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The process of extracellular secretion in Pseudomonas aeruginosa requires specialized machinery which is
widely distributed among bacteria that actively secrete proteins to the extracellular medium. One of the
components of this machinery is the product of the xcpR gene, which is homologous to pilB, a gene encoding
a protein essential for the biogenesis of type IV pili. Both XcpR and PilB are characterized by the presence of
a conserved ATP-binding motif (Walker sequence). The codons of highly conserved glycine residues within the
Walker sequences ofxcpR and pilB were altered to encode a serine, and the effects of these substitutions were
examined. Bacteria expressing mutant XcpR or PIB were unable to secrete exotoxin A or assemble pili,
respectively. In addition, high-level expression of mutant XcpR in wild-type P. aeruginosa led to a pleiotropic
extracellular secretion defect, resulting in the periplasmic accumulation of enzymes that are normally secreted
from the cell. These studies show that the putative ATP-binding sites of XcpR and PilB are essential for their
finctions in protein secretion and assembly of pili, respectively. Moreover, the observed dominant negative
phenotype of mutant XcpR suggests that this protein functions as a multimer or, alternatively, interacts with
another essential component of the extracellular protein secretion machinery.

Proteins secreted into the extracellular medium by gram-
negative bacteria must cross a double membrane barrier,
consisting of the cytoplasmic and outer membranes, sepa-
rated by the periplasmic space. It has been well established,
with Escherichia coli as a model system, that translocation
of proteins bearing N-terminal signal peptides to the
periplasm or to the outer membrane involves secretion
machinery consisting of several of the sec gene products,
one of two leader peptidases, and a number of cytoplasmic
chaperones (reviewed in reference 32). This secretion path-
way is conserved among all gram-negative bacteria. In
contrast, extracellular protein secretion can occur by multi-
ple mechanisms. One such mechanism is a two-step process
whereby proteins bearing signal sequences are secreted
across the cytoplasmic membrane via the sec-dependent
pathway and then across the outer membrane by a distinct
pathway known as the general secretion pathway (reviewed
in reference 39). The general secretion pathway has been
most extensively studied with Klebsiella oxytoca, in which
the extracellular secretion of pullulanase requires machinery
consisting of the products of at least 14 pul genes (pulC to
pulO and pulS) (reviewed in reference 28). Alternatively,
extracellular secretion of proteins lacking the N-terminal
leader peptides, the prototype of which is the hemolysin of
E. coli, are secreted by a sec-independent mechanism,
utilizing as few as three proteins which are located in the cell
envelope (reviewed in reference 39).
Pseudomonas aenrginosa is a gram-negative, opportunis-

tic pathogen that secretes a number of virulence factors into
the extracellular medium. Many of these virulence factors,
such as alkaline phosphatase, exotoxin A, phospholipase C,
lipase, and elastase, are secreted by the general secretion
pathway, similar to that described for pullulanase secretion
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byK oxytoca (36). The extracellular secretion functions of
P. aeruginosa are encoded by the xcp genes (xcpR toxcpZ)
and share homology with the Kebsiella pul genes (pulE to
pulM) (1). Recently, a similar mechanism for extracellular
secretion of enzymes has been described for other gram-
negative bacteria, including Erwinia spp. and Xanthomonas
campestris (reviewed in reference 29).
One of the interesting features of the components of the

general secretion pathway is their similarity to determinants
of type IV pilus biogenesis. The products ofxcpT to xcpW
(also called pddA4 to pddD), and their homologs in other
bacteria, share extensive sequence similarity to the subunits
of type IV pili. The sequence conservation is most pro-
nounced in the short N-terminal leader peptide and the first
25 to 30 amino acids of the mature protein. These proteins
are processed by a specialized leader peptidase (PilD/XcpA,
PulO in K oxytoca) (1, 25) which cleaves the short leader
peptide (24) and N methylates the first amino acid of the
mature protein (34). In addition, it has been shown that
mutations in pilD lead to an accumulation of normally
secreted proteins in the periplasm (33). The biogenesis of
type IV pili also requires two additional proteins, PilB and
PilC, and their respective homologs are also found among
the products of the genes of the general secretion pathway,
XcpR and XcpS in P. aeruginosa and PulE and PulF in K
oxytoca (1, 25).
The XcpR/PilB and PulE gene products are especially

