
JOURNAL OF BACTERIOLOGY, Feb. 2010, p. 994–1010 Vol. 192, No. 4
0021-9193/10/$12.00 doi:10.1128/JB.01390-09
Copyright © 2010, American Society for Microbiology. All Rights Reserved.

Genetic Analysis of the Regulation of Type IV Pilus Function by the
Chp Chemosensory System of Pseudomonas aeruginosa�

Jacob J. Bertrand,1,4 Joyce T. West,2,4 and Joanne N. Engel2,3,4*
Department of Biochemistry and Biophysics, University of California, San Francisco, California 941431; Department of Medicine,

University of California, San Francisco, California 941432; Department of Microbiology and Immunology, University of
California, San Francisco, California 941433; and Microbial Pathogenesis and Host Defense Program,

University of California, San Francisco, California 941434

Received 22 October 2009/Accepted 1 December 2009

The virulence of the opportunistic pathogen Pseudomonas aeruginosa involves the coordinate expression of
many virulence factors, including type IV pili, which are required for colonization of host tissues and for
twitching motility. Type IV pilus function is controlled in part by the Chp chemosensory system, which includes
a histidine kinase, ChpA, and two CheY-like response regulators, PilG and PilH. How the Chp components
interface with the type IV pilus motor proteins PilB, PilT, and PilU is unknown. We present genetic evidence
confirming the role of ChpA, PilG, and PilB in the regulation of pilus extension and the role of PilH and PilT
in regulating pilus retraction. Using informative double and triple mutants, we show that (i) ChpA, PilG, and
PilB function upstream of PilH, PilT, and PilU; (ii) that PilH enhances PilT function; and (iii) that PilT and
PilB retain some activity in the absence of signaling input from components of the Chp system. By site-directed
mutagenesis, we demonstrate that the histidine kinase domain of ChpA and the phosphoacceptor sites of both
PilG and PilH are required for type IV pilus function, suggesting that they form a phosphorelay system
important in the regulation of pilus extension and retraction. Finally, we present evidence suggesting that pilA
transcription is regulated by intracellular PilA levels. We show that PilA is a negative regulator of pilA
transcription in P. aeruginosa and that the Chp system functionally regulates pilA transcription by controlling
PilA import and export.

Pseudomonas aeruginosa is a ubiquitous environmental
Gram-negative bacterium that is an opportunistic human
pathogen and that has been shown to infect a diverse array of
eukaryotes including amoebae, nematodes, insects, plants, and
mice (9, 11, 28, 49). P. aeruginosa is the causative agent of both
acute and chronic human infections, ranging from minor skin
infections to persistent and often life-threatening disease in
hospitalized or immunocompromised patients such as those
suffering from AIDS, extensive burns, who are undergoing
chemotherapy, or those who are recovering from major surgery
(39). P. aeruginosa also chronically infects the cystic fibrosis
lung and is the primary cause of respiratory morbidity and
mortality in patients with this inherited disease (39).

P. aeruginosa virulence involves the coordinate expression of
a wide range of secreted and cell-associated virulence factors
(17). Key among these virulence factors are the type IV pili
(Tfp). Tfp are polarly localized filamentous appendages syn-
thesized by a variety of Gram-negative bacteria, including both
pathogens and environmental species such as Myxococcus xan-
thus (40). Tfp constitute the major adhesin of P. aeruginosa and
have been shown to play a role in adherence to epithelial cells
in culture and in virulence in several animal models of infec-
tion (17). Tfp also function as receptors for certain bacterio-
phages (6) and allow for a type of flagellum-independent sur-
face translocation termed twitching motility (TM). TM is

propelled by the coordinated extension, tethering, and retrac-
tion of Tfp (41, 47) and has been shown to be involved in
complex social behaviors, such as fruiting body development in
M. xanthus (33, 34, 59) and biofilm formation in P. aeruginosa
(3, 7, 35, 36, 43). P. aeruginosa biofilms have been implicated in
chronic infections (10).

The biogenesis, assembly, and function of Tfp requires more
than 40 genes (40). Regulation of Tfp function is complex and
involves multiple signal transduction systems, including the
two-component signaling systems (pilR/pilS and algR/fimS), the
global carbon metabolism regulator crc, the virulence factor
regulator vfr, and a putative chemosensory system encoded by
the pilGHIJK-chpABC gene cluster and referred to as the Chp
system. The proteins encoded by these genes appear to com-
prise a chemosensory signal transduction pathway similar to
the Che system involved in the regulation of flagellar chemo-
taxis in Escherichia coli (2, 51). As is the case with a growing
number of bacterial chemotaxis systems (33, 44), regulation of
Tfp function by the Chp system appears to be considerably
more complex than its E. coli counterpart.

The core signaling components of the Chp system include a
putative histidine kinase, encoded by chpA (55) and two CheY-
like response regulators, encoded by pilG and pilH (12, 13).
Previous studies have suggested that chpA (55) and pilG (12)
are involved in regulating pilus extension, whereas pilH (13) is
involved in regulating pilus retraction. Similarly, the ATPases
encoded by pilB and pilT (27) are postulated to be involved in
mediating pilus extension and retraction, respectively. The role
of the ATPase encoded by pilU is unclear (8). However, due to
a high degree of similarity with pilT and in vitro ATPase activ-
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ity, it has been hypothesized that pilU may play some role in
regulating pilus retraction (8, 56).

We used genetic approaches to test the hypothesis that phos-
photransfer from ChpA to PilG and PilH is important for Tfp
function and that PilG and PilH regulate pilus extension and
retraction through PilB and PilT, respectively (Fig. 1). We
demonstrate that ChpA, PilG, and PilB function upstream of
PilH, PilT, and PilU and that PilH enhances PilT activity. We
provide evidence that PilB and PilT retain some activity in the
absence of upstream signaling input from ChpA and PilG, and
PilH, respectively. We demonstrate that the histidine kinase
domain of ChpA and the phosphoacceptor sites of both PilG
and PilH are required for Tfp function. Finally, we present
evidence suggesting that pilA transcription is regulated by in-
tracellular PilA levels. We show that PilA is a negative regu-
lator of pilA transcription in P. aeruginosa and that the Chp
system functionally regulates pilA transcription by controlling
PilA import and export.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. Escherichia coli strain DH5� (recA
endA gyr96 hsdR17 thi-1 supE44 relA1 �80dlacZ�M15) was used in all genetic
manipulations and in the preparation of DNA sequencing templates. E. coli
strains S17.1 (thi pro hsdR recA chr::RP4-2) and SM10 (thi thr leu tonA lacY supE
recA::RP4-2-Tc::Mu Km �pir) were used as donor strains in bacterial conjuga-
tion. The P. aeruginosa strain used was PAO1 strain ATCC 15692 (American
Type Culture Collection). Chemically competent E. coli cells (Invitrogen) were
transformed according to the manufacturer’s instructions. The bacterial strains
and plasmids used in the present study are described in Table 1. E. coli and P.
aeruginosa liquid cultures were maintained in Luria-Bertani (LB) broth, and
solid medium was prepared by adding 0.8 to 1.5% agar (Bacto agar; Becton
Dickinson). After mating with E. coli, P. aeruginosa strains were selected by
growth on 1.5% Difco Pseudomonas isolation agar (Becton Dickinson). The
following antibiotic concentrations were used for the selection of E. coli: tetra-

cycline, 5 �g/ml; ampicillin, 100 �g/ml; gentamicin, 10 �g/ml; and kanamycin, 50
�g/ml. The following antibiotic concentrations were used for the selection of P.
aeruginosa: tetracycline, 100 �g/ml; carbenicillin, 250 �g/ml; and gentamicin, 100
�g/ml.

Plasmid construction. All plasmids were purified by using QIAprep spin
miniprep columns (Qiagen). Standard recombinant DNA manipulation tech-
niques were used (45). Enzymes were purchased from New England Biolabs,
Inc., and used as recommended by the manufacturer. All oligonucleotides used
in the present study were designed based on the PAO1 genome sequence (48)
and were synthesized by Qiagen or Elim Biopharmaceuticals, Inc. (Hayward,
CA). The oligonucleotide primer sequences used for PCR amplification are
listed in Table 2. PCR amplifications were carried out with Pfu Turbo DNA
polymerase (Stratagene) or Herculase DNA polymerase (Stratagene), and the
products were sequenced to ensure that no mutations were introduced during
amplification. Intermediate cloning steps were performed using DH5� (Invitro-
gen). Plasmids were introduced into chemically competent E. coli strains.

Construction and complementation of in-frame deletion mutants. All matings
were performed as described previously (55). All mutants were confirmed by
Southern or PCR analysis and are listed in Table 1.

(i) ChpA. The chpA in-frame deletion mutant was constructed by allelic re-
placement and has been described previously (55). To complement the �chpA
mutation, a 3� fragment of chpA, including 1 kb of 3�-flanking sequence was
amplified by using the chpA26.1/chpA29(Xba) PCR primer pair and cloned as an
MluI/XbaI fragment into pJB219 (a modified version of pOK12 in which the
KpnI and ClaI sites have been removed from the MCS) to form pJB220. A 5�
fragment of chpA, including 1 kb of 5� flanking sequence was amplified by using
the chpA22(HindIII)/chpA25 PCR primer pair and cloned as an HindIII/MluI
fragment into pJB220 to form pJB221. Full-length chpA and 1 kb of 5�- and
3�-flanking sequence were subcloned as a SpeI fragment from pJB221 to pJB100
to form pJB231. pJB231 was transformed into E. coli S17.1, and transformants
were mated to the �chpA strain to create a �chpA derivative complemented for
chpA at its endogenous locus.

(ii) PilA. 5� and 3� pilA deletion construct fragments were amplified by using
the pilA1/pilA2 and pilA3/pilA4 PCR primer pairs. An adenosine residue was
added to the 3� end of the PCR products and the modified products ligated into
pGEM-T. The 5� deletion construct was excised from pGEM-T as an NcoI/
EcoRIII fragment. The 3� deletion construct was excised from pGEM-T as an
EcoRI/XbaI fragment. Excised 5� and 3� deletion construct fragments were
concatamerized and cloned as an NcoI/XbaI fragment into pOK12. The deletion
construct was excised from pOK12 as a SpeI fragment and ligated into the allelic
exchange vector pJEN34 to form pJEN34PAO1KO3. pJEN34PAO1KO3 was
transformed into E. coli S17.1, and transformants were mated to PAO1 to create
an unmarked �pilA mutant. This procedure deleted amino acids 2 to 149 of the
PilA protein. To complement the �pilA mutation, pilA and 1 kb of 5� and 3�
flanking sequence were amplified by using the pilA1(Spe)/pilA4(Spe) PCR
primer pair. The product was cloned as a SpeI fragment into pJB100 to form
pJB241. pJB241 was transformed into E. coli S17.1, and transformants were
mated to the �pilA strain to create a �pilA derivative complemented for pilA at
its endogenous locus.

(iii) PilB. 5� and 3� pilB deletion construct fragments were amplified by using
the pilB1/pilB2 and pilB3/pilB4 PCR primer pairs. PCR products were used as
templates in a sequence overlap extension (SOE) reaction with the pilB1/pilB4
PCR primer pair. The SOE product was cloned as a SpeI fragment into pJB100
for form pJB122. pJB122 was transformed into E. coli S17.1, and transformants
were mated to PAO1 to create an unmarked �pilB mutant. This procedure
deleted amino acids 4 to 564 of the PilB protein. To complement the �pilB
mutation, pilB and 1 kb of the 5�- and 3�-flanking sequence were amplified by
using the pilB1/pilB4 PCR primer pair. The product was cloned as a SpeI
fragment into pJB100 to form pJB246. pJB246 was transformed into E. coli
S17.1, and transformants were mated to �pilB to create a �pilB derivative
complemented for pilB at its endogenous locus.

