be tightly gated
to prevent the leakage of periplasmic components and cell
death.

This gating may be a function of an Xcp component which
directly interacts with XcpQ. Several Xcp proteins, including
XcpP (GspC), -Y (-L), and -Z (-M), are bitopic inner mem-
brane proteins, each with a large domain extending into the
periplasm (6). These proteins could interact with the outer
membrane XcpQ protein. We investigated in greater detail the
role of XcpP for two main reasons: (i) the xcpP and xcpQ genes
are organized into a single operon (2), which may reflect co-
ordinated action of the corresponding proteins; and (ii) in
Erwinia chrysanthemi, the XcpP and XcpQ homologs, OutC
and OutD, respectively, have been proposed, on the basis of
studies using the genetic approach, as gatekeepers of species-
specific secretion via the GSP (37).

In this study, XcpP proteins with deletions and hybrid pro-
teins were tested for complementation of an xcpP mutant. We
identified several characteristic domains which appeared to be
important for the function of the protein. In addition, we
showed that XcpP was unstable in an xcpQ mutant, suggesting
that there is an interaction between these two components. We
finally propose that domains of XcpP may be involved in the
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controlled gating of the XcpQ pore in the outer membrane,
thus regulating the functioning of the secretion machinery.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Bacterial strains and plas-
mids are described in Table 1. Cells were grown at 37°C with aeration in Luria
broth for Escherichia coli or tryptic soy broth (TSB) for P. aeruginosa. Plasmids
were maintained by adding ampicillin, kanamycin, tetracycline, streptomycin,
and HgCl2 (50, 25, 15, 50, and 20 mg/ml, respectively) for E. coli and carbenicillin,
tetracycline, and streptomycin (500, 200, and 1000 mg/ml, respectively) for P.
aeruginosa. The conjugative properties of pRK2013 were used to transfer plas-
mids from E. coli to P. aeruginosa. Pseudomonas transconjugants were selected
on Pseudomonas isolation agar containing antibiotics.

The xcpP mutant, PAO1DP, was produced as follows. An internal 510-bp PstI
deletion was introduced into the xcpP gene cloned in pACYC184. This DNA
fragment contains part of the xcpR gene at the 59 end of the deleted xcpP gene;
therefore, we added at the 39 end a fragment encoding the downstream xcpQ
gene to allow efficient recombination. The resulting plasmid was inserted into the
suicide vector, pKNG101, to generate the xcpP mutator, pSB95. pSB95 was
introduced into PAO1, and conjugants were selected for the first recombination
event on Pseudomonas isolation agar containing streptomycin (pKNG101) and
tetracycline (pACYC184). Several colonies were taken through several rounds of
isolation on tryptic soy agar-skim milk plates containing 10% sucrose, which
favors plasmid excision (loss of sacBR) and selection for the second recombina-
tion event (32). A secretion-defective clone was tested for its sensitivity to
streptomycin and tetracycline and was complemented by the xcpP gene intro-
duced in trans on pSB10. The clone was characterized by PCR as previously
described (7), with the primers ORG4 (hybridizing at the 39 end of xcpR) and
AFO4 (hybridizing at the 39 end of xcpP).

The lasB signal sequence was amplified by using the M13 reverse primer (248)
(New England Biolabs) and AFO5, which binds to a site behind the deduced
signal peptide cleavage site of LasB (sslasB). The DNA fragment was cloned into
pUC19, yielding pSB18. The part of the genes encoding the periplasmic domain
of XcpP (residues 57 to 235) and XcpZ were amplified with AFO3 (59-GGAT

CCCGCCTGCAACGCAGC-39)-AFO4 and AFO13 (59-CGCGGATCCCATC
TGCAGT-39)-AFO14 (59-CCCAAGCTTACGGCCGCTC-39), respectively. AFO5
introduced a BamHI site at the 39 end of sslasB, in frame with the BamHI site
created by the 59 primer, AFO3 or AFO13. The 39 regions of the xcpP and xcpZ
genes were cloned into pSB18 to produce in-frame fusions with lasB, yielding
pSB20 and pSB46, respectively. The chimeric genes were inserted into the
broad-host-range vector pMMB190, under control of the tac promoter, yielding
pSB24 and pSB51. The N-terminal sequence of the LasB9-9XcpP hybrid protein
is MKKVSTLDLLFVAIMGVSPAAFA-ADLGSRLQRSP (LasB sequence un-
derlined; position of the leader peptidase cleavage site indicated by a dash; XcpP
sequence in italics). The gene encoding the lasB9-9xcpP fusion was also cloned
into pT7.5 under control of the f10 promoter, yielding pSB25.