intriguing since they almost certainly function in extracellu-
lar protein secretion and assembly of pili from a cytoplasmic
location. Their major distinguishing feature is the presence
of a highly conserved region of an ATP-binding domain
("Walker box A") consisting of the sequence GXXGXGKT
(38). A third PilB/XcpR homolog, PilT, in P. aeruginosa was
recently described. PilT is involved in bacterial motility,
called twitching motility, which is apparently mediated by
the retraction of type IV pili (40). XcpR, PilB, and PilT
therefore represent a family of proteins that play an as-yet-
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TABLE 1. Bacterial strains, phage, and plasmids

Strain, phage, Relevant traits' Source or
or plasmid reference

Strain
E. coli

DH5ot hsdR recA lacZYA 480 lacZAM15 BRLb
XL-1 blue recAl end41 gyrA96 thi-1 hsdR17 supE44 rel4l lac [F'proAB, Stratagene

lacPqADM15 TnlO]; Tetr
RZ1032 Hfr; dut ung thi-1 reL41, supE44, Zbd-279::TnlO; Tetr A. Rattrey

P. aeruginosa
PAK Wild type D. Bradley
PAKrif Rif' derivative of wt PAK 24
B24 Kanr; Tn insertion upstream of secretion genes; wt control strain 24
B24ASca Derivative of B24 with secretion (xcp) genes deleted D. Nunn

Phage
P04 Pilus-specific lytic phage D. Bradley
VCSM13 Interference-resistant helper phage Stratagene

Plasmids
pDN18/19 Tetr broad-host-range cloning vectors 24
pDN19L Secretion genes in pDN19; 9.2-kb EcoRI fragment (xcpR to xcpZ) D. Nunn
pDN19B-EL 5' deletion subclone of pDN19L; 7.2-kb BamHI-EcoRI fragment of D. Nunn

pDN19L (xcpR mutant)
pRK2073 Strr mobilizing plasmid 19
pGP1-2 Kanr; thermoinducible T7 RNA polymerase gene 37
pMMD4 IPTG-inducible exotoxin A 35
pMMB67EH Apr broad-host-range cloning vector; lacli/tac promoter 8
pBSC Apr pBluescript phagemid cloning vectors Stratagene
(KS/SK+)
pTZ19A Apr; pilus biogenesis accessory genes cloned into phagemid pTZ19R D. Nunn

a Abbreviations: Tetr, tetracycline resistant; Rif, rifampin resistant; wt, wild-type; Kanr, kanamycin resistant; Strr, streptomycin resistant; Apr, ampicillin
resistant.

b BRL, Bethesda Research Laboratories.
c pBS, pBluescript.

unidentified role in extracellular secretion of proteins and
assembly and disassembly of pili, respectively.

In order to investigate the structure-function relationship
of XcpR and PilB, we engineered mutations in the xcpR and
pilB genes to give products with amino acid substitutions in
the conserved ATP-binding site. We show that these muta-
tions lead to defects in extracellular protein secretion and
pilus assembly, providing evidence that the ATP-binding site
is required for the proper function of these proteins, very
likely by hydrolyzing ATP to provide energy for the mem-
brane translocation process.

MATERIAILS AND METHODS
Bacterial strains and plasmids. The bacterial strains, plas-

mids, and phages used in this study are listed in Table 1. The
wild-type control, strain B24, used for secretion studies
involving XcpR, was a kanamycin-resistant derivative of P.
aeruginosa wild-type strain PAK, carrying a transposon
insertion upstream of the secretion genes. The secretion-
deficient derivative of strain B24, B24ASca, was created by
deleting a ScaI fragment containing all but the 5' 100 bp of
the secretion genes xcpR to xcpZ. The resulting fragment
was subcloned into pBR322. The construct was introduced
into P. aeruginosa B24 by conjugation and was subsequently
integrated into the chromosome. A nonhemolytic (secretion-
deficient) exconjugant was generated. The deletion of the
ScaI fragment was confirmed by Southern analysis (22a).

