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Previous work has demonstrated that fleR, the gene for a transcriptional activator belonging to the NtrC
subfamily of response regulators, is involved in the regulation of mucin adhesion and flagellar expression by
Pseudomonas aeruginosa. This report describes the identification and characterization of fleQ, the gene for
another transcriptional regulator which also regulates mucin adhesion and metility in this organism. The
complete nucleotide sequence of the fleQ gene was determined on both DNA strands, and an open reading
frame (ORF) consisting of 1,493 nucleotides was identified. This ORF coded for a gene product of predicted
molecular weight, as confirmed by the overexpression of the fleQ gene as a fusion protein under an inducible
promoter. The fleQ gene is flanked by a flagellar operon, fliDSorf126, at the 5’ end and the fleSR operon on the
3’ end. FleQ also had striking homology to a number of proteins belonging to the NtrC subfamily of response
regulators, which work in concert with the alternate sigma factor RpoN (o) to activate transcription.
However, FleQ lacks the residues corresponding to Asp-54 and Lys-104 of the NtrC protein which are
conserved in most of the members belonging to this subfamily of regulators. In addition, unlike some of the
other transcriptional activators of this group, FleQ does not appear to have a cognate sensor kinase. A
chromosomal insertional mutation in the fleQ gene abolished mucin adhesion and motility of P. aeruginosa
PAK and PAK-NP. Both of these functions were regained by providing the complete fleQ gene on a multicopy
plasmid. The location of fleQ immediately upstream of the fleSR operon, which is also necessary for the same
process, suggested that these regulators may interact in some way. We therefore examined the regulation of the
fleSR operon by fleQ and vice versa. Promoter fusion experiments showed that the fleSR operon was regulated
by RpoN and FleQ. On the other hand, the fleQ promoter was independent of RpoN and FleR. FleQ, thus, adds
another level of regulation to motility and adhesion in P. aeruginosa, above that of fleSR. We therefore propose
the existence of a regulatory cascade which consists of at least two transcriptional regulators, FleQ and FleR,
in the control of motility and adhesion in P. aeruginosa.

Pseudomonas aeruginosa is an opportunistic pathogen that
colonizes the airways of individuals with cystic fibrosis and
leads to the lung injury that is characteristic of most cases of
this disease. The mechanisms by which this organism colonizes
the human airways are not well understood, but clinical and
laboratory studies have established that colonization involves
the binding of P. aeruginosa to human respiratory mucus and
mucins (31). However, P. aeruginosa has also been shown to
bind to respiratory epithelial cells (20). Previous studies from
our laboratories have demonstrated that the expression of mu-
cin adhesin(s) by P. aeruginosa is linked to the expression of
some of the genes of the flagellar regulon as detailed below
(22). Mucin and cell adhesion as well as flagellar gene expres-
sion in P. aeruginosa are controlled by the alternative sigma
factor RpoN (18, 29). Moreover, a mutation in a gene coding
for part of the flagellar export apparatus, fliO (23), or the gene
coding for the MS ring, fliF (2), the foundation for the flagel-
lum, results in the concomitant loss of adhesion as well as
motility. Based on these studies, our current model for explain-
ing the relationship between adherence and motility is that (i)
flagellar components are the actual bacterial adhesin(s) or that
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(ii) the adhesin(s) and flagellar proteins are distinct but are
cotranscribed and share a common secretion/assembly machin-
ery.

Consistent with these hypotheses, we found a pair of genes,
fleS and fleR, which regulate both mucin adhesion and motility
(19). Products of fleS and fleR are homologous to members of
the subclass of two-component systems involved in transcrip-
tional regulation of a number of genes from o>* (RpoN) pro-
moters. Since the promoter region of the putative fleSR operon
contains the invariant nucleotides of the consensus RpoN-de-
pendent promoters, we anticipated in analogy with all ¢>*-
dependent genes that additional regulatory elements control
expression of motility and mucin adhesion by regulating the ex-
pression of fleSR. While sequencing the region upstream of
fleSR, we have found a candidate gene for such a regulator.

In this report we describe a new gene, fleQ, which, based on
the sequence homology data, belongs to the NtrC subfamily of
transcriptional activators that work in concert with RpoN. In
contrast to fleR, we have not found a sensor gene linked to
fleQ. Insertional inactivation of the fleQ gene in P. aeruginosa
resulted in a mutant which was nonmotile and nonadhesive,
and both of these defects were complemented by providing the
fleQ gene on a plasmid. To understand the possible role of
RpoN and FleQ in regulation of the fleSR promoter, 3-galac-
tosidase assays were performed. The results from these assays
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TABLE 1. Bacterial strains, plasmids, and cosmid used