(iv) PilG. 5� and 3� pilG deletion construct fragments were amplified by using
the pilG1/pilG2 and pilG3/pilG4 PCR primer pairs. An adenosine residue was
added to the 3� end of the PCR products, and the modified products were ligated
into pGEM-T to form pJB43 (5� deletion construct) and pJB44 (3� deletion
construct). The 5� deletion construct was excised from pJB43 as an EcoRI/
HindIII fragment. The 3� deletion construct was excised from pJB44 as a HindIII/
XbaI fragment. Excised 5� and 3� deletion construct fragments were concatamer-
ized and cloned as an EcoRI/XbaI fragment into pOK12 to form pJB60. The
deletion construct was excised from pJB60 as a SpeI fragment and ligated into
the allelic exchange vector pJEN34 to form pJB87. pJB87 was transformed into
E. coli S17.1, and transformants were mated to PAO1 to create an unmarked
�pilG mutant. This procedure deleted amino acids 5 to 87 of the PilG protein.

FIG. 1. Model for the regulation of type IV pilus function by the
Chp chemosensory system. The hybrid histidine kinase ChpA, likely
associated with the inner membrane, is coupled to a methyl-accepting
chemotaxis protein receptor, PilJ, by one of two CheW adaptor protein
homologues, PilI and ChpC. Upon receipt of a yet-to-be-elucidated
signal, PilJ undergoes a conformational change causing ChpA to au-
tophosphorylate. Phosphate groups are transferred from ChpA to two
CheY-like response regulator proteins, PilG and PilH. PilG-P interacts
with a motor complex including PilZ, the diguanylate cyclase FimX,
and ATPase PilB to mediate pilus extension. PilH-P interacts with
ATPases PilT and/or PilU to mediate pilus retraction. Adaptation to
the chemical signal is mediated through methylation of PilJ by the
competing activities of the methyltransferase PilK and the methyles-
terase PilB.
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TABLE 1. Strains and plasmids used in this study

Strain or plasmid Genotype and relevant characteristicsa Source or
reference

Strains
P. aeruginosa

PAO1 Wild type
PAO1�chpA In-frame deletion of chpA 61
PAO1�chpA(comp) PAO1�chpA complemented at the chpA locus This study
PAO1�fliC In-frame deletion of fliC This study
PAO1�fliC(comp) PAO1�fliC complemented at the fliC locus This study
PAO1�pilA In-frame deletion of pilA This study
PAO1�pilA(comp) PAO1�pilA complemented at the pilA locus This study
PAO1�pilB In-frame deletion of pilB This study
PAO1�pilA(comp) PAO1�pilB complemented at the pilB locus This study
PAO1�pilG In-frame deletion of pilG This study
PAO1�pilG(comp) PAO1�pilG complemented at the pilG locus This study
PAO1�pilH In-frame deletion of pilH 3
PAO1�pilH(comp) PAO1�pilH complemented at the pilH locus This study
PAO1�pilR In-frame deletion of pilR This study
PAO1�pilR(comp) PAO1�pilR complemented at the pilR locus This study
PAO1�pilTCTX-pilU In-frame deletion of pilT; pilU and 1 kb upstream sequence at attB site This study
PAO1pilTTrunc pilT truncation mutant, deletes 429 bp of pilT including the start codon; stop codons in all three

reading frames
This study

PAO1�pilT(comp) PAO1�pilT complemented at the pilT locus This study
PAO1�pilU In-frame deletion of pilU This study
PAO1�pilU(comp) PAO1�pilU complemented at the pilU locus This study
PAO1�chpA�pilH In-frame deletion of chpA and pilH This study
PAO1�chp�pilTCTX-pilU In-frame deletion of chpA and pilT; pilU and 1 kb upstream sequence at attB site This study
PAO1�chpA�pilU In-frame deletion of chpA and pilU This study
PAO1�chpA�pilT�pilU In-frame deletion of chpA, pilT, and pilU This study
PAO1�pilB�pilH In-frame deletion of pilB and pilH This study
PAO1�pilB�pilTCTX-pilU In-frame deletion of pilB and pilT; pilU and 1 kb upstream sequence at attB site This study
PAO1�pilB�pilU In-frame deletion of pilB and pilU This study
PAO1�pilB�pilT�pilU In-frame deletion of pilB, pilT, and pilU This study
PAO1�pilG�pilH In-frame deletion of pilG and pilH This study
PAO1�pilG�pilT-gent PAO1�pilG with a Gmr-tagged insertion in pilT This study
PAO1�pilG�pilTCTX-pilU In-frame deletion of pilG and pilT; pilU and 1 kb upstream sequence at attB site This study
PAO1�pilG�pilU-gent PAO1�pilG with a Gmr-tagged insertion in pilU This study
PAO1�pilG�pilU In-frame deletion of pilG and pilU This study
PAO1�pilG�pilT�pilU In-frame deletion of pilG, pilT, and pilU This study
PAO1�pilH�pilTCTX-pilU In-frame deletion of pilH and pilT; pilU and 1 kb upstream sequence at attB site This study
PAO1�pilT�pilU In-frame deletion of pilT and pilU This study
PAO1�pilH�pilU In-frame deletion of pilH and pilU This study
PAO1�pilH�pilT�pilU In-frame deletion of pilH, pilT, and pilU This study
PAO1chpA-FLAG chpA with a double FLAG tag inserted into the NotI/KpnI sites of chpA at the chpA locus This study
PAO1chpA(AAA)-FLAG chpA-FLAG with ChpA D2091A, D2092A, and G2093A This study
PAO1pilG-His pilG with a C-terminal His6 tag at the pilG locus This study
PAO1pilG(D58A)-His pilG-His with PilG D58A This study
PAO1pilH-His pilH with a C-terminal His6 tag at the pilH locus This study
PAO1pilH(D52A)-His pilH-His with PilH D52A This study
PAO1::CTX-PpilA-lacZ PAO1; pilA promoter fused to lacZ at attB site
PAO1�chpA::CTX-PpilA-lacZ �chpA; pilA promoter fused to lacZ at attB site This study
PAO1�chpA(comp)::CTX-PpilA-lacZ �chpA(comp); pilA promoter fused to lacZ at attB site This study
PAO1�fliC::CTX-PpilA-lacZ �fliC; pilA promoter fused to lacZ at attB site This study
PAO1�fliC(comp)::CTX-PpilA-lacZ �fliC(comp); pilA promoter fused to lacZ at attB site This study
PAO1�pilA::CTX-PpilA-lacZ �pilA; pilA promoter fused to lacZ at attB site This study
PAO1�pilA(comp)::CTX-PpilA-lacZ �pilA(comp); pilA promoter fused to lacZ at attB site This study
PAO1�pilB::CTX-PpilA-lacZ �pilB; pilA promoter fused to lacZ at attB site This study
PAO1�pilA(comp)::CTX-PpilA-lacZ �pilB(comp); pilA promoter fused to lacZ at attB site This study
PAO1�pilG::CTX-PpilA-lacZ �pilG; pilA promoter fused to lacZ at attB site This study
PAO1�pilG(comp)::CTX-PpilA-lacZ �pilG(comp); pilA promoter fused to lacZ at attB site This study
PAO1�pilH::CTX-PpilA-lacZ �pilH; pilA promoter fused to lacZ at attB site This study
PAO1�pilH(comp)::CTX-PpilA-lacZ �pilH(comp); pilA promoter fused to lacZ at attB site This study
PAO1�pilR::CTX-PpilA-lacZ �pilR; pilA promoter fused to lacZ at attB site This study
PAO1�pilR(comp)::CTX-PpilA-lacZ �pilR(comp); pilA promoter fused to lacZ at attB site This study
PAO1pilTTrunc::CTX-PpilA-lacZ pilT-Trunc; pilA promoter fused to lacZ at attB site This study
PAO1�pilT(comp)::CTX-PpilA-lacZ �pilT(comp); pilA promoter fused to lacZ at attB site This study
PAO1�pilU::CTX-PpilA-lacZ �pilU; pilA promoter fused to lacZ at attB site This study
PAO1�pilU(comp)::CTX-PpilA-lacZ �pilU(comp); pilA promoter fused to lacZ at attB site This study

E. coli
DH5� hsdR rec lacZYA �80 lacZ�M15 Invitrogen
S17.1�pir Thi pro hsdR recA RP4-2(Tc::Mu)(Km::Tn7) Stratagene
SM10 thi thr leu tonA lacY supE recA::RP4-2-Tc::Mu Km �pir 15

Plasmids
pOK12 E. coli cloning vector; Kmr 54
pUCPSK P. aeruginosa-E. coli shuttle vector; Apr 56
pGEM-T E. coli cloning vector; Apr Promega
pEX100T Allelic replacement suicide plasmid; Apr (Cbr) 49

Continued on following page
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To complement the �pilG mutation, pilG and 1 kb of 5� and 3� flanking sequence
were amplified by using the pilG1(Spe)/pilG4(Spe) PCR primer pair. The prod-
uct was cloned as a SpeI fragment into pJB100 to form pJB126. pJB126 was
transformed into E. coli S17.1 and transformants were mated to the �pilG strain
to create a �pilG derivative complemented for pilG at its endogenous locus. The
deletion and complementation of pilH has been described previously (3).

(v) PilR. 5� and 3� pilR deletion construct fragments were amplified by using
the pilR1/pilR2 and pilR3/pilR4 PCR primer pairs. PCR products were used
as templates in an SOE reaction with the pilR1/pilR4 PCR primer pair. The

SOE product was cloned as a SpeI fragment into pJB100 for form pJB250.
pJB250 was transformed into E. coli S17.1, and transformants were mated to
PAO1 to create an unmarked �pilR mutant. This procedure deleted amino
acids 4 to 443 of the PilR protein. To complement the �pilR mutation, pilR
and 1 kb of 5� and 3� flanking sequence were amplified by using the pilR1/
pilR4 PCR primer pair. The product was cloned as a SpeI fragment into
pJB100 to form pJB251. pJB251 was transformed into E. coli S17.1, and
transformants were mated to the �pilR strain to create a �pilR derivative
complemented for pilR at its endogenous locus.

TABLE 1—Continued

Strain or plasmid Genotype and relevant characteristicsa Source or
reference

pX1918GT Source of Gmr cassette; Apr 49
mCTX-lacZ Contains promoterless lacZ for constructing transcriptional fusions at the attB site; Tcr 4
mCTX2 Construct for introduction of exogenous DNA fragments at the attB site 24
pFLP2 Source of Flp recombinase; Apr 23
pAL64 pUCPSK carrying chpA with an internal double FLAG tag inserted between the native NotI/