Culture conditions. Cultures were routinely grown in Luria
broth (21) or minimal A salts (6) supplemented with 50 mM
monosodium glutamate and 1% glycerol for P. aeruginosa.
For growth of E. coli, the minimal salts were supplemented
with 0.2% glycerol and 0.001% thiamine; for labeling exper-

iments, the minimal salts were supplemented with a mixture
of 0.02% 18 amino acids lacking methionine and cysteine.
Antibiotics (concentrations in micrograms per milliliter)
were as follows: for P. aeruginosa, tetracycline (100), kana-
mycin (50), and carbenicillin (150); for E. coli, tetracycline
(20), ampicillin (100), and kanamycin (50).
Enzymes and chemicals. All restriction enzymes and T4

DNA ligase were purchased from Bethesda Research Labo-
ratories, Inc., Gaithersburg, Md. Isotopes for labeling of
polypeptides, 35S]methionine (Express S355 protein label-
ing mix), and1 I-protein A for immunoblots were purchased
from Dupont, NEN Research Products, Boston, Mass.
Sequenase version 2.0 was purchased from U.S. Biochemi-
cal Corp. (Cleveland, Ohio) and used as instructed by the
manufacturer.

Cloning and site-directed mutagenesis. A 2.8-kb EcoRI-
AsuII fragment from plasmid pDN19L, containing the cod-
ing region of xcpR, was subcloned into pBluescript KS+,
resulting in plasmid pKSXcpR. The pilB coding region was
obtained by subcloning a 2.1-kb KjpnI-NarI fragment from
pTZ19A into pBluescript SK+, resulting in plasmid pSK-
PilB.

Uracil-containing templates for site-directed mutagenesis
were prepared by using the helper phage VCSM13 to rescue
single-stranded DNA from E. coli RZ1032 transformed with
pKSXcpR or pSKPilB. Mutagenesis was carried out as
described by Kunkel et al. (17). Oligonucleotide prim-
ers XcpRmut (5'CCACCGGCTCGAGCAAGACCAC3') and
PilBmut (5'CCACCGGCICGAGCAAGACGGT3') were used
to make single base changes (underlined) in the putative
ATP-binding sites of XcpR and PilB, respectively, resulting
in plasmids pKSXcpRmut and pSKPilBmut.
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FIG. 1. Alignment of partial sequences of XcpR (amino acid residues 256 to 275) and PilB (amino acid residues 320 to 339). Identical bases
in the DNA sequence are shaded to demonstrate the high degree of homology between the two genes. The consensus GXXGXGKT Walker
box (38) consists of amino acid residues 262 to 269 in XcpR and residues 326 to 333 in PilB. The conserved, essential residues are indicated
by shaded boxes. The mutation introduced into the DNA sequence by site-directed mutagenesis is indicated in boldface between the DNA
sequences. The glycine to serine changes resulting from this mutation are indicated above and below the amino acid sequences.

These mutations, as well as the wild type, were then
subcloned into broad-host-range vectors for introduction
into P. aeruginosa. A 3-kb BamHI fragment from pKSXcpR
and the corresponding fragment from pKSXcpRmut were
subcloned into pDN19B-EL to generate pLT1 and pLT2,
respectively, and 2.1-kb KpnI-NarI fragments from pSKPilB
and pSKPilBmut were subcloned into pDN18 to generate
pLTB1 and pLTB2. In addition, an approximately 3-kb
EcoRI-StuI fragment from pKSXcpR and a 3-kb EcoRI-
Kjpnl fragment from pKSXcpRmut were subcloned into the
broad-host-range vector pMMB67EH, which carries an iso-
propyl-,-D-thiogalactopyranoside (IPTG)-inducible tac pro-
moter (8), generating pMMR and pMMRmut, respectively.
DNA manipulations and analyses. All plasmid DNA from

E. coli was prepared by the method of Birnboim and Doly (3)
for both large- and small-scale isolations. Plasmid DNA was

further purified with CsCl-ethidium bromide density gradi-
ents.
The presence of the engineered mutations was confirmed

by sequence analysis of plasmids pKSXcpR, pKSXcpRmut,
pSKPilB, and pSKPilBmut. Sequencing was carried out with
single-stranded or double-stranded templates by the dideoxy
method of Sanger et al. (30). Oligonucleotide primers XcpR
(5'GGTATTCGATCGGATCC3') and PilB (5'GCACTCAA
GCAGCCGCA3') were employed.