Strain, plasmid, Source or
or éc?smid Relevant genotype reference
E. coli DH5«a hsdR recA lacZYA &80 lacZAM15 GIBCO-BRL
P. aeruginosa
PAK Wild-type clinical isolate D. Bradley
PAK-NP PAK pilA::Tc" 20
PAK-N1G PAK rpoN::Gm" 9
PAK-Q PAK fleQ::Gm" This study
PAK-NPQ PAK pilA::Tet" fleQ::Gm" This study
PAK-RG PAK fleR::Gm" 19
ADD1976 Tc" Cb* mini-D180 4
T7 polymerase gene on the chromosome
Plasmids
pUCI18 E. coli cloning vector, Amp* GIBCO-BRL
pGEM3Z Sequencing vector, Amp', LacZa peptide Promega, Madison, Wis.
pBluescript KS (+) E. coli cloning vector, Amp* Stratagene
pBSVI pBluescript KS (+) with the PstI site deleted from the polylinker This study
pVIK pBSVI having a 4.5-kb Kpnl fragment inserted at the Kpnl site This study
pVIKG pVIK with a 1.7-kb DNA fragment containing the gentamicin resistance gene inserted This study
in the unique PstI site of the fleQ gene
pPZ375 oriV in pGEM3Z 27
pPZ375Q pPZ375 with complete fleQ gene This study
pDN19lacQ Promoterless lacZ oriV oriT Tet" Str* ) fragment 28
placQQ pDN19lacQ) with a 600-bp EcoRI/BamHI fragment containing the fleQ promoter region This study
placQS pDN19lacQ) with 355-bp EcoRI/BamHI fragment containing the fleSR promoter region This study
pET15B Expression vector, T7 promoter, His tag coding sequence, Amp*, pBR322 origin Novagen
pETI15BVP oriV cloned as a PstI fragment into the PstI site in the Amp" gene of pET15B This study
pET15BVPQ fleQ gene inserted as a PCR product into the Ndel/BamHI sites of pET15BVP This study
Cosmid
pRR194 pVK102 with 20-kb P. aeruginosa DNA insert containing the fleQ gene 19

suggested that the fleSR promoter was regulated by RpoN and
FleQ. Thus, FleQ and FleR appear to work together in a
cascade to control motility and mucin adhesion in P. aerugi-
nosa.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. All bacterial strains, plasmid vectors,
and their derivatives are described in Table 1. All cultures were grown in liquid
Luria broth (12), in Terrific broth (21), or on agar plates (1.7% agar) with or
without antibiotics. The antibiotic concentrations used were as follows: for Esch-
erichia coli, ampicillin at 200 pg/ml and gentamicin at 10 pg/ml; for P. aeruginosa,
tetracycline at 200 pg/ml, carbenicillin at 150 wg/ml, gentamicin at 50 pg/ml, and
streptomycin at 300 pg/ml.

Enzymes and chemicals. All restriction enzymes, T4 DNA ligase, and Taq
polymerase were purchased from GIBCO-BRL Inc., Gaithersburg, Md. Pfu
DNA polymerase was purchased from Stratagene, La Jolla, Calif. The Isotherm
sequencing kit was purchased from Epicentre Technologies Inc., Madison, Wis.
The chemicals were purchased either from Sigma Chemical Co., St. Louis, Mo.,
or from Amresco, Inc., Solon, Ohio.

Electroporations. Electroporations were performed by using a modification of
the protocol of Smith and Iglewski (24). The DNA used for the electroporations
was prepared by the alkaline lysis procedure (3). For gene replacement experi-
ments involving chromosomal recombinations, the plasmid DNA was linearized
by a restriction enzyme and gel purified. About 1 pg of linear DNA fragment was
electroporated into the electrocompetent P. aeruginosa cells. For complementa-
tion experiments, 50 to 100 ng of supercoiled, covalently closed circular plasmid
DNA was electroporated into the target strains.

PCR amplification. PCRs were performed in a DNA Thermal Cycler 480
(Perkin-Elmer Cetus). The reactions were performed in 100-wl volumes contain-
ing Pfu polymerase or Taq polymerase. Each reaction mixture contained a final
concentration of 50 ng of DNA template, 2.5 U of Pfu polymerase or Taq
polymerase, 2.0 mM MgCl,, 0.1 mM deoxynucleoside triphosphate mix, 10%
dimethyl sulfoxide, and 0.2 wM primers. Thirty cycles were performed for each
reaction when Taq polymerase was used. Each cycle consisted of incubations for
1 min at 94°C, 1 min at 52°C, and 3 min at 72°C. When Pfu polymerase was used,
40 cycles, each consisting of incubations for 2 min at 95°C, 1 min at 46°C, and 6
min at 72°C, were run. The annealing temperature was kept low due to the low

ionic strength of the Pfu reaction buffer, and the extension time was increased to
6 min to accommodate the low proofreading capacity of the Pfu polymerase.

The primers used for PCRs were purchased from GIBCO-BRL. Restriction
sites were added at the ends of primers (shown below in boldface) to facilitate
subsequent cloning of the PCR products. Additional nucleotides were added 5'
to the restriction sites to ensure efficient cleavage. The following primers were
used in the PCRs. RER30 and RER31 were used for the PCR amplification of
the fleQ promoter. RER30 (5'CCCAAAGAATTCCCGGTTGGGATGCGATT
G3') was located 328 nucleotides upstream of nucleotide 1; an EcoRI site was
added to this primer. RER31 (5'CCCAAAGGATCCCGCCGAGGAAGTTGA
GAAZ3') was located between nucleotides 349 and 366; a BamHI site was added
to this primer. RER17 and RER18 (Fig. 1) were used for the PCR amplification
of the fleSR promoter. To RER17 (5'CCCAAAGGATCCCGTTGAGGGCTG
GTTGC3'), a BamHI site was added; to RER18 (5'CCCGAATTCGGCTGCCG
GGAATGGACS3'), an EcoRI site was added. 15CNTG615 (5'TCCGCCAGCT
CCTCCAT3') [Fig. 1]) was used in the primer extension experiments. NDE-
FLEQ (5’AGGCAGCTGATCCATATGTGGCGCGAAACC3) was used asa 5’
primer to clone the complete fleQ gene into pET15BVP; an Ndel site was added
to this primer. Q3PBAM (5'CCCAAAGGATCCTCAATCATCCGACAG
GTC3’) was used as the 3’ primer to clone the complete fleQ gene into the vector
pET15BVP; a BamHI site was added to this primer.