NruI sites
39

pEN34 Allelic replacement suicide plasmid; Tcr 61
pJEN34PAO1KO3 pJEN34 carrying �pilA on SpeI fragment This study
pJB4 pOK12 carrying �chpA on EcoRI/XbaI fragment 61
pJB43 pGEM-T containing 1-kb region 5� of pilG This study
pJB44 pGEM-T containing 1-kb region 3� of pilG This study
pJB48 pGEM-T containing 1-kb region 3� of pilH 3
pJB60 XhoI/HindIII fragment from pJB43 and HindIII/XbaI from pJB44 concatamerized and cloned

into XhoI/XbaI sites of pOK12
This study

pJB62 pOK12 carrying �pilH on KpnI/XbaI fragment 3
pJB87 pJEN34 carrying �pilG on SpeI fragment This study
pJB96 XhoI/HindIII fragment from pJB43 and HindIII/XbaI from pJB48 concatamerized and cloned

into XhoI/XbaI sites of pOK12
This study

pJB97 pJEN34 carrying �pilG�pilH on SpeI fragment This study
pJB100 pEX100T derivative replacing SmaI site with the SpeI site
pJB109 pJB100 carrying �pilT on SpeI fragment This study
pJB110 Gmr-tagged �pilT in pJB100; pX1918-derived Gmr cassette cloned as HindIII fragment into

pJB109
This study

pJB111 pJB100 carrying �pilU on SpeI fragment This study
pJB112 Gmr-tagged �pilU in pJB100; pX1918-derived Gmr-cassette cloned as HindIII fragment into

pJB109
This study

pJB113 pJB100 carrying �pilT complementation construct on SpeI fragment This study
pJB114 pJB100 carrying �pilU complementation construct on SpeI fragment This study
pJB116 pJB100 carrying �chpA on SpeI fragment; subcloned from pJB4 This study
pJB118 pJB100 carrying �pilG on SpeI fragment; subcloned from pJB60 This study
pJB119 pJB100 carrying �pilH on SpeI fragment; subcloned from pJB62 This study
pJB122 pJB100 carrying �pilB on SpeI fragment This study
pJB124 pJB100 carrying pilH-His allelic exchange construct on SpeI fragment This study
pJB126 pJB100 carrying �pilG complementation construct on SpeI fragment This study
pJB127 pJB100 carrying pilG-His allelic exchange construct on SpeI fragment This study
pJB163 pJB100 carrying �pilT�pilU on the SpeI fragment This study
pJB202 FLAG-tagged chpA histidine kinase domain in pOK12; subcloned as KpnI/ClaI fragment from

pAL64
This study

pJB203 pJB100 carrying a pilT truncation construct on SpeI fragment This study
pJB207 chpA(AAA) histidine kinase domain in pOK12 This study
pJB212 pilU and 1-kb 5� sequence cloned as SpeI/HindIII fragment into mCTX2 This study
pJB215 pJB100 carrying �fliC on SpeI fragment This study
pJB219 Modified pOK12 lacking KpnI and ClaI sites; BglII/SacI fragment removed from pOK12 MCS This study
pJB220 3� chpA fragment including 1-kb 3� flanking sequence in pJB219 This study
pJB221 chpA including 1 kb of 5� and 3� flanking sequence in pJB219 This study
pJB230 pJB100 carrying �fliC complementation construct on SpeI fragment This study
pJB231 pJB100 carrying �chpA complementation construct on SpeI fragment; subcloned from pJB221 This study
pJB232 chpA-FLAG, including 1 kb of 5� and 3� flanking sequence in pJB219; KpnI/ClaI fragment from

pJB202 subcloned into pJB221 from which the corresponding KpnI/ClaI fragment had been
removed

This study

pJB233 chpA(AAA)-FLAG including 1 kb of 5� and 3� flanking sequence in pJB219; KpnI/ClaI
fragment from pJB207 subcloned into pJB221 from which the corresponding KpnI/ClaI
fragment had been removed

This study

pJB234 pJB100 carrying chpA-FLAG allelic exchange on SpeI fragment; subcloned from pJB232 This study
pJB235 pJB100 carrying chpA(AAA)-FLAG allelic exchange on SpeI fragment; subcloned from pJB233 This study
pJB241 pJB100 carrying �pilA complementation construct on SpeI fragment This study
pJB246 pJB100 carrying �pilB complementation construct on SpeI fragment This study
pJB247 pOK12 carrying pilG-His allelic-exchange construct on SpeI fragment This study
pJB248 pOK12 carrying pilH-His allelic-exchange construct on SpeI fragment This study
pJB249 pilA reporter construct cloned as XhoI/BamHI fragment into mCTX-lacZ This study
pJB250 pJB100 carrying �pilR on SpeI fragment This study
pJB251 pJB100 carrying �pilR complementation construct on SpeI fragment This study
pJB252 pOK12 carrying pilG(D58A)-His allelic-exchange construct on SpeI fragment This study
pJB254 pOK12 carrying pilH(D582)-His allelic-exchange construct on SpeI fragment This study
pJB256 pJB100 carrying pilG(D58A)-His allelic-exchange construct on SpeI fragment This study
pJB258 pJB100 carrying pilH(D582)-His allelic-exchange construct on SpeI fragment This study

a Cbr, carbenicillin resistance; Tcr, tetracycline resistance; Apr, ampicillin resistance; Gmr, gentamicin resistance; Kmr, kanamycin resistance.
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(vi) PilT. 5� and 3� pilT deletion construct fragments were amplified by using
the pilT1/pilT5 and pilT6/pilT4 PCR primer pairs. PCR products were used as
templates in an SOE reaction with the pilT1/pilT4 PCR primer pair. The SOE
product was cloned as a SpeI fragment into pJB100 for form pJB109. pJB109 was
transformed into E. coli S17.1, and transformants were mated to PAO1 to create
an unmarked �pilT mutant. This procedure deleted amino acids 4 to 342 of the

PilT protein. To complement the �pilT mutation, pilT and 1 kb of 5� and 3�
flanking sequence were amplified by using the pilT1/pilT4 PCR primer pair. The
product was cloned as a SpeI fragment into pJB100 to form pJB113. pJB113 was
transformed into E. coli S17.1, and transformants were mated to the �pilT
mutant to create a �pilT derivative complemented for pilT at its endogenous
locus.

TABLE 2. Oligonucleotides used in this study

Primer Oligonucleotide sequence (5�33�)a

chpA22 ..........................................................................GGACTAGTAGATGGCGAGCGAGATGC
chpA25 ..........................................................................GAGCTCCTCGCGCAGCGC
chpA26.1 .......................................................................GGCGCGCAACGGCCATTG
chpA29 ..........................................................................GGACTAGTCGCAGCGTGCGGCCAGAT
chpA-HisKn-F..............................................................CTCCTCACCCTCTCCGCCGCCGCCGCCGGCATCCGCCTC
chpA-HisKn-R .............................................................GAGGCGGATGCCGGCGGCGGCGGCGGAGAGGGTGAGGAG
fliC1 ...............................................................................GGACTAGTACCGTTTCGTGGTCTCGA
fliC2 ...............................................................................TTAGCGCAGCAGAAGCTTAAGGGCCATGGTGATTTCCTCCAAAGG
fliC3 ...............................................................................ATGGCCCTTAAGCTTCTGCTGCGCTAAGCCCGGGAACGGTCACTC
fliC4 ...............................................................................GGACTAGTATTGATGGCGTCACGCAT
pilA1 ..............................................................................CCATGGATGCCTAACCTCACCCTTGC
pilA1(Spe) .....................................................................ACTAGTATGCCTAACCTCACCCTTGC
pilA2 ..............................................................................GAATTCTAAGGTGATCGAAGGTGGCTTGTTTAG
pilA3 ..............................................................................GAATTCCATGAATATCTCCATTGATATG
pilA4 ..............................................................................TCTAGATTGATCCGTCCGTCCTGCGG
pilA4(Spe) .....................................................................ACTAGTTTGATCCGTCCGTCCTGCGG
pilA-Reporter-F............................................................CGCGGATCCGAATCTCTCCGTTGATTA
pilA-Reporter-R...........................................................CCGCTCGAGGTGTTGGCGGACCAGCTT
pilB1 ..............................................................................GCACTAGTATCAACGAGGGCACCCTGCGC
pilB2 ..............................................................................TTAATCCTTGGTAAGCTTGTCGTTCATGGGGAAGGAATCGCAGAAGGG
pilB3 ..............................................................................ATGAACGACAAGCTTACCAAGGATTAATCCATGGCGGACAAAGCGTTA
pilB4 ..............................................................................GCACTAGTTGGATCGCCATGTTGGGAAAG
pilG1..............................................................................CGGGGTACCCTCAGCGGCTGGGCCACGCCGCG
pilG1(Spe) ....................................................................GCACTAGTCTCAGCGGCTGGGCCACGCCGCG
pilG2..............................................................................AAGCTTTTGCTGTTCCATGTTCGCCC
pilG3..............................................................................AAGCTTAAGGGGCGCATCGTCGGCTC
pilG4..............................................................................TCTAGAATGAAGGGTTGCAGTGCCGC
pilG4(Spe) ....................................................................GCACTAGTATGAAGGGTTGCAGTGCCGC
pilG5..............................................................................TCAGTGGTGGTGGTGGTGGTGGGAAACGGCGTCCACCGGGGT
pilG6..............................................................................ACCCCGGTGGACGCCGTTTCCCACCACCACCACCACCACTGA
pilG-D58A-F ................................................................AACATCATTTTCGTCGCCATCATGATGCCGCGC
pilG-D58A-R................................................................GCGCGGCATCATGATGGCGACGAAAATGATGTT
pilH1..............................................................................GGTACCCGTTATCGAAGGGCGGGTCC
pilH1(Spe) ....................................................................GCACTAGTCGTTATCGAAGGGCGGGTCC
pilH4..............................................................................TCTAGAGCTTTCTCGAAGTCGTTGCG
pilH4(Spe) ....................................................................GCACTAGTGCTTTCTCGAAGTCGTTGCG
pilH15............................................................................TCAGTGGTGGTGGTGGTGGTGGCCCGCCAGCACCGCATTG
pilH16............................................................................CAATGCGGTGCTGGCGGGCCACCACCACCACCACCACTGA
pilH-D52A-F ................................................................GACGTGGTCCTGATGGCCATCGTCATGCCCGGC
pilH-D52A-R................................................................GCCGGGCATGACGATGGCCATCAGGACCACGTC
pilR1..............................................................................GGACTAGTCTGCAGCGCATGCGCACC
pilR2..............................................................................TCAGTCGATGCCAAGCTTTCGGCTCATGCGTGCGGCTTCCGTCAG
pilR3..............................................................................ATGAGCCGAAAGCTTGGCATCGACTGAAAGTGAAAAGGCCTGTCC
pilR4..............................................................................GGACTAGTATCGTCTCGCCGCTCTAT
pilT1 ..............................................................................GGACTAGTTGGCACACGGCTTTCATGG
pilT1(new) ....................................................................GGACTAGTAACTCGCCGGCGATCTTC
pilT4 ..............................................................................GGACTAGTTGTAGAGCTGGTACAGCGC
pilT5 ..............................................................................TCAGAAGTTTTCAAGCTTAATATCCATGGGACTCCCCAATTACAAGC
pilT6 ..............................................................................ATGGATATTAAGCTTGAAAACTTCTGATCCTGGCGCCGATCCGC
pilT-Trunc2...................................................................CAGGTAATCGAGTCTAGTCTAGACTAGGGGACTCCCCAATTACAAGCAAGCAGG
pilT-Trunc3...................................................................GGGAGTCCCCTAGTCTAGACTAGACTCGATTACCTGAACAACACCAAGTACCAC
pilT-Trunc4...................................................................GGACTAGTGAAGTTGCACTCATGGTT
pilU1 ..............................................................................GGACTAGTAACACAAGCAGGTGCATGC
pilU4 ..............................................................................GGACTAGTAAGGTGAAGAACCAGATCG
pilU5 ..............................................................................TCAGCGGAAGCGTCTAGAGAATTCCATGATGTTCTCGCTCACTCAGG
pilU6 ..............................................................................ATGGAATTCTCTAGACGCTTCCGCTGAACCGTCTTCAGTAGGCCAGC
pilTpilU1 .......................................................................TCAGCGGAAGCGAATATCCATGGGACTCCCCAATTACAAGC
pilTpilU2 .......................................................................ATGGATATTCGCTTCCGCTGAACCGTCTTCAGTAGGCCAGC
pilU-CTX-Spe-F...........................................................GGACTAGTGACCGGGTGGTCGACGTGTTC
pilU-CTX-Hind-R........................................................CCCAAGCTTTCAGCGGAAGCGCCGGCCGGC

a Restriction endonuclease sequences are underlined.
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The pilT truncation mutation (pilTTrunc) deletes 429 bp of the pilT coding
sequence including the start codon (amino acids 1 to 143 of the PilT protein) and
introduces stop codons in all three reading frames. The mutant retains 783 bp of
sequence upstream of pilU. The 5� and 3� truncation construct fragments were
amplified by using the pilT1(new)/pilT-Trunc2 PilT-Trunc3/pilT-Trunc4 PCR
primer pairs. PCR products were used as templates in an SOE reaction with the
pilT1(new)/pilT-Trunc4 PCR primer pair. The SOE product was cloned as a
SpeI fragment into pJB100 for form pJB203. pJB203 was transformed into E. coli
S17.1, and transformants were mated to PAO1 to create the pilTTrunc mutant.