A hybrid gene (tc9-xcpP) encoding amino acids 1 to 34 of TetA (including the
first transmembrane domain) fused to the periplasmic domain of XcpP was
constructed. The part of the xcpP gene encoding the periplasmic domain of XcpP
was amplified by using oligonucleotides AFO3 and AFO4. The 450-bp PCR
product was blunted with T4 DNA polymerase and cloned into the EcoRV site
present in the tetracycline resistance region (tetA) of pJBS633 (10), yielding
pSB60. The N-terminal amino acid sequence of the Tc9-XcpP hybrid protein is
MKSNNALIVILGTVTLDAVGIGLVMPVLPGLLRDGSRLQ (TetA sequence in
bold; transmembrane domain underlined; XcpP sequence in italics). The hybrid
gene was recloned as a 1-kb EcoRI fragment into the broad-host-range vector
pMMB190 under control of the tac promoter, yielding pSB62.

An internal deletion within xcpP, removing the region encoding the coiled-coil
structure, was created by PCR with tail-to-tail primers (30). Primers AFO22
(59-ATCGTTCTCGCTTGTAATG-39) and AFO23 (59-ATCGCCACGCCCAT
C-39) were used, with pSB58. The amplified fragment was self-ligated, creating
an EcoRV site, and reinserted into pMMB67HE, yielding pSB86. The fragment
was sequenced and found to have the expected 81-bp deletion and the EcoRV
site. We also produced another plasmid, pSB82b, which had a deletion of 300 bp,
also in frame.

C-terminal deletions XcpPDX, XcpPDP, and XcpPDM were obtained by cut-
ting at XhoI, PvuI, and MscI restriction sites, respectively, within the xcpP gene.
Stop codons were introduced at the 39 end of the truncated xcpP genes by
inserting an V-Hg interposon (pHP45VHg) (11).

TABLE 1. Bacterial strains and plasmids used in this work

Strain or plasmid Relevant genotype and characteristics Reference or source

E. coli
BL21(DE3) F2 hsdS gal ompT, lysogen of DE3 carrying T7 polymerase gene 58
TG1 supE D(lac-proAB) thi hsdRD5 (F9::traD36 proA1B1 lacIqZDM15) 39

P. aeruginosa
PAO1 Prototroph, chl-2 B. Holloway
PAO1DP PAO1 derivative, chromosomal deletion of xcpP This work
PAG2 PAO1 derivative, chromosomal deletion of xcpQ A. de Groot