Plasmid constructions. A plasmid vector called pBSVI was first constructed by
digesting the vector pBluescript KS (+) (Stratagene) with two blunt-end-cutting
enzymes, EcoRV and Smal, in the polylinker and religating the vector. Thus, the
small DNA fragment between the EcoRV and the Smal sites was removed and
the Pstl site was lost. A 4.5-kb Kpnl fragment containing the complete fleQ gene
was cloned into the Kpnl site of the polylinker in pBSVI, resulting in the
construction of pVIK, which contained a unique PstI site. A 1.7-kb gentamicin
resistance cassette with PstI ends was then inserted into this unique PstI site
located in the fleQ gene (Fig. 1). This plasmid, called pVIKG, was used for
insertional inactivation of the fleQ gene. To construct a plasmid which could be
used for complementation of the fleQ mutant, a 2.0-kb Clal-Spel (Fig. 2) frag-
ment containing the complete fleQ gene was inserted into the Clal/Spel-cut
vector pBluescript KS (+). This fragment was then excised as a 2.0-kb
HindIII/SstI fragment and cloned into the HindIII/SstI sites of pPZ375 (27),
which has the oril/ fragment that allows this plasmid to replicate in P. aeruginosa.

The lacZ fusion plasmid placQQ was constructed by inserting a 600-bp DNA
fragment containing the region upstream of the fleQ gene into the promoter
probe vector pDN19lacQ) (28). This 600-bp DNA fragment was generated by
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3' end of fleQ gene -»
vV D D E D E L A8 $ L R EE L EER A
1 GTCGACGACGAGGACGAGCAACTCGCCAGCAGCCTGCGCGAAGAGCTGGAAGAGCGCGCG 60
5' p-Gal primer (RER 18) -
A I N A G L P GMDAPA AMTLUPAEG L
61 GCGATCAACGCCGGGCTGCCGEGAATGGACGCGCCGGCGATGCTGCCGGCCGAAGGCCTG 120

D L X D Y L 2 NLEQG LI Q @ A L D
121 GACCTCAAGGACTACCTGGCCAACCTCGAGCAGGGCCTGATCCAGCAGGCCCTCGACGAC 180

A G G V V A A A ERLURTIIRIRTTTUL V
181 GCCGGCGGAGTGGTCGCGCGGGCCGCCGAACGCCTGCGCATCCGTCGCACCACGCTGETG 240
Nifa (FleQ?)
E KMREK Y GM S RRUDUDUDTL S D D *
241 GAGAAGATGCGCAAGTACGGCATGAGCCGGCGCGACGACGACCZQECGE@TGATTGAQAG 300
IHF-binding site o
301 GTCGTTTCGCAACGCTTTGATTTTCAAATGAAAAAAATTTAGGCACCGGTATTGCTATAT 360
Fles -
M Q P a
361 CTCCGTCGACCGACAGAACCATGACGTCGCGCCGACCGAGAGAAACGCAATGCAACCAGC 420

L N A F P E P A DT A G L
421 CCTCAACGCCTTCCCCGAGCAGCCAGCCGATACGGCCGAGGCCACCAGCCGCGCCGGCCT 480
<« 3% g=Gal primer (RER 17)
A L F NQ M s s Q L s E Y § L
481 CGAGCAGGCCTTCGCGCTGTTCAACCAGATGTCCAGCCAGCTCAGCGAGTCCTACAGCCT 540

L E E E L X ¢6 Q L A L V R M
541 GCTGGAGGAGCGCGTTACCGAGCTGARAGGGCAACTGGCCCTGCGTCAGCGCGCAGCGCAT 600
e
E E L A E K ERUL A NIRIULOQ S L L
601 GGAGGAGCTGGCEGAAAAGGAGCGCCTGGECGAACCGCTTGCAGAGCCTGCTCGACCTGCT 660
e« RT primer e
(15CNTG615)

FIG. 1. Promoter region of the fleSR operon. The promoter region of fleSR
used for B-galactosidase (B-Gal) assays included the 3’ end of the fleQ gene and
extended into the coding region of fleS. The primers used for both primer
extension and B-galactosidase experiments are shown. In the upstream sequence,
the putative RpoN binding site (GG-N,,-GC), NifA binding site (TGT-N,-
ACA), and the THF binding site (nucleotide 304 to 336) are indicated. The
transcription start site as determined by primer extension is shown at bp 367.
RBS, ribosome binding site.

PCR using primers RER30 and RER31, with EcoRI and BamHI sites added at
the 5’ and the 3’ ends, respectively. This EcoRI/BamHI fragment was then
cloned into the EcoRI and BamHI sites of pDN19lac() to generate placQQ.
Plasmids constructs for B-galactosidase assays testing the promoter activity of the
fleSR operon were made by cloning the putative fleSR promoter region into the
EcoRI/BamHI sites upstream of the promoterless lacZ gene in the previously
described lacQ) plasmid (28). The promoter region of fleSR was cloned with
primers RER18 and RER17 (Fig. 1).

Plasmid pET15BVP was constructed by inserting the oril” fragment from
pPZ375 (27) with PstI ends into the unique PstI site in the B-lactamase gene of
pET15B (Novagen Inc., Madison, Wis.). Plasmid pET15BVP can replicate in
both P. aeruginosa and E. coli hosts and retains ampicillin and carbenicillin
resistance (15). Plasmid pET15BVPQ was derived from pET15BVP by cloning
an approximately 2.0-kb PCR product containing the complete fleQ gene into
Ndel/BamHI sites.