Genetic techniques. Plasmids were introduced into P.
aeruginosa by triparental matings, using pRK2073 as a

mobilizing plasmid (19). Transconjugants were isolated after
selection on L or minimal agar plates containing the appro-
priate antibiotics.

Cell fractions. For determining the localization of exotoxin
A, P. aeruginosa was grown in L broth with the appropriate
antibiotics to an optical density at 600 nm of 0.4 to 0.5. Fresh
medium was added and supplemented with 4 mM IPTG to
induce expression of exotoxin A. Cells were grown for an

additional 1.5 h and were harvested by centrifugation. The
culture supernatants were saved as the extracellular frac-
tion. The cell pellets were washed with cold 30 mM Tris (pH
8.0) and resuspended in 50 mM Tris (pH 7.2)-0.2 M MgCl2.
Periplasmic fractions were prepared in the manner of
Hoshino and Kageyama (12). Briefly, the suspensions were
treated twice as follows: incubation at 30°C for 30 min,
chilling on ice, incubation at room temperature for 15 min.
The cell pellets, representing the cell-associated fraction,
were resuspended in 30 mM Tris (pH 8.0) and lysed by
sonication. The total protein of each fraction was precipi-
tated with 10% trichloroacetic acid, using 0.01% skim milk
as a carrier. The pellets were washed with 100% acetone and
resuspended in distilled water.

SDS-polyacrylamide gel electrophoresis (PAGE) and immu-

noblotting. Samples were denatured by boiling in 2% sodium
dodecyl sulfate (SDS)-5% 2-mercaptoethanol-62.5 mM Tris
(pH 6.8). Preparations were separated on tricine-SDS-10%
polyacrylamide gels (31) or SDS-10% polyacrylamide gels
by the system of Laemmli (18). Gels were either stained with
Coomassie blue R or immunoblotted as follows. The pro-
teins in the gels were electrophoretically transferred to
nitrocellulose filters (37). The filters were then treated with
5% nonfat dry milk in phosphate-buffered saline, incubated
with mouse polyclonal anti-exotoxin A sera, washed, probed
with "2I-protein A, and autoradiographed.
T7 expression experiments. A T7 RNA polymerase-pro-

moter gene expression system was used to express proteins
encoded by plasmids pKSXcpR, pKSXcpRmut, pSKPilB,
and pSKPilBmut in E. coli. pGP1-2 served as a source of
thermoinducible T7 polymerase (35). Polypeptides, labeled
with [35S]methionine, were analyzed by SDS-PAGE and
autoradiography.
Phage sensitivity tests. Suspensions of P. aeruginosa

strains to be tested were streaked onto L agar plates con-

taining antibiotics. A 5-pl sample of a suspension of the
pilus-specific phage P04 was applied to the center of the
steak. Sensitivity was defined as no growth, resulting from
cell lysis, in the area of phage inoculation.
Enzyme assays. P. aeruginosa PAK cultures carrying the

appropriate plasmids were grown in low-phosphate medium
(13) with 2 mM IPTG until they reached an optical density at
600 nm of 2.0 to 3.0. Extracellular, periplasmic, and cell-
associated fractions were prepared. Phospholipase C activ-
ity was measured with the chromogenic substrate p-nitro-
phenylphosphorylcholine (Sigma Chemical Company, St.
Louis, Mo.) (2). ,-Lactamase and alkaline phosphatase
activities were assayed by monitoring the rates of hydrolysis
of nitrocefin (Bethesda Research Laboratories) and p-nitro-
phenyl phosphate (Sigma), respectively (4, 14). Activities of
the enzymes in each fraction were corrected for the bacterial
mass of the culture.