Plasmids
pT7.5 E. coli vector, Apr, f10 promoter 59
pMMB190 Broad-host-range vector, Apr, lacUV5 promoter, lacZa 43
pMMB67HE Broad-host-range vector, Apr, tac promoter 18
pACYC184 E. coli vector, Tcr, Cmr New England Biolabs
pJBS633 E. coli vector, Tcr, Kmr 10
pGEX-2T E. coli vector, Apr, GST gene fusion AMRAD
pRK2013 Kmr, ColE1 with Tra1 Mob1 13
pKNG101 Smr, oriR6K, oriTRK2, mobRK2, sacB R1 (suicide vector) 32
pHP45VHg Hgr, V interposon 11
pMB4 xcpQ gene in pMMB67HE A. de Groot
pSB10, pSB58 xcpP gene cloned in pMMB67HE or pUC19, Apr This work
pSB95 510-bp xcpP internal deletion in pKNG101, Tcr, Smr This work
pMG1, pMG2 xcpP with an ATG3TGA or TTG3ATC change in pMMB67HE This work
pSB60, pSB62 (Tc9XcpPp) tc9-xcpP gene fusion in pJBS633 or pMMB190, Kmr or Apr This work
pSB75 (XcpPDX) 39 deletion in xcpP at the XhoI site in pMMB190 This work
pSB94 (XcpPDP) 39 deletion in xcpP at the PvuI site in pMMB190 This work
pSB74 (XcpPDM) 39 deletion in xcpP at the MscI site in pMMB190 This work
pSB86 (XcpPD19) xcpP with an internal deletion of 85 bp in pMMB67HE This work
pSB82b (XcpPD20) xcpP with an internal deletion of 273 bp in pMMB67HE This work
pSB18 PCR product encoding lasB signal sequence in pUC19, Apr This work
pSB20 (lasB-9xcpP) PCR product encoding 9XcpPp in pSB18 This work
pSB25, pSB24 lasB-xcpP fusion of pSB20 in pT7.5 or pMMB190 This work
pSB46 (lasB-9xcpZ) PCR product encoding 9XcpZp in pSB18 This work
pSB51 lasB-xcpZ fusion of pSB46 in pMMB190 This work
pSB54 PCR product encoding XcpP periplasmic domain in pGEX-2T This work
pSB65 xcpY gene in pGEX-2T This work
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The substitutions of Met for the UGA stop codon at position 11 and Leu for
Ile at position 118 in XcpP were obtained by PCR using overlap extension
site-directed mutagenesis (27). pSB58 was used as the template with primer
AFO37A (59-ACGAACTGCTTGAATCCCTCGGC-39) and the M13 universal
primer (247) (New England Biolabs) or AFO37B (59-GCCGAGGGATTCAA
GCAGTTCGT-39) and reverse primer for the substitution of Met1 in the stop
codon and primer AFO38A (59-AGTGATGTAATCCCTTTCTCC-39) and the
universal primer or AFO38B (59-GGAGAAAGGGATTACATCACT-39) and
the reverse primer for the substitution of Leu18 in Ile. In each case, the two DNA
fragments were mixed and joined by overlap extension PCR using the external
universal and reverse primers. The fragments obtained were inserted into
pMMB67HE, to give pMG1 and pMG2, respectively. The mutations were
checked by sequencing.

Expression in vivo. Pulse-chase experiments and subcellular fractionation
were done with E. coli BL21(DE3), as described previously (14). Overexpression
of genes cloned under the control of the tac promoter was induced by adding 1
or 2 mM isopropyl-b-D-thiogalactopyranoside (IPTG) (for E. coli or P. aerugi-
nosa, respectively) to a culture grown to 0.5 A600 unit/ml. Samples were taken at
various times. Extracellular medium was separated from the cells by centrifuga-
tion; proteins were precipitated with 10% trichloroacetic acid and washed with
90% acetone. For each sample, we analyzed the equivalent of 0.1 A600 unit of
cells.

SDS-PAGE, immunoblotting, and autoradiography. Samples were solubilized
in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
buffer and separated by electrophoresis in polyacrylamide gels containing SDS.
Labeled proteins were detected by autoradiography. Immunoblotting was per-
formed with antisera directed against XcpP, XcpQ, XcpY, and elastase, with
peroxidase-conjugated goat anti-rabbit-immunoglobulin G used as the secondary
antibody. Proteins were detected by chemiluminescence (Pierce). XcpP and
XcpY antibodies were raised by using a purified glutathione S-transferase
(GST)–XcpP fusion protein encoded by pSB54 or a GST-XcpY fusion protein
encoded by pSB65 as previously described (7).