DNA sequencing. DNA sequencing was performed by using Taq DyeDeoxy
terminator and dye primer cycle sequencing protocols developed by Applied
Biosystems (Perkin-Elmer Corp., Foster City, Calif.). Fluorescence-labeled
dideoxynucleotides and primers were used. The labeled extension products were
analyzed on an Applied Biosystems model 373A DNA Sequencer. Double-
stranded sequences were aligned and assembled by using programs in the Se-
quencer software package (Gene Codes Corp., Ann Arbor, Mich.).

B-Galactosidase assay. Expression of the lacZ gene under the control of the
putative fleQ promoter region or the fleSR promoter was measured by B-galac-
tosidase assays as described by Miller (12), with minor modifications. The cells
were grown to late log phase (440 of 0.7 to 1.0), which usually took about 4 to
4.5 h. At this point, the cells were harvested and assayed for B-galactosidase
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activity. The bacteria containing the lac() plasmids were grown in L broth with
streptomycin.

Motility assay. Bacterial strains were grown overnight at 37°C on fresh agar
plates with or without antibiotics. The cells were then transferred with a sterile
toothpick to 0.3% agar plates with or without antibiotics. These plates were
incubated at 37°C for 16 h, and motility was assessed qualitatively by examining
the circular swarm formed by the growing bacterial cells.

Adhesion assay. Human tracheobronchial mucins were prepared from sputum
of a patient with chronic bronchitis by ultracentrifugation as described previously
(33). The bacterial strains were grown in Trypticase soy broth (BBL Microbiol-
ogy Systems) overnight at 37°C, and the inoculum was adjusted by spectropho-
tometer to between 107 and 2 X 107 CFU/ml. Strains containing plasmids which
coded for antibiotic resistance were grown in broth containing carbenicillin (150
wg/ml). Microtiter plates were coated with mucins at a concentration of 50 pg/ml
(31). Bacteria were added to the wells, and the plates were incubated at 37°C.
The plates were washed 15 times in a manually operated microtiter plate washer,
and the bacteria bound to the wells were desorbed with Triton X-100 and plated
for enumeration. Each strain was tested a minimum of three times. The results
are mean values derived from these experiments.

SDS-polyacrylamide gel electrophoresis and immunoblotting. Whole bacterial
cells were denatured by boiling in 2% sodium dodecyl sulfate (SDS)-1% pB-
mercaptoethanol-50 mM Tris HCI (pH 7.5). These samples were separated on
15% polyacrylamide gels (11), and the proteins were electrophoretically trans-
ferred to nitrocellulose (30). The filters were treated with 2% nonfat dry milk in
Tris-buffered saline, incubated with antisera, washed, and probed with horserad-
ish peroxidase-labeled anti-mouse immunoglobulins G and M (Kirkegaard &
Perry, Gaithersburg, Md.). Monoclonal antiflagellin was kindly provided by A.
Siadak, Oncogen, Seattle, Wash.

Transcriptional start site determination. To establish the transcriptional start
site of the fleSR operon, primer 15CNTG615 (Fig. 1) complementary to the
noncoding strand near the 5’ end of the fleS gene was end labeled with [vy-
32P]ATP by using polynucleotide kinase as instructed by the manufacturer (Be-
thesda Research Laboratories). The labeled primer was gel purified on a 20%
nondenaturing polyacrylamide gel. After purification from the gel by extraction
in elution buffer (21) and ethanol precipitation, the resulting labeled primer gave
3 X 10° cpm/ml by scintillation counting. This primer was then used for both
sequencing and reverse transcription (RT) reactions. Sequencing was done with
an Isotherm sequencing kit (Epicentre Technologies) and was chosen because it
gave superior performance in A/T-rich regions, one such region being present in
our sequence adjacent (3') to the putative integration host factor (IHF) binding
site (Fig. 1). The DNA template for the sequencing reaction was a 4.5-kb Kpnl
fragment spanning the start region which had been cloned into pUC19. The total
RNA template for the primer extension reaction was prepared by a modification
of the method of Deretic et al. (6). The only change to the protocol was the
addition of 50 mM EDTA to the lysis buffer. The absence of DNA contamination
in the RNA preparation was confirmed by comparing the results of PCR and
RT-PCR, using the RT primer and an upstream primer. Only the latter reaction
gave a product (data not shown). Finally, the products of the sequencing and RT
reactions were run on a standard 8% sequencing gel and visualized by autora-
diography.

Expression and purification of FleQ. The complete fleQ coding sequence was
inserted as a PCR product into the Ndel/BamHI sites of plasmid pET15BVP.
The resulting plasmid, called pET15BVPQ, and the vector control plasmid
pET15BVP were electroporated into P. aeruginosa ADD1976 (4), which has the
T7 polymerase gene inserted into the chromosome. Bacterial cultures were
grown to an Assq of 0.4 to 0.5, and the T7 promoter was induced by the addition
of 1.0 mM isopropylthiogalactopyranoside (final concentration) (IPTG). The
cultures were grown for an additional 3 h and then harvested. The induced
cultures of P. aeruginosa ADD1976 containing pET15BVPQ were lysed by the
addition of lysozyme and Triton X-100 and then spun for 25 min at 13,200 rpm.
The pellets containing the insoluble His-FleQ as inclusion bodies were saved for
purification of His-FleQ. These pellets were resuspended in 1X binding buffer (5
mM imidazole, 0.5 M NaCl, 20 mM Tris-HCI [pH 7.9]) with 6 M urea. A small
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FIG. 2. Map of the relevant region of cosmid pRR194 showing the location of the fleQ gene. The map is drawn approximately to scale. The solid rectangles show
the coding regions. The arrows beside the solid rectangles indicate the direction of transcription.