RESULTS

Mutagenesis of xcpR and pilB. Oligonucleotide site-di-
rected mutagenesis was carried out to change a codon for
one of the essential glycines of the XcpR and PilB Walker
boxes to one encoding a serine (Fig. 1). Changes of the
invariant amino acids of the ATP-binding site have been
shown to abolish ATP binding in many proteins, including
the RecD subunit of the RecBCD enzyme and the histidine
permease (HisP) of E. coli (16, 22). The wild-type and
mutant forms ofxcpR andpilB were subsequently subcloned

XcpR
mutation:

PUB
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FIG. 2. Autoradiogram of T7 expression of XcpR and PilB. The
proteins expressed by plasmids pBluescript (pBS), pKSXcpR,
pKSXcpRmut, pSKPilB, and pSKPilBmut were labeled with
[35S]methionine and run on SDS-polyacrylamide gels. Numbers
represent the positions of molecular mass markers (in kilodaltons).
All clones expressed high levels of a protein in the expected size
range of XcpR (55.5 kDa) or PilB (62.4 kDa).

into broad-host-range vectors for introduction into P. aerug-
inosa.
To verify that the mutations introduced intoxcpR andpilB

had not altered the size and stability of the mutated gene
products, the levels of expression of xcpR, pilB, and their
mutant counterparts were compared in a coupled T7 promot-
er-polymerase system (35). Labeled extracts, when analyzed
by PAGE (Fig. 2), showed that the mutant forms of XcpR
and PilB were equally well synthesized and were of the same
size (ca. 60,000 Da) as the wild-type forms.

Expression of mutant xcpR in P. aerginosa. In order to
determine the effect of the engineered xcpR mutation on
extracellular protein secretion, pLT1 (carrying wild-type
xcpR to xcpZ) and pLT2 (carrying mutant xcpR and wild-
type xcpS to xcpZ) were introduced into a wild-type strain
(B24) and a secretion-defective strain (B24ASca) ofP. aerug-
inosa. These bacteria also carried plasmid pMMD4, which
expresses exotoxin A from the tac promoter. After induction
of exotoxin A synthesis with IPTG, the locations of exotoxin
A antigen in various cellular compartments were compared.
An immunoblot of extracellular, periplasmic, and cell-

associated fractions, using anti-exotoxin A antibody, is
shown in Fig. 3. As expected, mutant B24ASca carrying
vector pDN19 accumulated exotoxin A in the periplasm,
while exotoxin A synthesized in wild-type strain B24 was
found entirely in the culture media, without any periplasmic
accumulation. When the wild-type copy of xcpR (plasmid
pLT1) was introduced into strain B24ASca, extracellular
secretion of exotoxin A was restored, with approximately
90% of the total toxin being released into the medium and
some still remaining in the periplasm. The presence of
additional copies of wild-type xcpR in wild-type strain B24
had no effect on the export of exotoxin A from this strain.

Expression of the mutant form ofxcpR from plasmid pLT2
in strain B24ASca failed to restore extracellular secretion of
exotoxin A. Interestingly, expression of mutant XcpR in
wild-type P. aeruginosa led to a modest defect in exotoxin A
secretion into the medium. In this strain, approximately 30%
of the exotoxin A synthesized was found in the periplasm,
suggesting that the mutant form of xcpR interfered with
normal extracellular protein secretion.
To further investigate whether the mutant form of XcpR

did indeed cause a dominant negative phenotype in the
wild-type background, the wild-type and mutantxcpR genes
were subcloned into pMMB67EH. In these constructs, the
transcription of xcpR is directed by an IPTG-inducible tac

pDN1 9

pLT1

pLT2

- ExoA

- ExoA

- ExoA

FIG. 3. Autoradiogram of Western blot analysis of exotoxin A
localization. Extracellular (E), periplasmic (P), and cell-associated
(C) fractions from protein secretion-deficient strain B24ASca and
from wild-type strain B24, each carrying the vector alone (pDN19)
or plasmid pLT1 or pLT2, were run on SDS-polyacrylamide gels
and immunoblotted with mouse polyclonal anti-exotoxin A sera and
labeled with "2I-protein A.

promoter of the plasmid vector. High-level expression of
mutant xcpR in wild-type P. aeruginosa resulted in a com-
plete block of the extracellular secretion of exotoxin A,
which accumulated in the bacterial periplasm and cofraction-
ated with 3-lactamase (Fig. 4). In contrast, the bacteria
carrying vector pMMB67EH secreted exotoxin A from the
cell. Expression of the wild-typexcpR gene, under the same
conditions, had no effect on exotoxin A export.