RESULTS

Sequence analysis and characteristic features of XcpP.
XcpP is a bitopic inner membrane protein (6) consisting of a
short N-terminal cytoplasmic domain, a transmembrane do-
main, and a larger C-terminal periplasmic domain. A coiled-
coil structure is predicted, according to the algorithm of Lupas
et al. (38), near the C terminus of XcpP between residues 179
and 212. Surprisingly, such a coiled-coil structure is not found
in homologs of the GspC family (Fig. 1A), even though those
proteins should have similar functions. Instead, Pallen and
Ponting (46) reported the presence of a PDZ domain near the
C terminus of all GspC-related proteins except XcpP. PDZ
domains, named after the three eukaryotic proteins in which
they were first discovered (i.e., postsynaptic density, disc large,
and zo-1), as well as coiled-coil domains, have been shown to
be involved in protein-protein interactions (46). PDZ domains
are 80 to 100 residues long (47), whereas the coiled-coil do-
main extends over 30 residues. The PDZ domain seems to
substitute for the coiled-coil domain in the protein structure,
since all GspC proteins are accordingly longer than the XcpP
protein. P. aeruginosa XcpP is 235 residues long, whereas other
GspCs range between 271 (E. coli) and 305 (Vibrio cholerae)
residues. Interestingly, the recently sequenced xcpP gene of
Pseudomonas alcaligenes (20) is predicted to have a coiled-coil
and not a PDZ domain. The coiled-coil domain may thus be an

FIG. 1. (A) Comparison of characteristic features of P. aeruginosa XcpP (235 amino acids) and other GspC members. Shown are the transmembrane domain ( ),
coiled-coil region (CC) (p), PDZ domain (o), and extreme C terminus (■). The numbers indicated between XcpP domains correspond to residue positions in P.
aeruginosa XcpP. The regions corresponding to the cytoplasmic, transmembrane, and periplasmic domains are delimited with double-headed arrows. The position of
the alternative N-terminal residue is indicated (L18), and positions of the first and last XcpP residues are boxed. (B) 39 region of the xcpP gene. The codons for Met1
and Leu18 are underlined. Boldface letters denote DNA stretches corresponding to the putative Shine-Dalgarno sequences. (C) Characterization of two xcpP gene
products by immunodetection after separation by electrophoresis in an 11% acrylamide gel. Samples of TG1 producing both XcpP and XcpP* (pSB10), XcpP* only
(pMG1), or XcpP only (pMG2) or containing the vector pMMB67HE were taken at various times after addition of IPTG (t0). t1 5 30 min; t2 5 1 h.
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original characteristic of GspC proteins in the Pseudomona-
ceae.

The xcpP gene encodes two different proteins. XcpP antibod-
ies were raised as described in Materials and Methods. The
XcpP protein was detected as two distinct bands, XcpP and
XcpP* (Fig. 1C). We identified a TTG codon that may act as
an internal translation start site (Fig. 1B). It is preceded by an
AGGAG sequence 6 bp upstream, which could function as a
ribosome-binding site (2). The use of this TTG codon as an
internal initiation codon would result in the production of a
protein lacking the first 17 residues, XcpP*. We checked
whether this was the case by performing site-directed mutagen-
esis to replace the predicted ATG start codon with a stop
codon (TGA) and the TTG codon with an isoleucine codon
(ATC). Western blot analysis (Fig. 1C) clearly showed that
both codons were used as translation start sites. The construct
lacking the ATG (pMG1) produced only the lower-molecular-
weight form (XcpP*), whereas the construct lacking the TTG
(pMG2) produced only the higher-molecular-weight form
(XcpP).

Construction and analysis of truncated XcpP proteins. We
further characterized the domains of XcpP that are important
for function. Several constructs encoding truncated or hybrid
XcpP proteins were produced as described in Materials and
Methods and Table 1 and are schematically represented in Fig.
2: (i) constructs with replacement of the N terminus containing
the hydrophobic segment with either the elastase (LasB) signal
peptide (ss9-XcpPp) or a different transmembrane segment
(Tc9-XcpP); (ii) C-terminally truncated products (XcpPDX,
XcpPDP, and XcpPDM); and (iii) a construct with precise
deletion of the region corresponding to the coiled-coil struc-
ture (XcpPD19). We constructed an xcpP deletion mutant
(PAO1DP) as described in Materials and Methods. All of the
constructs were expressed in this strain, and all of the XcpP
variants were detected by Western blotting using antibodies
directed against XcpP (Fig. 3B and data not shown). Both
forms of XcpP were detected with all variants, unless the N
terminus was removed or replaced (Fig. 3B). We deduced that
upon detection of two forms of the XcpP variants, the lower-
molecular-weight form is truncated at the N terminus. We
further tested whether the XcpP variants restored secretion