VoL. 179, 1997 REGULATION OF MOTILITY AND ADHESION IN P. AERUGINOSA 5577

1-Pafleq . . . . . . . . . . e e e e e . e e e e e e 0

2-Kpnnifa MIHKSDSDTT VRRFDLSQQF TAMQRISVVL SRATEASKTL QEVLSVLHND 50
3-Kpnntrc . . . . .. ... oo e e e - . . e e e e e e . . 0

4-Pafler . . . . . . . .. . e e e e e e e e e e e e e e e e e e e e e e e 0

S5-Ccflbd . . . . . . . . P 0

1-Pafleq .MWRETKLm NLDRSRD HMaAVIEINFLEIE porTcNBEDw REVEBAGLSNS 49
2-Kpnnifa AFMQHGMIC QQEILSI EALQQTEDQT LPGSTQIRYR PGEGHEvGTVL 100
3-Kpnntrc MQRGIAWI DSSIRWV ERATGAL SC’I‘TFEG .NEVMDAW . T 44
4-Pafler MAAKVE! DRALREZA MsprTMrLLcdus ervavboEa .A pvp. A 43
5-Ccflbd MR LBV LNGQLSV AVKMAMNARA KVSHVETT EclTna@Rr2 42
1-Pafleqg REAL K@.cAavE KQLASWDE Y EP APA .EEL 97
2-Kpnnifa A QG Q .. .fgpror DRLSLYDY D LM GPH ICVL 146
3-Kpnntrc TKTP PMGLA KQIKQRHP M AH SDL v sy 94
4-pPafler REAF rlguPplc H Q GLIRTRYP H AY GAV vERM 93
5-Ccflbd GQGA .VLBIAG AANEAERM R VD ADP ANENI 89
1-Pafleq RR NXKLLDSL H EMY DQARBPIRGRSR 138
2-Kpnnifa A A NLIAQTI R SAA QAPQQSPRIE 196
3-Kpnntre Q Q DEAVALV D SHY QEQQQPRNAP 132
4-pafler R Q RALLDLV A GQL PACE ..... 127
5-Ccflbd KA ELIAAVL A T D i} . . . . . 117
1-pPafleq EPN RQMM 180
2-Kpnnifa R PR MDII 246
3-Kpnntrc I NS FRII 174
4-pPafler LELA 164
5-Ccflbd IKLA 154
1-Pafleq 230
2-Kpnnifa 296
3-Kpnntrc 224
4-pPafler 214
5-Ceflbd 204
1-prafleg TQN 280
2-Kpnnifa TLR 346
3-XKpnntrc VK 274
4-pafler IN 264
5-Ccflbd VK 254
1-Pafleq N8 G ALPMLNE 330
2-Kpnnifa HpA G AE HF 396
3-Kpnntrc Nps G PR RH 324
4-Pafler o 1. G LP ER 314
5-Ccflbd D G ISPICEF 304

1-Pafleqg AT SRMEHEKR GSIRFNSA
2-Kpnnifa VRIAHSQ .RTLRISDG
3-Kpnntrc PLQIAARELf§ VEAKQLHPHT
4-Pafler LRHSRKMN LGAVALGP
5-Ccflbd EVKEYSAANE IEEKPISA
1-rafleq VGV G K FRHVDDEDEQ L
2-Kpnnifa LEADR D N HRDN . .
3-Kpnntrc LTQ . . E
4-Pafler IQPA T Al 3
5-Ccflbd ERE r Lk M
1-Pafleq EGLDKDYA NLBo G
2-Kpnnifa ED G WD N sHD .BRE
3-Kpnntrc HQNLJSEAQP EMBMRT
4-Pafler SGAL .GDDHMR RRPFME
5-Ccflbd SRAFVGSTVA EVRQ[
i-Pafley MSRRDDDLSD D* 490
2-Kpnnifa ITMPRL 524
3-Kpnntrc .KEfME* . . .. . .. 469
4-pafler DAMDVERAYL YATI~* ... 473
5-Ccflbd DA[JVOVPPPQ GGVGAAA 455

379

P Cng
<SEAapp
HRH<G<gH

P
E
A
Q
A

Y
S 445
Q 374
364
P

354

SLREELE ERABINAGLP GMDAPMLP 429
p PR LASScPE 470

D A ¢ owEorEPLRSGE 417

P P E I1pSpafcoDl 411

P N 2 RoHEovEADAE 388

BERAvE KYG 479

QVAYR IMD 518

BT RESAK E L . 466

LB YRR~ O MR 460

PP R NEGEBK EY S 438

FIG. 3. Computer-generated alignment (Prettybox program, developed by Richard Westerman, Purdue University) of FleQ of P. aeruginosa with homologous tran-
scriptional regulators of other organisms. Dark shading shows identity of amino acids, while two shades of gray show degrees of similarity (based on the GCG com-
parison table). The arrowheads indicate the conserved amino acids which are believed to constitute the acid pocket and are involved in the phosphorylation of these proteins.

disposable column containing 2.5 ml of Chelating Sepharose Fast Flow resin
(Pharmacia Biotech Inc., Piscataway, N.J.) was packed. The column was charged
with 50 mM NiSO, according to the pET instruction manual provided by No-
vagen. Further steps in the purification of His-FleQ were performed according to
the pET instruction manual. All buffers contained 6 M urea in order to keep the
His-FleQ protein solubilized. The His-FleQ protein was finally eluted with 1X
elution buffer (1 M imidazole, 0.4 M NaCl, 20 mM Tris-HCI [pH 7.9]) containing
6 M urea. The protein was dialyzed against 1-liter volumes of buffer containing
50 mM Tris (pH 7.4), 50 mM KCIl, and 6 mM MgCl, - 6H,O with stepwise
decreases in urea concentration (4 M—2 M—1 M—0.5 M—no urea).