(vii) PilU. 5� and 3� pilU deletion construct fragments were amplified by using
the pilU1/pilU5 and pilU6/pilU4 PCR primer pairs. PCR products were used as
templates in an SOE reaction with the pilU1/pilU4 PCR primer pair. The SOE
product was cloned as a SpeI fragment into pJB100 for form pJB111. pJB111 was
transformed into E. coli S17.1, and transformants were mated to PAO1 to create
an unmarked �pilU mutant. This procedure deleted amino acids 4 to 380 of the
PilU protein. To complement �pilU, pilU and 1 kb of 5�- and 3�-flanking se-
quence were amplified by using the pilU1/pilU4 PCR primer pair. The product
was cloned as a SpeI fragment into pJB100 to form pJB114. pJB114 was trans-
formed into E. coli S17.1, and transformants were mated to the �pilU mutant to
create a �pilU derivative complemented for pilU at its endogenous locus.

(viii) FliC. 5� and 3� fliC deletion construct fragments were amplified by using
the fliC1/fliC4 and fliC3/fliC4 PCR primer pairs. PCR products were used as
templates in an SOE reaction with the fliC1/fliC4 PCR primer pair. The SOE
product was cloned as a SpeI fragment into pJB100 for form pJB215. pJB215 was
transformed into E. coli S17.1, and transformants were mated to PAO1 to create
an unmarked �fliC mutant. This procedure deleted amino acids 4 to 486 of the
FliC protein. To complement the �fliC mutation, fliC and 1 kb of 5�- and
3�-flanking sequence were amplified by using the flic1/flic4 PCR primer pair. The
product was cloned as a SpeI fragment into pJB100 to form pJB230. pJB230 was
transformed into E. coli S17.1, and transformants were mated to the �fliC mutant
to create a �fliC derivative complemented for fliC at its endogenous locus.

A pEX100T-based chpA deletion construct was made by subcloning the chpA
deletion construct as a SpeI fragment from pJB4 to pJB100 to form pJB116.
pJB116 was transformed into E. coli S17.1, and transformants were mated to
PAO1�pilH, PAO1�pilT, PAO1�pilU, and PAO1�pilT�pilU constructs (see
below) to create PAO1�chpA�pilH, PAO1�chpA�pilT, PAO1�chpA�pilU, and
PAO1�chpA�pilT�pilU, respectively.

To construct PAO1�pilG�pilH, the 5� deletion construct from pJB43 was
excised as an XhoI/HindIII fragment, concatamerized with the 3� deletion con-
struct from pJB48 excised as a HindIII/XbaI fragment, and cloned as an XhoI/
XbaI fragment into pOK12 to form pJB96. The deletion construct was excised
from pJB96 as a SpeI fragment and ligated into the allelic exchange vector
pJEN34 to form pJB97. pJB97 was transformed into E. coli S17.1, and transfor-
mants were mated to PAO1 to create an unmarked �pilG �pilH mutant. Gen-
tamicin-resistant derivatives of the pilT and pilU deletion constructs were made
by subcloning a gentamicin resistance encoding cassette as a HindIII fragment
from pX1918GT (46) into pJB109 and pJB111 to form pJB110 and pJB112,
respectively. pJB110 and pJB112 were transformed into E. coli S17.1, and trans-
formants were mated to PAO1�pilG to created PAO1�pilG�pilT-gent and
PAO1�pilG�pilU-gent. PAO1�pilG�pilT-gent and PAO1�pilGpilU-gent were
then mated to S17.1 strains carrying pJB109 and pJB111 to create the
PAO1�pilG�pilT and PAO1�pilG�pilU constructs. A pEX100T-based pilG de-
letion construct was made by subcloning the pilG deletion construct as a SpeI
fragment from pJB59 to pJB100 to form pJB118. pJB118 was transformed into
E. coli S17.1, and transformants were mated to the �pilT �pilU strain (see below)
to create strain PAO1�pilG�pilT�pilU.

Strains PAO1�pilB�pilH and PAO1�pilB�pilT�pilU were constructed by
mating the �pilH and �pilT �pilU strains respectively, to E. coli S17.1 carrying
pJB122. The PAO1�pilB�pilT and PAO1�pilB�pilU strains were constructed by
mating the PAO1�pilB strain to E. coli S17.1 carrying pJB109 and pJB111,
respectively.

5� and 3� PAO1�pilT�pilU deletion construct fragments were amplified by
using the pilT1/pilTpilU1 and pilTpilU2/pilU4 PCR primer pairs. PCR products
were used as templates in an SOE reaction with the pilT1/pilU4 PCR primer pair.
The SOE product was cloned as a SpeI fragment into pJB100 for form pJB163.
pJB163 was transformed into E. coli S17.1 and transformants were mated to
PAO1 to create PAO1�pilT�pilU. A pEX100T-based pilH deletion construct
was made by subcloning the pilH deletion construct as a SpeI fragment from
pJB62 to pJB100 to form pJB119. pJB119 was transformed into E. coli S17.1, and
transformants were mated to �pilT, �pilU, and �pilT �pilU constructs to create
strains PAO1�pilH�pilT, PAO1�pilH�pilU, and PAO1�pilH�pilT�pilU, respec-
tively.

(ix) PAO1�pilTCTX-pilU strains. pilU, along with 1,000 bp of upstream se-
quence, was introduced in single copy onto the P. aeruginosa chromosome at the
phage attachment site attB by using the mini-CTX system (22). The CTX-pilU
construct was amplified by using the pilU-CTX-Spe-F(1kb)/pilU-CTX-Hind-R
PCR primer pair. The PCR product was cloned as a SpeI/HindIII fragment into
mini-CTX2 to form pJB212. pJB212 was transformed into E. coli S17.1, and
transformants were mated to all pilT mutant strains except the PAO1�pilTTrunc

and PAO1�pilT�pilU strains to create PAO1�pilTCTX-pilU derivatives. The plas-
mid backbone was removed by mating strains to E. coli SM10 carrying pFLP2, as
described previously (22).

(x) chpA-FLAG and chpA point mutants. The region of chpA encoding the
histidine kinase domain and the 2X-FLAG tag was subcloned as a ClaI/KpnI
fragment from pAL64 (37) into pOK12 to form pJB202. The KpnI/ClaI fragment
was subcloned from pJB202 into pJB221 from which the corresponding ClaI/
KpnI fragment had been removed to form pJB232. Full-length chpA-FLAG,
including 1 kb 5� and 3� flanking sequence, was subcloned into pJB100 to form
pJB234. pJB234 was transformed into E. coli S17.1, and transformants were
mated to the �chpA mutant to create PAO1�chpA-FLAG.

pJB202 was the substrate for a QuickChange (Stratagene) mutagenesis reac-
tion using the chpA-HisKn-F/chpA-HisKn-R PCR primer pair. The mutation
replaces each of the three residues in the signature DXG motif of the G1 box of
ChpA with alanines (D2091A, D2092A, and G2093A), chpA(AAA)-FLAG. The
mutated histidine kinase domain, including the 2X-FLAG tag, was subcloned as
a KpnI/ClaI fragment from pJB207 into pJB221 from which the corresponding
ClaI/KpnI fragment had been removed to form pJB233. Full-length chpA(AAA)-
FLAG, including 1 kb of 5� and 3� flanking sequence, was subcloned into pJB100
to form pJB235. pJB235 was transformed into E. coli S17.1, and transformants
were mated to the �chpA mutant to create PAO1�chpA(AAA)-FLAG.

(xi) pilG-His, pilH-His, and pilG and pilH point mutants. 5� and 3� allelic-
exchange constructs to generate C-terminal His6-tagged derivatives of the pilG
and pilH mutants were amplified by using the pilG1(Spe)/pilG5 and pilG6/
pilG4(Spe) and the pilH1/pilH15 and pilH16/pilH4 PCR primer pairs, respec-
tively. PCR products were used as templates in SOE reactions with the
pilG1(Spe)/pilG4(Spe) and pilH1/pilH4 primer pairs. The SOE products were
cloned blunt into SmaI-digested pEX100T to form pJB124 (pilH-His) and
pJB127 (pilG-His). pJB124 and pJB127 were transformed into E. coli S17.1, and
transformants were mated to �pilH and �pilG mutants to create the pilH-His
and pilG-His constructs, respectively.

pilG-His and pilH-His allelic-exchange constructs were amplified from pJB127
and pJB124, respectively, by using pilG1(Spe)/pilG4(Spe) and pilH1(Spe)/
pilH4(Spe) PCR primer pairs cloned as Spe fragments into pOK12 to form
pJB247 and pJB248. pJB247 and pJB248 were substrates for QuickChange
(Stratagene) mutagenesis reactions by using pilG-D58A-F/pilG-D58A-R and
pilH-D52A-F/pilH-D52A-R PCR primer pairs to form pJB252 and pJB254,
respectively. The pilG(D58A)-His and pilH(D52A)-His allelic-exchange con-
structs were subcloned as SpeI fragments from pJB252 and pJB254 into pJB100
to form pJB256 and pJB258. pJB256 and pJB258 were transformed into E. coli
S17.1 and transformants were mated to �pilG and �pilH strains to create
PAO1�pilG(D58A)-His and PAO1�pilH(D52A)-His.

PpilA-lacZ reporter strains. A transcriptional fusion of the pilA promoter to
lacZ was introduced in single copy onto the P. aeruginosa chromosome at the
phage attachment site attB using the mini-CTX system (4). A 500-bp portion of
sequence upstream of the pilA start codon was amplified by using the pilA-
Reporter-F/pilA-Reporter-R PCR primer pair. The PCR product was cloned as
an XhoI/BamHI fragment into mCTX2-lacZ to form pJB249. pJB249 was trans-
formed into E. coli S17.1, and transformants were mated to all single mutant
strains (except the �pilT strain) and pilTTrunc to create CTX-PpilA derivatives.
The plasmid backbone was removed by mating strains to E. coli SM10 carrying
pFLP2, as described previously (4).

TM assay. Subsurface twitching motility (TM) stab assays were performed as
previously described (1). TM was quantified by taking three separate measure-
ments of twitching zone diameter from five independent stabs.

Generation of the �-PilA antibody. Polyclonal �-PilA antibodies were raised
commercially in rabbits against the synthetic peptide WACKSTQDPMFTP
KGCD (Invitrogen). The peptide represents amino acids 132 to 148 of PilA. For
the present study, serum collected 8 weeks postinoculation with the antigen was
used.