In order to assess whether mutant XcpR interferes with
extracellular secretion of other P. aeruginosa proteins, the

P. aeruginosa

nMMB67EH DMMR oMMRmut

E P C E P C E P C

fIactamase (%) 7 90 3 10 82 8 1189 0

FIG. 4. Western blot analysis of exotoxin A localization in
wild-type cells expressing vector pMMB67EH, wild-type XcpR
(pMMR), and mutant XcpR (pMMRmut). The percentage of 1-lac-
tamase cofractionating with each cellular fraction (extracellular [E],
periplasmic [P], and cell associated [C]) is indicated below each
lane.
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FIG. 5. Localization of alkaline phosphatase (AP), phospholipase C (PLC), and P-lactamase (BLA) in wild-type cells expressing vector
pMMB67EH, wild-type XcpR (pMMR), and mutant XcpR (pMMRmut). Enzyme activities in the extracellular (E), periplasmic (P), and
cell-associated (C) fractions were assayed.

localization of alkaline phosphatase and phospholipase C
was determined in bacteria expressing the mutant xcpR
gene. Quantitative enzyme assays from extracellular,
periplasmic, and cell-associated fractions demonstrated that
XcpR, with its engineered mutation, interferes with the
extracellular secretion of these two enzymes as well (Fig. 5).
The presence of wild-type and mutant XcpR in the same
bacteria therefore leads to a defect along the extracellular
protein secretion pathway such that the export of proteins
terminates in the bacterial periplasm.

Further evidence for an essential role for XcpR in protein
secretion was obtained from studies involving a strain of P.
aeruginosa carrying the engineered mutation in the chromo-
somal copy of xcpR. In this strain, exotoxin A localized to
the periplasm (data not shown). This result indicates that the
glycine residue of the conserved ATP-binding site is required
for XcpR function and thus for extracellular protein secre-
tion.

Expression of mutant pilB in P. aeruginosa. In order to test
the effect of the glycine to serine substitution on PilB
function, we introduced plasmids pLTB1 (wild-type pilB)
and pLTB2 (mutant pilB) into P. aeruginosa E4, which
carries a transposon insertion in the pilB gene. Strain E4
does not assemble pili and is therefore resistant to the killing
action of the pilus-specific phage P04 (23). P. aeruginosa E4
carrying the wild-typepilB gene encoded on plasmid pLTB1
became susceptible to infection and lysis by the P04 phage,
while the same strain carrying the mutated pilB on plasmid
pLTB2 remained resistant to phage killing (Fig. 6). The
continued resistance to phage killing in E4 carrying pLTB2
indicates that the mutant form of PilB is unable to comple-
ment the piliation defect in this pilB mutant strain.
To verify that the differential killing effect of the P04

phage in E4 expressing wild-type and mutantpilB was due to
the piliation state of the cells, we examined the bacteria by
electron microscopy (Fig. 7). P. aeruginosa E4 carrying
plasmid pDN18 did not display pili, as seen at the poles of
wild-type P. aeruginosa PAK (data not shown). Strain E4
with pLTB1 (wild-type pilB) was piliated, with pili compa-
rable in number and length to those on wild-type P. aerug-
inosa. In contrast, E4 expressing pLTB2 (mutant pilB)
remained nonpiliated. These results confirm that the con-
served glycine in the ATP-binding site of PilB is essential for
its function in pilus biogenesis. The expression of mutant
PilB in wild-type P. aeruginosa was also examined. Electron
microscopic observation of negatively stained bacteria
showed pili that were normal in appearance, number, and
overall distribution. We cannot, however, exclude the pos-

sibility that a dominant negative effect of mutant PilB was
exerted at a level other than the morphological appearance
of pili on the bacterial surface.

DISCUSSION

Protein secretion in gram-negative bacteria requires pro-
teins to cross two membranes separated by the periplasmic
space. One pathway of secretion, the general secretion
pathway, has been characterized inK oxytoca and has been
shown to involve at least 14 of the pul genes ofK oxytoca
(28). Homologs of the pul genes have been found in many
bacteria, including Erwinia chrysanthemi, Erwinia caroto-
vora, P. aeruginosa, and others (reviewed in reference 29).
P. aeruginosa contains three homologs of one of the pul
genes (pulE): xcpR, pilB, andpilT. All of these genes encode

FIG. 6. Phage sensitivity assay. Nonpiliated (PilB-) strain E4
(A), E4 carrying plasmids pLTB1 (B) and pLTB2 (C), and wild-type
P. aeruginosa PAKrif (D) were tested for sensitivity to the pilus-
specific phage P04. Phage sensitivity was defined as an area of no
growth, resulting from cell lysis, at the site of phage inoculation.