Nucleotide sequence accession number. The 1,816-nucleotide sequence con-
taining the complete sequence of the fleQ gene was submitted to GenBank
(accession no. L49378).

RESULTS

DNA sequence analysis. By sequencing the region upstream
of the fleSR operon, we have identified a new gene, which we
have named fleQ because of its effect on flagellar expression.
The location of the fleQ gene on cosmid pRR194 relative to
fleSR and other flagellar genes is shown in Fig. 2. The nucleo-
tide sequence of a 1.8-kb segment of P. aeruginosa DNA con-
taining the complete fleQ gene was determined on both DNA
strands. An open reading frame (ORF) consisting of 1,473 nu-
cleotides which is predicted to code for a polypeptide contain-
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Ccflbd G7 K8 D52 199 148-155 GESGTGKE 408-424 TLEHCLGNRTHAANILG

ATP-BINDING SITE

HELIX TURN HELIX

FIG. 4. Schematic diagram showing the comparison of the structural and functional domains (determined or proposed) of the transcriptional regulators FleQ of
P. aeruginosa (Pafleq), NifA and NtrC of K. pneumoniae (Kpnnifa and Kpnntrc), FleR of P. aeruginosa (Pafler), and FIbD of C. crescentus (Ccflbd). Shown are the amino
acids conserved among the family of transcriptional regulators which work in association with RpoN. The amino acid sequences were aligned by using the GCG multiple
sequence analysis program PILEUP. Common to all proteins are the N-terminal domain of low sequence similarity (ND), the highly conserved central domain (CD),
and the C-terminal DNA binding domain (DBD). The conserved amino acid residues and the amino acid sequences of characteristic motifs are shown in boxes.

ing 491 amino acids (M., 54,000) was identified on this DNA.
A potential translational initiation codon is located at nucleo-
tide 282 and is preceded by a potential ribosome binding site.
The ORF terminates with a TGA codon at nucleotide 1752.
The fleQ stop codon is separated from the fleS ORF by 112 bp.
Codon usage in the fleQ gene was characteristic of P. aerugi-
nosa genes, as judged by the CODONPREFERENCE and
CODONFREQUENCY programs of the Genetics Computer
Group (GCG). The codon frequency table for P. aeruginosa
was created by Temple (26a).

The deduced amino acid sequence of the P. aeruginosa fleQ
gene was compared to known protein sequences in the Gen-
Bank, PI, and SWISS-PROT databases, using the BLAST pro-
gram (1). These searches revealed significant homology of the
P. aeruginosa FleQ protein to a number of response regulators
which belong to the NtrC subfamily of regulators that work in
concert with ¢°*. The computer-generated alignment of the
FleQ protein of P. aeruginosa with NifA and NtrC of Klebsiella
pneumoniae, FleR of P. aeruginosa, and FIbD of Caulobacter
crescentus is shown in Fig. 3. As is noted with regulators be-
longing to the NtrC subfamily, FleQ had poor homology in the
N-terminal region. A domain structure of FleQ is shown in Fig.
4, and the conserved amino acids are shown underneath. In-
terestingly, of the four residues conserved in the N-terminal
domains of other members of this family (arrowheads in Fig.
3), FleQ contained the residues corresponding to Asp-10 and
Asp-11 of NtrC but lacked the residues corresponding to
Asp-54 and Lys-104 (Fig. 4). In the response regulators be-
longing to this subfamily, Asp-11, Asp-12, and Asp-54 consti-
tute the acid pocket which accommodates Mg®", while Asp-54
also acts as the phospho-accepting aspartate from the cognate
sensory kinase (26). It has been postulated that the conserved
Asp-57 in CheY, which corresponds to Asp-54 in NtrC, forms
a salt bridge with Lys-109 (8) (Lys-104 in NtrC) and that
phosphorylation of Asp-57 breaks this interaction and induces
the subsequent conformational change leading to regulator
activation (25, 32). The absence of the corresponding aspartic
acid and lysine residues in FleQ suggests that FleQ is probably
not phosphorylated by a cognate kinase, which is in agreement
with our observation that no gene encoding a homolog of the
sensor kinases of the two-component regulatory family can be
identified upstream of the fleQ gene. However, in place of the
aspartic acid, there was a serine residue which is a potential site
of phosphorylation.

Central domains cl to c¢7, involved in ATP binding and
activation of o>* (13), were conserved in FleQ (Fig. 3 and 4).
The carboxy terminus of FleQ contained a sequence similar to
the helix-turn-helix present in many DNA binding proteins
(16). FleQ contained all of the conserved amino acids in this

region except for residue 465, which is an arginine in FleQ but
a conserved glycine residue in the other members of this group
(Fig. 4).

Analysis of the hydropathic characteristics of the FleQ pro-
tein by the method of Kyte and Doolittle (10) suggested that
FleQ is relatively hydrophilic, lacking any long hydrophobic
stretches characteristic of transmembrane segments (data not
shown), and therefore is probably a soluble cytoplasmic pro-
tein.