Immunoblotting. Isolation of intracellular pilin for cells cultured on solid
media was performed as follows. A portion (100 �l) of a 2-ml LB culture grown
shaking overnight at 37°C was plated onto 1.5% LB agar and grown at 37°C for
16 h. After growth, bacteria were scraped from the agar surface and resuspended
in 5 ml of phosphate-buffered saline (PBS). A volume of cells equivalent to an
optical density at 600 nm (OD600) of 5.0 was brought up to 1 ml in PBS. Cells
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were vortexed for 30 min to remove surface pili and harvested by centrifugation
(20,000 � g for 10 min). The supernatant was removed, and cells were resus-
pended in 100 �l of BugBuster protein extraction reagent (Novagen). Then, 1 �l
of Benzonase nuclease (Novagen) was added, and the resuspended cells were
incubated by gentle mixing at room temperature for 30 min. Cellular debris was
removed by centrifugation (20,000 � g for 10 min), and 90 �l of supernatant was
added to 90 �l of 2� NuPage LDS protein sample buffer (Invitrogen) and 20 �l
of 10� NuPage sample reducing agent (Invitrogen). Samples were boiled for 5
min. Protein concentration was determined by using a Bio-Rad protein assay. To
isolate surface pili, bacteria were grown as described above at 37°C for 16 h on
1.5% LB agar, scraped from the agar surface, and resuspended in 5 ml of PBS.
A volume of cells equivalent to an OD600 of 20.0 was brought up to 1 ml in PBS.
Cells were vortexed at room temperature for 30 min to remove surface pili. The
suspension was centrifuged at room temperature (20,000 � g for 10 min), and the
supernatant was collected and centrifuged a second time (20,000 � g for 10 min)
to remove all cellular debris. The resulting supernatant was incubated overnight
at 4°C in 100 mM MgCl2 to precipitate pili, as described previously (1). The
precipitate was collected by centrifugation at 4°C (20,000 � g for 20 min), the
supernatant was removed, and the pellet was resuspended in 100 �l of PBS and
100 �l of 2� NuPage LDS protein sample buffer (Invitrogen), including 1�
NuPage sample reducing agent (Invitrogen). The samples were boiled for 5 min.

Isolation of intracellular pilin for cells cultured in liquid medium was per-
formed as follows. Bacteria were grown shaking at 37°C for 16 h in 10 ml of LB
medium. A volume of cells equivalent to an OD600 of 5.0 was brought up to 1.5
ml in PBS and processed as described above. To isolate surface pili, bacteria were
grown shaking at 37°C for 16 h in 10 ml of LB broth. A volume of cells equivalent
to an OD600 of 20.0 was brought up to 6 ml in PBS. Cells were harvested by
centrifugation (6,000 � g for 10 min), resuspended in 1 ml of PBS and processed
as described above.

To detect cell-associated and surface pilin for cells cultured on both solid
medium and in liquid medium, 15 �g of total cell-associated protein or 10 �l of
surface pilin samples (1/20 of the total sample) was separated on Novex-
NuPAGE 12% Bis-Tris SDS-PAGE gels (Invitrogen) and electroblotted onto
Immun-Blot PVDF membrane (Bio-Rad) in a previously described Tris-glycine
system (50). Membranes were blocked in 5% skim milk and probed with a
1:100,000 dilution of primary �-PilA antibody in 5% skim milk powder (0.05%
Tween 20) in PBS. Membranes were then incubated with a 1:25,000 dilution of
goat anti-rabbit immunoglobulin G conjugated with horseradish peroxidase
(Jackson Immunoresearch Laboratories) in 5% skim milk powder (0.05% Tween
20) in PBS, followed by detection by enhanced chemiluminescence using the
Amersham ECL Western blotting detection kit (GE Healthcare).

Cell-associated and surface flagellin samples for both plate and broth cultured
cells were prepared as described for pilin samples. Detection of cell-associated
and surface flagellin for both plate- and broth-cultured cells was carried out as
described for pilin immunoblots, with the exception that membranes were
probed with a 1:200,000 dilution of anti-FlaB antibody (kindly provided by
Daniel Wozniak, Ohio State University [18]).

To quantify the levels of surface pili, samples were run in triplicate and
immunoblotted for PilA and FliC as described above. Images of immunoblots
were acquired on the ChemiDoc XRS (Bio-Rad) and quantified by using Quantity-
One image analysis software. Surface pili levels were normalized to FliC. Isola-
tion and detection of PAO1�chpA-FLAG and PAO1�chpA(AAA)-FLAG was
performed as described previously (37). Briefly, to prepare protein samples, cells
were harvested from 2 ml of culture grown shaking for 16 h at 37°C, resuspended
in 400 �l of SDS-PAGE sample buffer, passaged through a 27.5 gauge needle
three times, and boiled for 5 min. Then, 40 �l (1/10 of total sample volumes) was
separated by SDS-PAGE and immunoblotted with 2.5 �g of �-FLAG M2 mono-
clonal antibody/ml using 2.5 �g of �-FLAG M2 monoclonal antibody (Sigma)/
ml.

Phage sensitivity assays. Phage sensitivity was assayed using the Tfp-specific P.
aeruginosa bacteriophage PO4 (kindly provided by Lori Burrows, McMaster
University), as previously described (52). Briefly, the phage stock was titered by
adding 10 �l of serial diluted phage to 100 �l of stationary-phase PAO1, followed
by incubation at room temperature for 30 min, and then added to 3 ml of 0.8%
LB top agar, poured onto 1.5% LB agar, and incubated overnight at 37°C. To
determine the phage sensitivity of mutant strains, triplicate cultures started from
single colonies were grown shaking for 16 h at 37°C. Next, 100 �l of culture was
infected with 10 �l of diluted phage, followed by incubation at room temperature
for 30 min. After incubation, samples were added to 3 ml of 0.8% LB top agar,
followed by incubation for 16 h at 37°C. To quantify the data, the plaques were
counted, and the PFU of phage/ml were determined.

�-Galactosidase assays. �-Galactosidase assays were performed as previously
described (52) with the following modifications. For assays performed on strains

cultured in liquid media, cultures started from single colonies were grown in
triplicate with shaking for 16 h at 37°C in 5 ml of LB medium. For assays
performed on strains cultured on solid media, cultures started from single col-
onies were grown in triplicate shaking overnight at 37°C in 2 ml of LB medium.
Then, 100 �l of overnight culture was plated to 1.5% LB agar and grown for 16 h.
After growth, cells were scraped from the agar surface, and resuspended in 5 ml
of PBS and diluted to an OD600 of 4.0 before being assayed as described
previously (52). Optical densities (OD600 and OD420) were recorded by using a
SPECTRAmax microplate spectrophotometer (Molecular devices) and Soft-
MaxPro 4.3.1. Specific activities were calculated relative to the OD600.

Statistical analysis. Statistical significance was determined by analysis of vari-
ance using Instat software. Differences were considered to be significant at a P of
	0.05.

RESULTS

chpA, pilG, and pilB regulate pilus extension. We con-
structed in-frame chpA (55), pilG, pilH (3), pilB, pilT, and pilU
deletion mutants in strain PAO1 and assayed them for Tfp
function, including TM, intracellular and surface pilin levels,
and phage sensitivity. The present study represents the first
in-depth phenotypic analysis of in-frame deletions of these
genes in the same strain background and is the first instance in
which all mutations have been complemented by reintroduc-
tion of the genes onto the chromosome at their endogenous
loci. TM was measured by the subsurface stab assay. To deter-
mine surface and intracellular pilin levels, plate-grown bacteria
were harvested after 16 h. Surface pili were sheared by vigor-
ous vortexing, the bacteria were removed by centrifugation,
and the sheared pili were precipitated from the supernatant.
Pilin in the pelleted bacteria constituted the intracellular pilin
fraction. Infection with phage PO4, which requires Tfp for
adsorption, is a sensitive measure of surface pili. For example,
some mutants which lack surface pili by Western analysis re-
main sensitive to infection by phage PO4 (56).

Consistent with previous results (12, 13, 42, 54–56), all mu-
tants had defects in TM (Fig. 2A and B and Fig. 3A and B). As
expected (42), the �pilB mutant lacked surface pili (Fig. 2C)
and was resistant to infection with phage PO4 (Table 3). The
�pilG mutant also lacked detectable surface pili, and the
�chpA mutant had greatly reduced surface pili as determined
by Western blot analysis (Fig. 2C). Both mutants, however,
remained susceptible to phage infection (Table 3), suggesting
that they assembled small amounts of functional surface pili.
With the exception of pilB and pilT single, double, and triple
mutants, infection of all strains with phage PO4 produced
nearly as many plaques as when wild-type (WT) PAO1 was
infected. However, in all cases plaques formed on mutant
lawns were turbid compared to plaques formed on WT lawns
(data not shown). All mutants had wild-type levels of flagellin
on the cell surface, indicating that presentation of surface
structures other than Tfp is not affected in these mutant back-
grounds (Fig. 2C). Although Western blot analysis of cell ly-
sates showed a slight decrease in pilin production in the �pilB,
�pilG, and �chpA mutants compared to the wild type (Fig.
2C), this decrease is not sufficient to account for their profound
defect in TM and surface presentation. TM, pilin production,
surface piliation, and phage sensitivity could be complemented
by reintroduction of each of the genes at their endogenous
chromosomal loci (Fig. 2). Taken together, and consistent with
previous observations, these data suggest that chpA, pilG, and
pilB are involved in the regulation of pilus extension.
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pilH and pilT regulate pilus retraction. We next examined
�pilH, �pilT, and �pilU mutants to confirm their role in the
regulation of pilus retraction. All three of these mutants, in
contrast to the �chpA, �pilG, and �pilB mutants, had WT
levels of intracellular pilin (Fig. 3C). The �pilT mutant was
completely defective for TM, having TM zones comparable to
those of a �pilA mutant (Fig. 3A and B). It had significantly
increased levels of surface pili relative to WT (P 	 0.05, Fig.
5D) and was resistant to phage PO4 (Table 3). The �pilU
mutant showed greatly decreased TM (Fig. 3A and B) but was
phage sensitive (Table 3) and had levels of surface pili statis-
tically indistinguishable from the WT (Fig. 3C and 5D). The
�pilH mutant had a TM zone intermediate to wild type and
�pilA (Fig. 3A and B) and exhibited increased levels of surface
pili relative to the WT (P 	 0.05, Fig. 3C and 5D) but, in
contrast to the �pilT mutant, it was phage PO4 sensitive (Table

3). The morphology of plaques formed by PO4 phage on the
�pilH mutant was distinguished by a tear-drop-shaped zone of
lysis and poorly defined plaques, even at low titers of phage
(data not shown). This phenotype is unique among the Tfp
regulatory factors addressed in the current study and does not
appear to have been described for any other factor involved in
the biogenesis or function of Tfp. For each of these strains, WT
TM, surface piliation, and phage sensitivity could be restored
by reintroduction of each of the genes at their endogenous
chromosomal loci (Fig. 3).

Whereas all of the other mutants (i.e., the �chpA, �pilG,
�pilB, �pilH, and �pilU mutants) could be complemented for
TM in trans, the �pilT mutant could only be complemented by
the reintroduction of pilT onto the chromosome at the pilT
locus (data not shown). This finding suggests that the in-frame
deletion of pilT might affect transcription of the adjacent pilU
gene by disrupting cis-regulatory sequences required for pilU
transcription located within the pilT coding sequence. Indeed,
previous studies suggest that pilT and pilU are transcribed
separately (56). We constructed a derivative of the �pilT mu-
tant (PAO1�pilTCTX-pilU) in which the pilU gene, including
1,000 bp of upstream sequence, was introduced at an exoge-

FIG. 2. Assays of pilus function for mutants defective in pilus ex-
tension. (A) Subsurface TM assay of PAO1, the indicated in-frame
deletion mutants, and complemented (comp) strains in which the wild-
type gene was reintroduced at its endogenous locus. TM assays were
performed by the subsurface stab method, followed by Coomassie blue
staining, as described previously (1). Bar, 1 cm. (B) Graph depicting
TM zone diameters for the indicated strains. The diameter is expressed
as a percentage of PAO1 TM. Shown are the means 
 the standard
deviation (SD, n � 5). The residual zones observed in �pilA, �chpA,
�pilG, and �pilB strains represent colony growth. (C) Intracellular and
surface pilin and flagellin levels. For the indicated strains, surface
structures (SS) including pili and flagella were sheared by vigorous
vortexing of bacteria cultured on solid media and separated from cells
(WC) by centrifugation. The sheared pili and flagella were precipi-
tated. WC (15 �g of total protein) and SS (5% of the total resuspended
volume of the precipitate) samples were separated by SDS-PAGE and
immunoblotted with a polyclonal antibody to PilA (�-pilA) or to FliC
(�-FliC).