J. BACTERIOL.
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FIG. 7. Transmission electron micrographs of P. aeruginosa E4 expressing mutant PilB (A) and wild-type PilB (B). Overnight cultures
were resuspended in 10 mM MgC12 and negatively stained with phosphotungstic acid (pH 7.2). Cells were viewed through a JEOL 1200
transmission electron microscope operated at 60 kV. Bars = 200 nm.

cytoplasmic proteins that contain a consensus sequence
found in many proteins that bind ATP (Walker box). In this
study, site-directed mutagenesis was used to alter one of the
residues in the Walker boxes of XcpR and PilB, and the
effects of these mutations were analyzed.
Here we have demonstrated that the alteration of a single

amino acid in the putative ATP-binding sites of these pro-
teins eliminated their normal functions. In the case of PilB,
a serine for glycine substitution in the Walker box eliminated
pilus assembly, while a corresponding change in XcpR
eliminated the extracellular secretion of a number of P.
aeruginosa enzymes. These results suggest that ATP is
involved in the processes of pilus assembly and extracellular
protein secretion. XcpR and PilB may be ATPases involved
in providing energy for some aspect of protein secretion and
pilus assembly, respectively. Alternatively, these proteins
could be kinases involved in carrying out an essential
phosphorylation event. In either case, alteration of the
ATP-binding sites of XcpR and PilB would render them
incapable of carrying out their normal functions.
Attempts to demonstrate ATP binding by XcpR and PilB

overproduced in E. coli, using UV light-induced cross-
linking of [32PJATP, were not successful (37b). It is conceiv-
able that XcpR and PilB do not possess an inherent ability to
bind ATP but that the binding or hydrolysis of ATP is
dependent on the interaction of these proteins with compo-
nents of the machinery of extracellular secretion or pilus
biogenesis, respectively. Alternatively, interaction with
ATP may occur as part of the process of protein transloca-
tion across the membrane: extracellular secretion of en-
zymes for XcpR and assembly of pilin subunits into pili for
PilB. Experiments with in vitro-reconstituted E. coli histi-
dine and maltose transport systems have demonstrated that
ATP hydrolysis by the cytoplasmic HisP and MalK proteins,
respectively, requires the presence of the membrane-associ-
ated components as well as the ligated periplasmic transport

proteins (7, 26). Similarly, during protein secretion in E. coli,
ATP hydrolysis by the SecA protein depends on its interac-
tion with SecY-containing lipid vesicles as well as export-
competent secretory proteins (20). Demonstration of pro-
tein-ATP interaction in vitro with XcpR and PilB may,
therefore, require the development of a more complete
protein translocation system.
ATP-binding proteins are coupled to many distinct biolog-

ical processes. It is becoming increasingly evident that the
ATP-binding proteins involved in many diverse transport
systems belong to a superfamily of related ATP-binding
cassette transporters. The superfamily currently consists of
more than 30 proteins. It is clear that ATP hydrolysis by
such ATP-binding cassettes is coupled to many transport
processes (reviewed in references 10 and 27). While ATP
hydrolysis has been demonstrated for several of these pro-
teins, one cannot exclude the possibility that putative inter-
action with ATP by XcpR and PilB may be part of a
phosphorylation reaction or a nucleotide-dependent regula-
tory event. Alternatively, XcpR and PilB may interact with
a nucleotide other than ATP.

Considering the homology between XcpR and PilB, it
seems possible that XcpR may be involved in assembly of
the secretion apparatus in a manner similar to the involve-
ment of PilB in pilus assembly. In fact, there are many
similarities between the two systems. In addition to the
observed sequence similarity between PilB/PilC and XcpR/
XcpS and the processes of protein export and pilus biogen-
esis, the amino termini of four components of the protein
secretion machinery, XcpT to XcpW, are homologous to the
same region of the pilin subunit. Leader peptide cleavage
from precursors and N methylation of the mature forms of all
five of these proteins are carried out by a single bifunctional
enzyme, PilD (34). It is an attractive hypothesis that the
xcpT to xcpW gene products are assembled into a pilus-like
structure by the accessory proteins XcpR and XcpS, al-
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though there is no experimental evidence of physical inter-
action between any of these proteins, nor is there evidence
for the existence of a pilus-like structure. It should not be
surprising that protein secretion and pilus assembly are so
closely related, in that pilus assembly is, in essence, a
secretion process, whereby the pilin subunits must cross the
cell envelope in order to be assembled into functional pili.
The striking similarities between these processes lead to