Construction and complementation of a fleQ mutant. To
determine the possible function of FleQ, a chromosomal fleQ
mutant was constructed in P. aeruginosa PAK-NP by gene re-
placement. The P. aeruginosa fleQ gene located on a 4.5-kb
Kpnl fragment was inactivated by inserting a gentamicin resis-
tance gene cassette into a unique PstI site in the fleQ gene (Fig.
2). The insertionally inactivated fleQ gene on the plasmid was
electroporated into PAK-NP, where it replaced the correspond-
ing chromosomal copy of the fleQ gene by double-reciprocal
recombination, giving rise to a fleQ mutant strain, PAK-NPQ.
The insertional inactivation of fleQ in PAK-NPQ was con-
firmed by Southern blot analysis (data not shown). Another
fleQ mutant, PAK-Q, was constructed in P. aeruginosa PAK by
using the same strategy (data not shown), to test whether the
same phenotype would be obtained. Since this mutant is sen-
sitive to tetracycline, it was used in the promoter fusion exper-
iments which required the use of a plasmid carrying tetracy-
cline resistance.

Since the fleQ gene was located close to the pair of genes in
the fleSR operon, which have been shown to be involved in
motility and mucin adhesion in P. aeruginosa (19), we tested
this mutant in motility and mucin adhesion assays. These re-
sults showed that the fleQ mutant, PAK-NPQ, was nonmotile
(data not shown) and nonadhesive (Fig. 5). Western blots of
crude extracts of this strain, using a monoclonal antiflagellin
antibody (29), indicated that it lacked flagellin (Fig. 6). To
confirm that the nonmotile and nonadhesive phenotype of
PAK-NPQ was indeed due to inactivation of the fleQ gene, this
gene was cloned as a 2.0-kb Spel-Clal fragment (Fig. 2) on a
multicopy plasmid (pPZ375Q), which was then introduced into
PAK-NPQ. Motility (data not shown), flagellin synthesis, and
mucin adhesion functions were restored in PAK-NPQ by the
fleQ gene provided on a plasmid, while the vector alone did not
complement the fleQ mutation (Fig. 5 and 6). The fleQ mutant
of strain PAK exhibited the same phenotype.

Analysis of the fleSR and fleQ promoters. Since fleQ and
fleSR genes are adjacent to each other (Fig. 2) and fleR and
fleQ mutants had the same phenotype, it was possible that
fleOSR formed one operon. To resolve this issue, the transcrip-
tional start site of the fleSR operon was localized by primer
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PAK-NPQ

PAK-NPQ (375Q)

PAK-NPQ (375) | |

BACTERIA/WELL (100)

FIG. 5. Adhesion of pil4 and fleQ mutants of P. aeruginosa PAK to mucin.
PAK-NP, pilA mutant of PAK; PAK-NPQ, pil4 fleQ mutant of PAK; PAK-NPQ
(375Q), PAK-NPQ complemented with the complete fleQ gene on multicopy
plasmid vector pPZ375; PAK-NPQ (375), PAK-NPQ with the vector pPZ375.

extension. Figure 7 shows the sequencing reaction and the
primer extension (RT) reactions using primer 15CNTG615
(Fig. 1). A single band in the RT lane corresponds to a G in the
sequence. Since the RT reaction extends the strand comple-
mentary to the RNA, the fleSR transcriptional start site is
located at the C complementary to the G in the sequence (bp
367 in Fig. 1). Exactly 12 bp upstream of this start site, a o>*
binding sequence (GG-N,,-GC) was identified (Fig. 1). In
addition, a palindromic sequence (shown in boldface in Fig. 1)
which overlaps with a putative IHF DNA binding site (19) was
recognized. Finally, two potential recognition sites for the
nitrogen fixation transcriptional regulator NifA (TGT-Nj,-
ACA) (5) were located upstream of the fleSR start site. One of
the NifA binding sites was an exact match with the consensus
NifA binding site (Fig. 1), while the second putative NifA
binding site (TGT-N,,-CCA) had one mismatch with the con-
sensus NifA binding site and was located about 440 bp up-
stream of the first NifA binding site, within the fleQ gene.
To understand the effect of RpoN and FleQ on the fleSR
promoter region, the fleSR promoter was fused with the pro-
moterless lacZ gene and the activity of the fleSR promoter was
measured in a number of P. aeruginosa strains. Table 2 shows
the results of these B-galactosidase assays. Both 7poN (PAK-
N1G) and fleQ (PAK-Q) mutants had greatly reduced activity
of the fleSR promoter, showing that transcription from the
fleSR promoter requires o* (product of the rpoN gene) and
the transcriptional activator FleQ. In addition, the fleSR pro-

FIG. 6. Western immunoblots of PAK-NP and PAK-NPQ probed with a
monoclonal antibody raised against purified flagellin. Lane 1, protein molecular
weight markers (64, 50, 36, 30, 16, and 6 kDa); lane 2, PAK-NP (wild-type strain);
lane 3, PAK-NPQ (fleQ mutant); lane 4, complemented strain PAK-NPQ
(375Q), fleQ™; lane 5, vector control, PAK-NPQ (375), fleQ mutant. Bands in
lanes 2 and 4 run slightly above the 36-kDa marker, corresponding to the
expected size (45 kDa) of the P. aeruginosa flagellin protein.
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Portion of fleSR promoter (underlined part shown in sequence above):

—

5- CAGGGTATTGCTATATCTCCGTCGACCGACAG -3'
3- GTCCCATAACGATATAGAGGCA(;CT GGCTGTC -5'

FIG. 7. Start site determination of fleSR by primer extension. The autora-
diograph shows a sequencing gel with RT product run alongside. Both reactions
used the same primer, 15CNTG615 (Fig. 1). A single band in the RT lane
(marked with star) corresponds to the G in the sequencing reaction. A portion
of the fleSR promoter is shown at the bottom; the arrow marks the transcriptional
start site.

moter retained wild-type levels of B-galactosidase activities in
the fleR mutant strain (PAK-RG), thus suggesting that fleSR is
not autoregulated.