FIG. 3. Assays of pilus function for mutants defective in pilus re-
traction. (A) Subsurface TM assays were performed as described in
Fig. 1. The bar represents 1 cm. (B) Graph depicting average twitching
zone diameters for the indicated strains. Shown are the means 
 the
SD (n � 5) The residual zone observed in the �pilT and �pilB strains
represents colony growth and is similar to that of the �pilA strain.
(C) Surface structures (SS) and intracellular (WC) preparations of the
indicated strains were immunoblotted with a polyclonal antibody to
PilA (�-pilA) or to FliC (�-FliC), as described in Fig. 2.
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nous chromosomal locus using the mini-CTX system (22). This
mutant was TM defective, had increased levels of surface pili,
was phage resistant, and had WT levels of intracellular pilin
and could be complemented for TM by expression of pilT in cis
or in trans (Fig. 3, Table 3, and data not shown). This strain was
used in the remainder of our studies except where indicated.

The phenotype of �pilT mutants differed from that of �pilH
mutants in several important ways. PAO1�pilTCTX-pilU had
increased surface pili relative to the �pilH mutant by Western
blot analysis (Fig. 3C and 5C), although the difference was not
statistically significant (Fig. 5D). PAO1�pilTCTX-pilU was
phage PO4 resistant, whereas the �pilH mutant was phage
PO4 sensitive. Together, these data are consistent with the
idea that PilT functions as a motor protein which serves to
drive pilus retraction and whose activity is enhanced but is not
completely dependent upon PilH.

chpA, pilG, and pilB function upstream of pilH, pilT, and
pilU. We hypothesize that ChpA acts as a histidine kinase to
phosphorylate PilG and/or PilH. Phosphorylated PilG, in turn

modulates PilB-dependent pilus extension, while phosphory-
lated PilH is required for PilT- and/or PilU-dependent pilus
retraction. This model leads to the testable genetic prediction
that double mutants in any factor involved in regulating pilus
extension (chpA, pilG, or pilB) and any factor involved in
regulating pilus retraction (pilH, pilT, and pilU) should have
reduced surface pili. We constructed informative double mu-
tants and assayed them for TM, intracellular and surface pilin
levels, and phage sensitivity. All double mutants were defective
for TM (Fig. 4A and B). This finding is most notable in the case
of pilH double mutants, which no longer exhibit any TM, in-
dicating that ChpA, PilG, and PilB all function upstream of
PilH.

chpA double mutants (PAO1�chpA�pilH, PAO1�chpA
�pilTCTX-pilU, and PAO1�chpA�pilU) retained some surface
piliation (Fig. 4C), although less than seen in the single pilH,
pilT, or pilU mutants (Fig. 3C) but more than seen in the single
chpA mutant (Fig. 2C). Furthermore, PAO1�chpA�pilH and
PAO1�chpA�pilTCTX-pilU exhibited phage sensitivity similar
to PAO1�pilH and PAO1�pilTCTX-pilU (Table 3), respectively,

FIG. 4. chpA, pilG, and pilB function upstream of pilH, pilT, and
pilU. (A) Subsurface TM assays were performed as described in Fig. 1.
Bar, 1 cm. (B) Graph depicting average TM zone diameters for the
indicated strains. Shown are the means 
 the SD (n � 5). The residual
zone of TM in all of the mutants represents colony growth and is
similar to of the �pilA mutant. (C) Surface structures (SS) and intra-
cellular (WC) preparations of the indicated strains were immuno-
blotted with a polyclonal antibody to PilA (�-pilA) or to FliC (�-FliC),
as described in Fig. 2.

TABLE 3. Sensitivity of various strains to infection by the pilus-
specific phage PO4

Strain Strain sensitivity
(avg PFU/ml 
 SD �109
)a

PAO1............................................................................. 3.96 
 0.53
PAO1�chpA ................................................................. 3.30 
 0.70
PAO1�chpA(comp)..................................................... 3.75 
 0.79
PAO1�pilG................................................................... 2.85 
 0.72
PAO1�pilG(comp) ...................................................... 4.52 
 0.66
PAO1�pilB ................................................................... 0.00 
 0.00*
PAO1�pilB(comp)....................................................... 3.92 
 0.32
PAO1�pilA ................................................................... 0.00 
 0.00*
PAO1�pilA(comp)....................................................... 4.12 
 0.56
PAO1�fliC .................................................................... 3.92 
 0.56
PAO1�fliC(comp)........................................................ 5.41 
 0.14
PAO1�pilH ................................................................... 2.96 
 0.58†
PAO1�pilH(comp) ...................................................... 3.48 
 0.45
PAO1�pilTCTX-pilU....................................................... 0.00 
 0.00*
PAO1�pilT(comp) ....................................................... 3.39 
 0.17
PAO1�pilU ................................................................... 2.88 
 0.33
PAO1�pilU(comp)....................................................... 4.11 
 0.48
PAO1�chpA�pilH ....................................................... 4.00 
 0.45†
PAO1�chpA�pilTCTX-pilU ........................................... 0.00 
 0.00*
PAO1�chpA�pilU........................................................ 1.85 
 0.30
PAO1�chpA�pilT�pilU .............................................. 0.00 
 0.00*
PAO1�pilG�pilH ......................................................... 3.93 
 0.72†
PAO1�pilG�pilTCTX-pilU............................................. 0.00 
 0.00*
PAO1�pilG�pilU ......................................................... 3.07 
 0.78
PAO1�pilG�pilT�pilU................................................ 0.00 
 0.00*
PAO1�pilB�pilH ......................................................... 0.00 
 0.00*
PAO1�pilB�pilTCTX-pilU ............................................. 0.00 
 0.00*
PAO1�pilB�pilU.......................................................... 0.00 
 0.00*
PAO1�pilB�pilT�pilU ................................................ 0.00 
 0.00*
PAO1�pilH�pilTCTX-pilU............................................. 0.00 
 0.00*
PAO1�pilT�pilU.......................................................... 0.00 
 0.00*
PAO1�pilH�pilU ......................................................... 2.87 
 0.83†
PAO1�pilH�pilT�pilU ................................................ 0.00 
 0.00*
PAO1chpA-FLAG ....................................................... 3.45 
 0.63
PAO1�chpA(AAA)-FLAG ........................................ 3.28 
 0.63
PAO1pilG-His .............................................................. 3.17 
 0.29
PAO1pilG(D58A)-His................................................. 2.99 
 0.39
PAO1pilH-His .............................................................. 3.31 
 0.34
PAO1pilH(D52A)-His ................................................. 4.23 
 0.23†

a *, No plaques were detectable even when strains were infected with 109

phage. †, The �pilH plaque morphology was distinguished by large zones of
seemingly directional lysis and poorly defined plaques.
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indicating that PilH and PilT function downstream of ChpA.
The observation that PAO1�chpA�pilU shows reduced sur-
face piliation relative to WT (Fig. 4C), where the �pilU mutant
has surface pilin levels similar to WT (Fig. 3C) indicates that,
whatever role PilU plays in the regulation of pilus dynamics, it
functions downstream of ChpA. Thus, we conclude that ChpA
functions upstream of PilH, PilT, and PilU.

We next compared various combinations of pilG or pilB double
mutants. PAO1�pilG�pilH and PAO1�pilG�pilTCTX-pilU had
the same phage sensitivity as PAO1�pilH and PAO1
�pilTCTX-pilU, respectively (Table 3). Likewise, PAO1�pilB
�pilH and PAO1�pilB�pilU were resistant to phage infection.
PAO1�pilG�pilH, PAO1�pilG�pilTCTX-pilU, PAO1�pilG�pilU,
PAO1�pilB�pilH, PAO1�pilB�pilTCTX-pilU, and PAO1pilB
�pilU all lacked surface pili (Fig. 4C). These data are consis-
tent with the model that both PilG and PilB function upstream
of PilH, PilT, and PilU.

Our work (Table 3) and others (3, 12) have shown that chpA
and pilG mutants remain susceptible to infection by phage
PO4, whereas pilB mutants are immune to this pilus-specific
phage (42). These observations suggest that some PilB-depen-
dent pilus extension must occur in the absence of upstream
signaling input from either ChpA or PilG. To test this hypoth-
esis, we constructed PAO1�chpA�pilT�pilU, PAO1�pilG�pilT
�pilU, and PAO1�pilB�pilT�pilU and assayed them for TM,
pilin production, and surface pili. We reasoned that in these
sensitized genetic backgrounds, in which pilus retraction has
been disabled, we would be able to detect any residual surface
pili resulting from basal PilB activity. All triple mutants were
defective for TM (Fig. 4A and B). Detectable levels of surface
pili were found for PAO1�chpA�pilT�pilU and PAO1�pilG
�pilT�pilU, but not PAO1�pilB�pilT�pilU (Fig. 4C). These
data indicate that PilB-dependent extension occurs in the ab-
sence of signaling input from either ChpA or PilG and that
PilB is absolutely required for pilus extension.

PilH enhances the function of PilT but not that of PilU.
PAO1�pilTCTX-pilU is defective for TM and has increased lev-
els of surface piliation relative to the WT, �pilH, and �pilU
strains (Fig. 3C). If PilH is involved in mediating PilT or
PilU activity, we would predict that PAO1�pilH�pilTCTX-pilU

and PAO1�pilH�pilU should recapitulate the phenotypes of
PAO1�pilTCTX-pilU and PAO1�pilU, respectively. To test this
prediction, we constructed PAO1�pilH�pilTCTX-pilU and PAO1
�pilH�pilU and assayed them for TM, pilin production, surface
pili, and phage sensitivity.

PAO1�pilH�pilTCTX-pilU was defective in TM, similar to
PAO1�pilTCTX-pilU, and was clearly distinguishable from the
intermediate TM of PAO1�pilH (Fig. 5A and B). PAO1
�pilH�pilTCTX-pilU was resistant to phage PO4 infection (Ta-
ble 3), suggesting that PilH and PilT function in the same
pathway. PAO1�pilH�pilTCTX-pilU reproducibly showed signif-
icantly increased levels of surface pili relative to PAO1�pilH
and PAO1�pilTCTX-pilU (P 	 0.05, Fig. 5C and D). These data
suggest that PilH enhances the retractile activity of PilT and
that some additional retractile activity, enhanced perhaps by
PilH, must be present.

PAO1�pilH�pilU had a TM phenotype indistinguishable
from that of the �pilU strain (Fig. 5A and B), resembled the
�pilH strain in its unusual plaque morphology when infected
with phage PO4 (Table 3), and had increased levels of surface

pili relative to the �pilU strain (Fig. 5C and D). The simplest
interpretation of these results is that both PilH and PilU reg-
ulate TM, but that they do not operate in the same pathway to
mediate retraction. The conclusion that PilU does not appear
to function in pilus retraction is further supported by exami-

FIG. 5. PilH enhances the function of PilT but not PilU. (A) Sub-
surface TM assays were performed as described in Fig. 1. Bar, 1 cm.
(B) Graph depicting average TM zone diameters for the indicated
strains. Shown are the means 
 the SD (n � 5). The residual zone of
TM in all of the mutants represents colony growth and is similar to that
of the �pilA mutant. (C) A 1:5 dilution of surface structures (SS) and
cell intracellular (WC) preparations of the indicated strains were im-
munoblotted with a polyclonal antibody to PilA (�-pilA) or to FliC
(�-FliC), as described in Fig. 2. (D) Quantification of surface piliation
levels relative to a FliC loading control. Surface piliation levels are
expressed as a percentage of PAO1. Shown are the means 
 the SD
(n � 3).
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nation of PAO1�pilT�pilU and PAO1�pilH�pilT�pilU. �pilT
�pilU had surface piliation levels similar to those of PAO1
�pilTCTX-pilU (Fig. 5C and D). Likewise, PAO1�pilH�pilT
�pilU had surface piliation levels similar to those of PAO1
�pilH�pilTCTX-pilU (Fig. 5C and D). Thus, the loss of PilU
function did not further increase the amount of surface pili,
suggesting that the additional retractile activity is not encoded
by pilU.