the question, why are there two functional homologs, XcpR
and PilB, in P. aeruginosa? We have previously shown that
mutations in pilB have no effect on extracellular protein
secretion (33) and, conversely, that xcpR mutants of P.
aeruginosa are piliated (37a). It is clear that one does not
compensate for the loss of the other, since it is possible to
determine loss-of-function mutations in either gene. It is
intriguing to consider the specificity of each system consid-
ering the high degree of homology between XcpR and PilB.
The differences which do exist in the primary sequences of
each of these proteins may reflect the specificity of the
processes that they control, and these distinct domains may
be involved in interactions with the other components of the
extracellular secretion machinery or the pilus biogenesis
determinants.
We observed that expression of the mutant form of XcpR

interfered with the function of the wild-type protein, result-
ing in an increased level of periplasmic localization of
exotoxin A. Additionally, when the mutant XcpR was ex-
pressed at an extremely high level in a wild-type back-
ground, it led to the complete elimination of extracellular
protein secretion for three different enzymes, exotoxin A,
phospholipase C, and alkaline phosphatase. There are two
possible explanations for this dominant negative effect. One
possibility is that XcpR may be interacting with another
component of the secretion process, encoded by the xcp
gene cluster. Overexpression of the mutant form would
cause a dominant negative effect since the wild-type protein
would be competing with the mutant protein, of which there
are more copies, for this essential interaction. The manner in
which the first set of experiments (Fig. 3) were carried out
suggests that this may not be the case. When the mutated
form of XcpR was introduced into the wild-type cells, it was
done so in the context of introducing wild-type copies of the
other secretion genes (xcpS to xcpZ) on the same plasmid
(clone pLT2). All the genes were expressed constitutively. If
the observed dominant negative effect was the result of an
interaction of the mutant XcpR with one or more of the
proteins encoded by xcpS to xcpZ, it seems likely that the
overexpression of these wild-type components would com-
pensate for the interference by the mutant XcpR in the
wild-type xcpR background. This does not rule out the
possibility that XcpR is interacting with some component
not included in the xcpR to xcpZ gene cluster, however.

Alternatively, XcpR proteins could form a multimer in its
active form. Other members of the ATP-binding cassette
superfamily are known to act as dimers in three possible
ways: (i) as a homodimer of a single conserved component,
as demonstrated by the HisP component of the histidine
permease of E. coli (15); (ii) as a heterodimer of two separate
and homologous conserved components, as in the case of the
oligopeptide permease of Salmonella typhimurium (11); (iii)
as an intramolecular heterodimer of a single protein encod-
ing two homologous halves, which is typical of the eukary-
otic transporters belonging to this family, such as the multi-
drug resistance protein of mammalian cells (5, 9). If XcpR
normally functions as a homodimer, the dominant negative
effect would result from the formation of heterodimers,

consisting of wild-type and mutant subunits, which are
incapable of carrying out their normal functions. In the case
of expression of mutant XcpR from the tac promoter in a
wild-type background, the severe overexpression of the
mutant form would saturate the interactions of wild-type
subunits, thereby causing a block in extracellular protein
secretion.
The precise roles ofXcpR and PilB in extracellular protein

secretion and pilus assembly are unclear. The presence of a
putative ATP-binding site which is required for the function
of these proteins suggests that they are involved in energiz-
ing the translocation of proteins across the outer membrane
by the hydrolysis of ATP. Because of their likely cytoplas-
mic location, XcpR and PilB must interact with additional
proteins in the bacterial cell envelope in order to channel
energy to a process in the outer membrane. Alternatively,
XcpR and PilB may participate in protein export indirectly,
mediating an energy-dependent step in the assembly of the
machineries of extracellular protein secretion and pilus
biogenesis.
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