of elastase in the xcpP mutant, by looking at halo formation
on skim milk plates (Fig. 2) and by immunodetection of LasB
in the cell and supernatant fractions (Fig. 3A). We found
that replacement of the native N terminus (ss-9XcpPp and
Tc9XcpP) containing the hydrophobic domain prevented the
normal functioning of the protein. Moreover, deletion of the
coiled-coil structure (XcpPD19) or a larger internal domain
(XcpPD20) also resulted in loss of XcpP function. In contrast,
protease plate assays showed that each of the C-terminally
truncated XcpP variants, XcpPDX, XcpPDP, and XcpPDM,
was functional, producing a halo equal in size to or, especially

FIG. 2. Schematic representation and characterization of the various forms of XcpP. Sizes of the deletions and amino acid (aa) residue positions are indicated. XcpP
domain motifs are as in Fig. 1. Also shown are the LasB signal peptide ( ) and TetA N terminus ( ). For each construct, complementation of PAO1DP is shown by
halo formation on skim milk plates containing 300 mg of carbenicillin per ml and 2 mM IPTG.

FIG. 3. Complementation of the xcpP mutation in PAO1D with plasmids
carrying recombinant genes encoding variants of XcpP. (A) Immunodetection of
elastase in whole-cell extracts (C) or culture supernatants (SN) of PAO1DP
containing pMMB190 or a plasmid encoding XcpP (pSB10), XcpPDM (pSB74),
or Tc-9XcpP (pSB62). Elastase is indicated by the arrow. (B) Immunodetection,
using anti-XcpP antiserum, of variants of XcpP produced in PAO1DP containing
pSB24 (ss-9XcpPp; precursor (°) and mature (*) forms), pSB62 (Tc9-XcpP),
pSB10 (°XcpP and *XcpP*), pSB74 (XcpPDM), pSB86 (XcpPD19), or
pMMB190. In both cases, proteins were separated by electrophoresis in an 11%
acrylamide gel.
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in the case of XcpPDM, even larger than that of a strain
producing the wild-type form of XcpP (Fig. 2). This increased
level of elastase secretion is also clearly seen in Western
blot analysis using antibodies directed against LasB (Fig.
3A). Indeed, higher amounts of elastase could be detected
in the supernatant of PAO1DP containing pSB74 (XcpPDM)
than in PAO1DP carrying pSB10 (XcpP). In the case of
PAO1DP carrying the pMMB190 vector or pSB62 (Tc9XcpP),
elastase is found only in the cell fraction. This secretion was
specific and was not accompanied by a leakage of periplasmic
enzymes such as b-lactamase (data not shown). These obser-
vations will be analyzed in Discussion.

Competitive inhibition of secretion by N-terminally trun-
cated XcpP. XcpP may be part of a macromolecular complex
involving other Xcp proteins. Because of the presence of a
large C-terminal periplasmic domain, one should expect that
XcpP interacts with Xcp components accessible from this lo-
calization. The chimeric gene encoding the periplasmic do-
main of XcpP fused to the LasB signal peptide (ss9-XcpPp)
facilitates transport of the truncated protein into the peri-
plasm. The processing and periplasmic location of the fusion
protein was checked by inserting the gene fusion behind the
f10 promoter (pSB25) and expressing it in E. coli BL21(DE3).
A pulse-chase experiment showed that ss-9XcpPp was pro-
cessed into its mature form, the N-terminally truncated XcpP
protein (9XcpPp) (Fig. 4A). The cells were fractionated, and
most of the mature form was present in the periplasm whereas
the precursor form was exclusively associated with the mem-
branes (Fig. 4B). Further, the chimeric gene was inserted into
the broad-host-range vector pMMB190 (pSB24), and the re-
sulting plasmid was introduced into PAO1. The cells were
grown in TSB, IPTG was added, and samples were taken at
various time points after IPTG addition. Western blot analysis
was used to estimate the relative amounts of elastase in the
cell-associated and extracellular fractions (Fig. 5). In P. aerugi-
nosa carrying the vector (Fig. 5A), elastase was present ex-
clusively in the supernatant; it was not detected in the cell-
associated fraction. In contrast, elastase accumulated within
bacteria producing 9XcpPp (Fig. 5B) as early as 3 h after IPTG
induction. Thus, the C-terminal domain of XcpP competitively
interfered with the function of its wild-type counterpart, prob-
ably by generating a nonfunctional interaction with its putative
partner, thereby interfering with the functioning of the secre-

tion machinery. The competitive inhibitory effect appears to be
specific for XcpP, since similar LasB fusions with XcpZ do not
have an inhibitory effect on secretion (Fig. 5C).