The phosphoacceptor sites of PilG and PilH are required for
their function. Our results thus far support a model in which
the CheY-like response regulator proteins PilG and/or PilH
are targets of ChpA kinase activity, suggesting that their ability
to be phosphorylated is required for function. To test this
hypothesis, we constructed strains in which we replaced the
WT allele on the chromosome with either His-tagged pilG or
pilH (pilG-His, pilH-His) or His-tagged pilG and pilH deriva-
tives in which the putative phosphoacceptor site aspartate res-
idues were replaced with alanine residues [pilG(D58A)-His
and pilH(D52A)-His]. The various strains were assayed for
TM, pilin production, and surface pili. The pilG-His strain
showed no defect in TM, intracellular pilin levels, or surface
piliation (Fig. 6), suggesting that the His tag did not interfere
with function of PilG. In the case of the pilH-His strain, the
epitope tag slightly decreased its function, as the strain carry-
ing the His-tagged protein showed slightly decreased TM rel-
ative to WT (Fig. 6) and increased surface piliation, although
not nearly to the same extent as �pilH.

Consistent with the idea that signaling through PilG and
PilH is required for their function, the phenotypes of the
PAO1�pilG(D58A)-His or PAO1�pilH(D52A)-His strains
were indistinguishable from those of the �pilG and �pilH
strains, respectively. PAO1�pilG(D58A)-His was deficient for
TM and lacked surface pili (Fig. 6A). PAO1�pilH(D52A)-His
had an intermediate TM phenotype, increased surface pili, and
formed aberrant plaques (Fig. 6 and Table 3). We were unable
to detect His-tagged wild-type or mutant PilG or PilH by im-
munoblot analysis in either soluble or total cell lysates. There-
fore, it is not possible to formally rule out that the defects
observed in TM and surface piliation for PAO1�pilG(D58A)-
His and PAO1�pilH(D52A)-His were secondary to reduced
protein levels. We consider this extremely unlikely, however,
since the equivalent point mutation has been made in many
other CheY homologs without affecting protein levels or pro-
tein stability (23, 24, 38).

The histidine kinase domain of ChpA is required for func-
tion. To test whether the histidine kinase activity of ChpA is
required for its function, we mutated the histidine kinase do-
main. Although histidine kinase mutants are typically con-
structed by altering the histidine residue that is the target of
autophosphorylation (20), this approach is not possible for
ChpA, since it encodes eight potential sites of phosphorylation
(six histidine-containing phosphotransfer domains and two
novel serine- and threonine-containing phosphotransfer do-
mains [55]). Instead, we mutated the signature DXG motif of
the G1 box of a chromosomal FLAG-tagged chpA derivative to
AAA. The G1 box, along with the G2 box, is implicated in the
binding and hydrolysis of ATP (21). E. coli cheA in which the
DXG motif of the G1 box has been altered fails to autophos-
phorylate, shows decreased affinity for ATP in vitro, and is
deficient for chemotaxis in vivo (15, 21). ChpA was C-termi-

nally fused to FLAG so that levels of the wild-type and mutant
protein could be compared.

We assayed the PAO1�chpA-FLAG and PAO1
�chpA(AAA)-FLAG strains for TM, intracellular pilin levels,
and surface piliation. PAO1�chpA-FLAG was indistinguish-
able from the WT in all assays (Fig. 7A, B, and C), suggesting
that the FLAG tag does not interfere with ChpA function. In
contrast, the PAO1�chpA(AAA)-FLAG histidine kinase mu-
tant exhibited a phenotype similar to that of PAO1�chpA. It
was defective for TM, had slightly reduced levels of intracel-
lular pilin, and had greatly reduced surface pili (Fig. 7A, B, and
C). Immunoblots with �-FLAG showed equal production of
ChpA-FLAG and ChpA(AAA)-FLAG, indicating that the de-
fects in pilin function in the ChpA histidine kinase mutant was
not due decreased protein levels (Fig. 7D). ChpA-FLAG and
ChpA(AAA)-FLAG proteins were only detectable in the in-
soluble cell lysate fraction (Fig. 7D and data not shown), sug-
gesting that ChpA may be membrane bound. In support of this
idea, the TMpred program, which can be used to identify

FIG. 6. The phosphoacceptor sites of PilG and PilH are required
for function. (A) Subsurface TM assays of PAO1 (WT) and the �pilG,
�pilG(comp), �pilH, �pilH(comp), His-tagged pilG (pilG-His), and
pilH (pilH-His) mutants, as well as the His-tagged pilG and pilH point
mutant strains PAO1�pilG(D58A)-His and PAO1�pilH(D52A)-His.
Bar, 1 cm. (B) Graph depicting average TM zone diameters for the
indicated strains. Shown are the means 
 the SD (n � 5). The residual
zone of TM in the pilG mutants represents colony growth and is similar
to that of the �pilA mutant. (C) Surface structures (SS) and intracel-
lular (WC) preparations of the indicated strains were immunoblotted
with a polyclonal antibody to PilA (�-pilA) or to FliC (�-FliC), as
described in Fig. 2.
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potential transmembrane regions and orientations, strongly
predicts three transmembrane domains for ChpA (data not
shown). These data provide genetic evidence that the histidine
kinase domain of ChpA is required for its function.

The Chp system may functionally regulate pilA transcrip-
tion by controlling pilus extension and retraction. Immunoblot
analysis of the �chpA, �pilG, and �pilB cell lysates shows an
�2-fold decrease in intracellular pilin levels relative to WT
(Fig. 2C). To determine whether this defect occurred at the
level of pilA transcription, a PpilA-lacZ transcriptional fusion
reporter was constructed. The construct contained 500 bp of
sequence upstream of the pilA start codon, which should be
sufficient to include all cis-regulatory sequences required for

pilA transcription (25, 26, 30, 32). This reporter fusion was
integrated at the CTX site (4) in various mutant strain back-
grounds. For bacteria cultured on solid media, pilA transcrip-
tion is increased �2-fold in the �pilA strain compared to the
WT (Fig. 8A; P 	 0.05), suggesting that PilA may serve as a
negative regulator of pilA transcription. Unexpectedly, �-ga-
lactosidase activity was reduced by ca. 90 to 95% relative to the
WT in �chpA, �pilG, and �pilB::CTX-PpilA-lacZ reporter
strains when assayed from bacteria cultured on solid media
(Fig. 8A; P 	 0.05).

As a negative control, we constructed an in-frame deletion
in pilR, the response regulator in the PilR/PilS two-component
regulatory system which, along with �54, is required for pilA
transcription (25, 26, 30, 32). Although the defects in pilA
transcription in the �chpA, �pilG, and �pilB strains do not
appear as severe as in the �pilR strain, where the levels of
transcription are similar to a promoterless lacZ gene incorpo-
rated at the CTX site (CTX-lacZ, Fig. 8A), they are not sta-
tistically different from the �pilR strain. pilA transcription was
slightly decreased in a �fliC background (Fig. 8A). Our finding
that intracellular pilin levels are only decreased twofold in the
�chpA, �pilG, and �pilB strains, whereas pilA transcription is
decreased 90 to 95%, suggests the possibility that intracellular
levels of PilA may also be regulated posttranscriptionally.

We next measured pilA transcription in the �pilH, �pilT,
and �pilU strains. Since the CTX site of PAO1�pilTCTX-pilU

already contained an exogenous gene (pilU), we constructed a
PilT mutant (PAO1pilTTrunc) missing the first 143 amino acids
of the protein but which retained the 783 bp upstream of PilU,
including the presumptive upstream regulatory sequences nec-
essary for pilU production. We introduced the PpilA-lacZ re-
porter construct into the CTX site of pilTTrunc. This mutant is
defective for TM, has increased surface pili, and could be
complemented for TM by expression of pilT in cis or in trans
(data not shown). pilTTrunc reproducibly showed a 40% in-
crease in �-galactosidase activity relative to WT when assayed
from bacteria cultured on solid media (Fig. 8A; P 	 0.05), a
finding consistent with the notion that pilin disassembly or
intracellular pilin levels may regulate pilin transcription. pilA
promoter activity was unchanged relative to the WT in the
�pilU strain, further supporting the idea that PilU does not
function in retraction. pilA transcription in the PAO1
�pilH::CTX-PpilA-lacZ reporter strain, which is hyperpiliated,
was reduced to 15% of WT, similar to the levels observed for
the �chpA, �pilG, and �pilB strains (Fig. 8A). In addition to its
role in mediating pilus retraction, it is possible that PilH may
have a positive role in regulating pilA transcription.

We investigated and compared pilA transcription in WT and
mutant strains cultured in liquid media. For WT PAO1, the
levels of pilA transcription were decreased by ca. 95% for cells
grown in liquid culture to stationary phase compared to cells
cultured on solid media (Fig. 8A; P 	 0.0001). This finding
suggests that pilA transcription is highly repressed in WT cells
cultured in liquid media. Furthermore, given that the intracel-
lular and surface pilin levels were similar under the two dif-
ferent growth conditions (Fig. 8C), these results suggest that
the turnover of pilin is much slower in cells cultured in liquid
compared to on solid media. Nonetheless, even in liquid cul-
ture, pilA transcription was increased 27-fold relative to WT in
the �pilA background (Fig. 8B, P 	 0.05). The absolute levels

FIG. 7. The histidine kinase domain of ChpA is required for func-
tion. (A) Subsurface TM assay of PAO1 (WT) and the �chpA,
�chpA(comp), and FLAG-tagged chpA (chpA-FLAG) mutants, as well
as the FLAG-tagged chpA histidine kinase mutant [chpA(AAA)-
FLAG]. Bar, 1 cm. (B) Graph depicting average TM zone diameters
for the indicated strains. Shown are the means 
 the SD (n � 5). The
residual zone of TM in the ChpA mutants represents colony growth
and is similar to that of the �pilA mutant. (C) Surface structures (SS)
and intracellular (WC) preparations of the indicated strains were im-
munoblotted with a polyclonal antibody to PilA (�-pilA) or to FliC
(�-FliC), as described in Fig. 2. (D) Levels of ChpA-FLAG and
ChpA(AAA)-FLAG. To prepare protein samples, cells were harvested
from 2 ml of culture grown shaking for 16 h at 37°C, resuspended in
400 �l of SDS-PAGE sample buffer, passaged through a 27.5 gauge
needle three times, and boiled for 5 min. Then, 10% of the total
sample volumes were separated by SDS-PAGE and immunoblotted
with 2.5 �g of �-FLAG M2 monoclonal antibody/ml.
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FIG. 8. The Chp system regulates pilA transcription by mediating intracellular levels of PilA. (A) The indicated strains harboring the PpilA-lacZ
fusion and PAO1 harboring a promoterless lacZ gene (CTX-lacZ) integrated into the chromosome at the attB site were cultured in liquid (A and
B) or on solid (A) medium for 16 h. The �-galactosidase activity of samples was measured, and the specific activities relative to the OD600 were
calculated. Shown are the means 
 the SD (n � 3). *, P 	 0.05. (C) Surface structures (SS) and intracellular (WC) preparations of the indicated
strains cultured in liquid (broth) or on solid (plate) medium were immunoblotted with a polyclonal antibody to PilA (�-pilA) or to FliC (�-FliC),
as described in Fig. 2. The higher-molecular-weight band above pilin in the whole-cell lysates represents a cross-reactive band present in all
samples.
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of pilA transcription for broth- and plate-cultured bacteria in
the �pilA background were similar, suggesting that pilin func-
tions as a negative regulator under both culture conditions and
that pilA transcription was maximally derepressed in the ab-
sence of PilA.

Similar to PAO1pilTTrunc bacteria cultured on solid media,
the PAO1pilTTrunc strain cultured in broth had increased levels
of surface pili and showed a threefold increase in pilA tran-
scription compared to the WT (Fig. 8A and B; P 	 0.05). The
observation that PAO1pilTTrunc shows a moderate increase in
�-galactosidase activity suggests that pili remain functional
under liquid culture conditions and, as such, PilT continues to
act as a functional regulator of pilA transcription by mediating
intracellular levels of PilA. Similarly, the hyperpiliated pheno-
type of �pilH suggests a role in regulating pilus retraction in
liquid as on solid media (Fig. 8C).

We did not detect decreases in pilA transcription for mu-
tants defective in pilin export (i.e., the �chpA, �pilG, and �pilB
mutants) under liquid culture conditions (Fig. 8B). Of interest,
the levels of intracellular and surface pilin in �chpA and �pilG
mutants were similar to those of the WT, suggesting that the
role they play in the regulation of pilus dynamics may be
culture condition specific (Fig. 8B). The �pilB mutant, how-
ever, lacks detectable surface pili when assayed from plates or
out of broth, underscoring its essential role in controlling pilus
extension (Fig. 8C). Unlike on solid media, however, the �pilB
mutant export defect does not correspond to a decrease in
intracellular pilin levels or in pilA transcription (Fig. 8B). Sim-
ilarly, an apparent increase in pilin production in the �pilH
strain does not correspond to increased pilA transcription (Fig.
8B). Some of these inconsistencies may be due, in part, to the
global decrease in pilA transcription in cells cultured in liquid
compared to on solid media, a finding that may be indicative of
an overall decrease in pilus activity under liquid culture con-
dition and which may make subtle changes in levels of pilA
transcription difficult to detect.

DISCUSSION

P. aeruginosa uses Tfp for locomotion, adherence, and bio-
film formation during growth in diverse environments. We
have previously described the initial characterization of the
Chp signaling system, a putative chemosensory system that
regulates Tfp function and biofilm formation (3, 55). In the
present study, we used genetic analysis to further understand
the mechanism by which the Chp system controls Tfp function.
We present data consistent with the hypothesis that PilA is a
negative regulator of pilA transcription and that the Chp sys-
tem, along with the ATPases PilB and PilT, serves to function-
ally regulate pilA transcription by modulating intracellular lev-
els of PilA.

Through the construction and complementation of in-frame
deletion mutants, we have confirmed the role of ChpA, PilG,
and PilB in the regulation of pilus extension and the role of
PilH and PilT in retraction. Our extensive analysis of Tfp
phenotypes of double and triple mutants in factors involved in
extension (chpA, pilG, and pilB) and those involved in retrac-
tion (pilH and pilT) suggest that factors involved in extension
function upstream of those involved in retraction. Further-
more, our data indicate that while PilB is absolutely required

for pilus extension, it retains some extension activity in the
absence of upstream signaling input from either ChpA or PilG.
Our data also indicate that PilH enhances PilT activity and that
PilT retains some retractile activity in the absence of PilH.

It is intriguing, although not without precedence (51), that
the Chp system uses two CheY-like proteins, PilG and PilH, to
influence ATPase function, though the exact mechanism re-
mains to be elucidated. These response regulators could affect
association of PilB or PilT with the inner membrane compo-
nents of the pilus system. Alternatively, they could promote
PilB or PilT hexamer formation, or they could affect PilB or
PilT turnover or polar localization. Whether these two re-
sponse regulators compete for phosphorylation or have distinct
subcellular localization will also be of interest to investigate in
the future.

Our data present conflicting evidence for the role of PilU in
mediating pilus retraction. PilU is a member of the family of
hexameric secretion ATPases and demonstrates ATPase activ-
ity in vitro (8), has a high degree of homology to PilT (39%
identical and 61% similar), and likely arose by gene duplica-
tion (56). Like PAO1�pilTCTX-pilU, PAO1�pilU is severely de-
fective in TM, but it is phage sensitive and thus retains some
retractile function (56; the present study). The most straight-
forward model is that PilU functions as an accessory retractile
motor to PilT. Indeed, older published electron microscopy
data show hyperpiliation of a pilU insertion mutant (56), sug-
gesting a role for PilU in retraction, though surface pili levels
were not measured.

In support of an accessory role for PilU in pilus retraction,
we observed (i) that PAO1�pilH�pilT exhibited increased sur-
face piliation relative to PAO1�pilH and PAO1�pilTCTX-pilU;
(ii) that residual surface piliation due to basal PilB activity is
only apparent in a �pilG background when both pilT and pilU
are deleted (i.e., PAO1�pilG�pilT�pilU); and (iii) that the lev-
els of surface piliation in strain PAO1�chpA�pilTpilU are
clearly increased relative to strains PAO1�chpA and
PAO1�chpA�pilTCTX-pilU. However, if PilU has retractile
activity, even if minor, we would predict that the
PAO1�pilT�pilU strain would have increased surface piliation
relative to PAO1�pilTCTX-pilU. What we observed, however, is
that the degree of surface piliation for PAO1�pilT�pilU is the
same as that for PAO1�pilTCTX-pilU and that the surface pili-
ation of PAO1�pilH�pilT�pilU is similar to that of PAO1
�pilH�pilTCTX-pilU. It remains to be determined whether the
number or the length of the pili differ or whether their
spatial distribution is altered in these mutants. Nonetheless,
these observations suggest an additional PilH-dependent
retraction factor that is not PilU.

We show for the first time that the histidine kinase domain
of ChpA is essential for Tfp function. ChpA is one of the most
complex CheA homologs yet to be described. In addition to its
histidine kinase domain, it possesses eight potential sites of
phosphorylation and a CheY-like receiver domain at its C
terminus. Previous studies have demonstrated that the second
and third Hpt domains contribute to TM, while the CheY
domain is absolutely essential; a potential role in the regula-
tion of swarming motility has also been shown for Hpt4 and
Hpt5 (37). It is possible that the ChpA histidine kinase domain
catalyzes the autophosphorylation of Hpt2 and/or Hpt3, which
then transfers phosphate to the C-terminal CheY domain. Al-
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ternatively, the phosphates may be transferred to PilG and/or
PilH, which may compete with the CheY domain for phosphor-
ylation. A combination of biochemical and genetic analyses
will be required to further elucidate this complex signaling
pathway. ChpA may have an additional role in the regulation
of type III secretion. �-Galactosidase assays show decreased
transcription of the type III secreted effector exoT, and mi-
croarray analysis suggests that ChpA plays some role in the
regulation of expression of the type III secretion system (our
unpublished data). How this regulation occurs and whether it
is dependent upon the N-terminal domain of ChpA, which is
homologous to FimL, a known regulator of type III secretion
(53), or upon ChpA signaling, remains to be determined.

Our studies suggest a role for Tfp dynamics in regulating
pilA transcription. First, we found that pilA transcription is
much lower in WT bacteria cultured in liquid compared to
bacteria grown on solid media, despite the fact that the amount
of intracellular and surface pili is the same under both condi-
tions. This finding suggests that pilin turnover is decreased in
liquid-grown cultures relative to plate-grown cultures and may
correlate with a decreased need for pilus pilus retraction or
extension in liquid culture conditions. Second, in the absence
of PilA or in the absence of retraction, pilA transcription is
increased, suggesting that unassembled pilin subunits may
function as a negative regulator of pilA transcription. Specifi-
cally, we observed a twofold increase in pilA transcription in
�pilA and a reproducible but smaller increase in transcription
in a pilT mutant. When we attempted to overproduce PilA by
expression from a plasmid-borne copy of pilA under an induc-
ible promoter, we were unable to increase pilin levels or to
affect transcription from the native pilA promoter driving lacZ
(unpublished data). Our data are consistent with previous re-
ports that showed negative-feedback regulation of pilA tran-
scription by PilA in P. aeruginosa (16) and in M. xanthus (29,
58), where it is postulated that unassembled pilin subunits are
sensed by the PilR/PilS two-component regulatory system (29).
Whitchurch and Mattick (56), in contrast, reported Northern
blot analysis demonstrating decreased pilA mRNA in pilT or
pilU insertion mutants. Third, our data suggest that the Chp
system, along with the ATPases PilB and PilT, serves to func-
tionally regulate pilA transcription by modulating intracellular
levels of PilA. Specifically, we show that mutants with defects
in PilA export (i.e., �chpA, �pilB, and �pilG mutants) have
decreased pilA transcription, whereas a mutant defective in
pilin disassembly (PAO1�pilTTrunc) demonstrated increased
pilA transcription. Similarly, Johnson et al. (31) showed that
pilA transcription by both Northern analysis and lacZ assay was
upregulated in hyperpiliated mutants and downregulated in
hypopiliated mutants. Our data are consistent with observa-
tions made in other organisms, such as the cyanobacterium
Synechocystis sp. strain PCC6803 and Neisseria gonorrhea,
where hyperpiliated pilT mutants have been shown to accumu-
late higher than normal levels of pilA1 transcript (5, 14). One
attractive model is that as the pilus is dissembled, PilS senses
pilin levels associated with the inner membrane and regulates
PilR activity and pilA transcription.

We note that transposon insertion mutations in pilG and
other Chp system components (pilH, pilI, and pilJ) have been
reported to have WT levels of pilA transcription in strain PAK
(12, 13), although at least one chpA insertion mutant has been

shown to have a defect in pilA transcription (55). Point muta-
tions to an Hpt domain (H1088Q) and the cheY domain
(D2406N) of chpA resulted in increased pilA transcription by
Northern analysis (37). The reason for the discrepancy be-
tween the insertion mutant, PAO1�chpA, and the point mu-
tants remains to be determined; it may reflect strain differences
or differences in culture conditions. It is also unclear if the
increase in pilA transcription in the chpA point mutants cor-
responds to increased surface piliation. Mutations in compo-
nents of other putative chemosensory systems proposed to
regulate Tfp-driven motility have been shown to have defects
in pilA transcription (57).

Our studies suggest that PilH regulates pathways in addition
to pilin retraction, suggesting that this CheY homolog inter-
faces with multiple signal transduction circuits. The �pilH mu-
tant has aberrant TM and increased surface pili. Based on its
hyperpiliation phenotype, we would predict that the pilH mu-
tant would show increased levels of pilA transcription; how-
ever, it is actually reduced to levels near those of the �chpA,
�pilG, and �pilB mutants, suggesting that pilH may play some
additional, positive role in regulating pilA transcription. Unique
among the Chp system mutants, PAO1�pilH also shows al-
tered pyocyanin and rhamnolipid production that correspond
to changes in phzA1 and rhlA transcription and increased vir-
ulence in a Drosophila infection model (our unpublished data).
Site-directed pilH mutants, in which the aspartate residue in
the putative phosphoacceptor site is replaced with alanine,
recapitulate the virulence factor production phenotypes of
the null mutant (our unpublished data). Further studies will
need to be carried out to determine the full range of PilH
function.

The data presented here provides genetic evidence consis-
tent with a model in which ChpA acts as a histidine kinase to
phosphorylate PilG and/or PilH. PilG-P, in turn, modulates
PilB to drive pilus extension, and PilH-P modulates PilT to
drive pilus retraction (Fig. 1). Future studies will focus on
complementing these genetic studies with biochemical analy-
sis. The ability of ChpA to autophosphorylate, and on which of
its eight potential phosphorylation sites, and to participate in
phospho-transfer reactions with PilG, PilH, or its own CheY
domain has yet to be demonstrated in vitro. Moreover, direct
interactions between ChpA and PilG, ChpA and PilH, PilG
and PilB, and PilH, and PilT/PilU remain to be shown. These
interactions may be more complex than we previously imag-
ined. A recent study demonstrated direct binding of PilZ and
FimX, two proteins previously shown to have roles in the
regulation of Tfp function, to PilB (19). Whether and how PilG
interacts with this complex remains to be determined. It is also
unclear whether a similar or completely novel complex exists
for PilT and whether and how PilH might interact with those
components of the retraction apparatus.
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