XcpP requires XcpQ for stability. The gene encoding the
XcpP protein is organized, together with xcpQ, in a divergent
operon with respect to the other xcp genes. This may reflect a
coordinate function of both proteins. XcpQ is a member of the
secretin family (GspD), which are able to multimerize and to
form pores in the outer membrane. The C terminus of the
secretin appears to allow membrane insertion, whereas its N
terminus extends into the periplasm. The observation that the
stability of a protein is dependent on the presence of another
protein strongly suggests that there is an interaction between
the two components. We investigated whether the stability of
XcpP depended on the presence of XcpQ. The wild-type strain
PAO1, the isogenic xcpQ mutant PAG2, and PAG2 containing
xcpQ on a plasmid were grown in TSB to 3 A600 units/ml.
Samples were taken and subjected to electrophoresis, and their
protein content was analyzed by Western blotting. There was
clearly less XcpP in PAG2 (Fig. 6C, lane 2) than in PAO1 (Fig.
6C, lane 1). The introduction of the xcpQ gene into PAG2
resulted in levels of XcpP similar to those of PAO1 (Fig. 6C,
lane 3). The low level of XcpP was specific to PAG2, because
it was not observed for XcpY (Fig. 6B). XcpY is another
protein of the type II secretory system with a large periplasmic
domain. XcpP may be more susceptible to proteases in the
absence of XcpQ because it is in a different conformation. We
also analyzed the stability of XcpQ in an xcpP mutant strain
(PAO1DP) but detected no decrease in XcpQ levels, either

FIG. 4. Processing (A) and subcellular location (B) of ss-9XcpPp. E. coli
BL21(DE3) cells containing pSB25 encoding ss-9XcpPp were induced by adding
IPTG. A 30-s pulse of [35S]methionine was followed by a chase with nonradio-
active methionine (A; chase times are indicated in minutes) or subcellular
fractionation of the cells (B). C, whole cells; P, periplasmic fraction; CE, cell
envelope fraction; Cy, cytoplasmic fraction. Proteins were separated by elec-
trophoresis in an 11% acrylamide gel and were detected by autoradiography.
Precursor (ss-9XcpPp) and mature (9XcpPp) forms are indicated.

FIG. 5. Competitive inhibition assay. Samples of PAO1 cells containing
pMMB190 (A), pSB24 encoding ss-9XcpPp (B), or pSB51 encoding ss-9XcpZp
(C) were taken at various times (indicated in hours) after addition of IPTG. Cells
and supernatants were separated, and their protein contents were analyzed by
electrophoresis in an 11% acrylamide gel and transfer onto nitrocellulose sheets.
The blots were probed with an antielastase antiserum. The elastase band is
indicated; the highest-molecular-weight band is a product of cross-reaction.

FIG. 6. XcpP stabilization by XcpQ. Total-cell extracts of PAO1 (lane 1),
PAG2 (deletion of xcpQ; lane 2), and PAG2 containing XcpQ encoded by pMB4
(lane 3) were analyzed by SDS-PAGE (11% acrylamide) and immunoblotting
with anti-XcpQ (A), anti-XcpY (B), or anti-XcpP (C) antiserum. The positions
of XcpQ (the highest-molecular-weight band is a product of cross-reaction),
XcpY, and XcpP (doublet, XcpP and -P*) are indicated.
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multimer or monomer (data not shown). Yet, these results are
in favor of an interaction between XcpP and XcpQ.

DISCUSSION

In P. aeruginosa, most exoproteins use the type II secretory
pathway, or main terminal branch, of the GSP, which consists
of 12 Xcp proteins (15). Little is known about the mechanistic
role of each Xcp protein in the secretion process. We focused
this study on one such inner membrane protein, XcpP.

We initially tried to identify functionally important domains
of XcpP. We showed that the protein needs to be anchored in
the cytoplasmic membrane, because the periplasmic domain
alone, 9XcpPp, is nonfunctional. Yet, the transmembrane seg-
ment is not a simple anchor, because no complementation of
the xcpP mutation was observed if this domain was replaced
with the first transmembrane segment of TetA. Therefore, the
membrane anchor or the N-terminal cytoplasmic domain is
probably involved in the function of XcpP. An internal trans-
lation product, XcpP* (pMG1), lacking the first 17 of the 30
N-terminal cytoplasmic residues is still functional (data not
shown), suggesting the requirement of the transmembrane do-
main in XcpP function. Such a requirement may be due to
specific interaction of this transmembrane domain with an-
other membrane component of the Xcp macromolecular com-
plex. This kind of interaction has been proposed in the case of
the E. coli TonB-ExbB-ExbD and TolA-TolQ-TolR membrane
complexes (1, 31, 35). Deletion of the putative coiled-coil do-
main, identified at the C terminus of the protein, also resulted
in a loss of function, as seen by the noncomplementation of the
xcpP mutant. Thus, the coiled-coil structure is also an impor-
tant motif in XcpP function. Yet, this structure is predicted for
XcpP but not for its homologs in the GspC family in which
PDZ domains have been found at similar positions within the
protein (46), possibly to fulfill the same function.

As part of a multiprotein complex, XcpP probably interacts
with one or more components within the secretory apparatus,
via the transmembrane domain, the coiled-coil structure, or
other regions of the protein not yet characterized. The com-
petitive inhibition assay of secretion, using overproduction of
the C-terminal domain of the XcpP protein, shows that one
such interaction may take place on the periplasmic side of the
cytoplasmic membrane. There are several possible partners for
XcpP. Several indications suggest that the XcpQ protein,
which forms the ultimate channel of the secretory pathway,
could be one of them. The xcpP and xcpQ genes are organized
into a single operon at the 40-min locus on the chromosome
(2), whereas the other xcp genes are organized into a diver-
gently transcribed operon (4). This organization may indicate
that XcpP and XcpQ act in coordination. The XcpP protein
was not stable in the absence of XcpQ, suggesting an interac-
tion between the two components. Indeed, in many instances,
the absence of a member of a complex results in premature
degradation of its partner(s). In the case of the type II secre-
tory apparatus, complexes that have been proposed are PulS-
PulD for Klebsiella oxytoca (25), XcpY-XcpZ for P. aeruginosa
(40), and ExeA-ExeB for Aeromonas hydrophila (28); in the
case of Agrobacterium tumefaciens, a network of stabilization in
the T-complex transport apparatus has been proposed (12).
Moreover, the interaction between a bitopic inner membrane
protein and an outer membrane protein has been previously
reported. Indeed, the E. coli TonB protein belongs to a cyto-
plasmic membrane macromolecular complex including ExbB
and ExbD, but it also interacts with the outer membrane re-
ceptors for siderophores (34, 42, 57). This interaction induces
a cascade of conformational changes, which allows the subse-

quent entry of the iron-siderophore complex into the cell (41).
Such a transport across the outer membrane is supported en-
ergetically by the proton motive force (PMF) across the cyto-
plasmic membrane (50), and this energy source is coupled to
the outer membrane siderophore receptor via the TonB pro-
tein. In such a system, the production of a truncated TonB
protein (containing only the periplasmic domain) blocked the
uptake of the substrates, by competing with the wild-type TonB
and generating a nonfunctional interaction with the outer
membrane receptor (31). Four features of the XcpP protein,
(i) bitopic topology including a large periplasmic domain, (ii)
specific requirement of the transmembrane domain, (iii) inter-
action with the outer membrane component, and (iv) compet-
itive inhibition on production of the periplasmic domain, are
also features of the TonB protein. The TonB-dependent up-
take mechanism may thus provide the basis of a model for
energization of the secretion process. Interestingly, PMF has
been shown to be required for the GSP-dependent outer mem-
brane translocation of periplasmic intermediates of aerolysin
from Aeromonas species (36, 62) and of pullulanase from K.
oxytoca (48). Despite the lack of sequence similarity to TonB,
XcpP may be a candidate for energizing translocation of exo-
proteins across the outer membrane. In the A. hydrophila Gsp
system, ExeB has been suggested to have a TonB-like function,
based on the sequence similarity between ExeB and TonB
(28). However, an ExeB-like protein has not been identified in
the case of P. aeruginosa.

It is clear that the passage of large molecules across the
outer membrane, avoiding disruption of its barrier function,
requires a tight gating of the pore-forming proteins. The XcpQ
channel has a large central cavity (95 Å) (5), and the pore must
thus be open only transiently. Some of the results obtained
with the C-terminally truncated forms of XcpP may provide
evidence for such a statement. For example, it is very interest-
ing that XcpPDM complemented the xcpP mutation, even
though it lacked the XcpP C terminus including the coiled-coil
structure. Yet, we have shown that XcpPD19, which lacks only
the coiled-coil structure, failed to complement the PAO1DP
mutant, suggesting a key role of this particular domain in XcpP
function. This result is original and puzzling, though it is still
possible that the N-terminal domain of XcpP, present in
XcpPDM, is alone sufficient for the functioning of the Xcp
machinery. Moreover, complementation with the XcpPDM
variant also resulted in an increased level of secretion. One
possible explanation of these apparently contradictory results
may be as follows. The N-terminal domain of XcpP, present in
XcpPDM, may, directly or via interaction with another Xcp
protein, trigger opening of the XcpQ pores, which results in
the efficient secretion observed. This large N-terminal domain
is also present in the nonfunctional variant XcpPD19, which
lacks only the coiled-coil structure. The only difference be-
tween XcpPD19 and XcpPDM is the presence in XcpPD19 of
the 22 C-terminal residues of the wild-type protein. This par-
ticular part of the C-terminal region may thus be inhibitory
through the formation of inactive complexes. It may be in-
volved in negatively controlling the secretion process, possibly
by maintaining the XcpQ pores in a closed conformation,
which results in the noncomplementation of the PAO1DP mu-
tant strain by the XcpPD19 variant. This effect of the C termi-
nus is thus dominant over the effect of the N terminus. How-
ever, these 22 C-terminal residues are normally present in
XcpP and in this case do not prevent opening of the XcpQ
pore and functioning of the Xcp machinery. Yet, the difference
between XcpPD19, which does not complement PAO1DP, and
XcpP, which does, is the presence in the latter of the coiled-
coil domain. Therefore, XcpP may exist in two different states
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with the coiled-coil structure having a key function in shifting
the protein from one conformation to the other, mediating the
effect of the N or C terminus of the XcpP protein (Fig. 7).
These two states may result from XcpP multimerization, or
not, via the coiled-coil domain.

A transport system more related to the type II secretion
system than TonB-dependent uptake is the machinery involved
in the assembly of filamentous bacteriophages (54). In this
case, the ultimate channel in the outer membrane is the pIV
protein, a homolog of XcpQ and member of the secretin fam-
ily. A second accessory component in this system is the pI
protein, a bitopic cytoplasmic membrane protein with no se-
quence homology with known Xcp proteins. Interestingly, and
similar to XcpP, this protein is produced in two forms, pI and
pI* (21). Moreover, pI interacts via its C-terminal periplasmic
domain with pIV in order to energize the opening of this pore
(53). Alternatively, the balance between the two XcpP prod-
ucts (XcpP and XcpP*) may also be involved in the fine tuning
of XcpQ pore gating. The existence of an energizing mecha-
nism controlling pore opening during protein secretion is
likely, but whether it involves XcpP (GspC) could not be con-
cluded from this study. Moreover, an energy source other than
PMF could be transduced to the outer membrane, since pI has
an ATP-binding site (21) as does ExeA, the inner membrane
partner of ExeB (28).
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