The promoter region of the fleQ gene was visually examined
for the presence of specific motifs for NtrC, NifA, ¢7°, 2%, or
¢°* binding. We were unable to identify either the NifA bind-
ing site (TGT-N,,-ACA) (7) or NtrC binding site (TGCACY-
Ns-GGTGCA) (7) in this region. Neither ¢”° nor o*® recogni-
tion sites could be identified in this upstream region. However,
two potential o>* binding sites (GG-N,,-GC) (14) were pres-
ent between nucleotides 103 and 117 and between nucleotides
189 and 205. To determine the role of o in the regulation of
the fleQ gene, we fused a 600-bp sequence upstream of the fleQ
gene to a promoterless lacZ reporter gene, and the levels of
B-galactosidase activities were compared by introducing this
construct into PAK (wild-type strain) and PAK-N1G (rpoN
mutant). As shown in Table 3, the rpoN mutant strain PAK-

TABLE 2. Control of the fleSR promoter

Mean B-galactosidase activity
(Miller units) = SD

Host Genetic
strain background Vector fleSR
alone promoter
PAK Wild type 75 €70 14,453 £ 551
PAK-N1G rpoN mutant 135 £ 12 1,106 * 136
PAK-Q fleQ mutant 1152 438 = 8
PAK-RG fleR mutant 99 = 171 21,023 = 206
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TABLE 3. Control of the fleQ promoter

Mean B-galactosidase activity
(Miller units) = SD

Host Genetic
strain background Vector fleQ
alone promoter
PAK Wild type 75 £ 70 3,062 = 298
PAK-RG fleR mutant 99 = 171 2,493 + 358
PAK-N1G rpoN mutant 62 = 54 4,320 = 194
PAK-Q fleQ mutant 123 = 116 1,904 + 325

N1G did not exhibit a reduction in B-galactosidase activity
compared with the wild type, suggesting that RpoN was prob-
ably not necessary for transcription of the fleQ gene. Addition-
ally, a kinetic analysis of B-galactosidase expression was per-
formed on strains PAK and PAK-N1G at time points ranging
from 2 to 18 h of growth after inoculation (data not shown). No
significant difference in B-galactosidase activity was observed
between the two strains at different phases of growth.

The activity of the fleQ promoter was also tested in the fleR
mutant (PAK-RG) and fleQ mutant (PAK-Q) strains to test
whether FleR or FleQ was involved in regulation of the fleQ pro-
moter. As shown in Table 3, the activity of the fleQ promoter was
unaffected by either the fleR or the fleQ mutation. These results
suggest that fleQ transcription is independent of FleQ and FleR.

Overexpression and purification of the FleQ fusion protein.
The fleQ gene was overexpressed under the control of an
inducible T7 promoter on a plasmid in P. aeruginosa. The
complete fleQ coding sequence was inserted as a PCR product
into the Ndel/BamHI sites of plasmid pET15BVP. This inser-
tion created a fusion of six histidine residues in frame with the
FleQ ORF. The resulting plasmid pET15BVPQ and the vector
control plasmid pET15BVP were electroporated into P. aerugi-
nosa ADD1976, which has the T7 polymerase gene inserted
into the chromosome (4). Bacterial cultures were grown and
induced as explained in Materials and Methods. The induced
and uninduced whole-cell extracts of P. aeruginosa ADD1976
containing pET15BVP (vector) or pET15BVPQ (vector plus
FleQ) were analyzed on SDS-10% polyacrylamide gels (Fig.
8). A new band representing the FleQ fusion protein (His-
FleQ) was observed at the expected location (Fig. 8, lane 3).
To test whether the His-FleQ protein was functional in vivo,
we introduced the FleQ expression plasmid (pET15BVPQ)
into the fleQ null strains PAK-Q and PAK-NPQ. The motility
in these fleQ mutants was restored, suggesting that the His-
FleQ protein was functionally active (data not shown).

The His-FleQ protein was purified from the cell lysates of
P. aeruginosa ADD1976 carrying pET15BVPQ as described in
Materials and Methods. Since the overexpressed His-FleQ pro-
tein was localized in the insoluble fraction, 6 M urea was used
to solubilize it. The purified His-FleQ was renatured by the step-
wise removal of urea. A small aliquot of the purified His-FleQ
was analyzed on an SDS-10% polyacrylamide gel (Fig. 8, lane
5). We observed a single band which migrated at the same lo-
cation as the induced fleQ gene product in the whole-cell ex-
tracts of P. aeruginosa ADD1976 carrying pET15BVPQ. This
protein preparation was found to be 90% pure, as determined
by a laser scan (not shown) using a Zeineh SOFT LASER scan-
ning densitometer (Biomed Instruments Inc., Fullerton, Calif.).

DISCUSSION

This report describes the cloning, sequencing, and charac-
terization of fleQ, the gene for a transcriptional regulator in P.
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aeruginosa. Analysis of the deduced amino acid sequence of
the fleQ gene revealed that FleQ belongs to a subclass of
transcriptional regulators which have been shown to control
the expression of genes transcribed by RNA polymerase con-
taining the alternative sigma factor RpoN. However, unlike
some of the other transcriptional activators of this subclass,
FleQ does not appear to have a cognate sensor kinase. Inser-
tional inactivation of the fleQ gene resulted in the concomitant
loss of motility, mucin adhesion, and the ability to synthesize
flagellin. It was possible that this insertional mutation caused a
polar effect leading to the inactivation of the downstream
operon fleSR. However, complementation of the mutant strain
with a plasmid clone encoding FleQ restored all of these func-
tions and thus confirmed that the mutant phenotype was due to
the disruption of the fleQ gene. The significance of two se-
quences in the promoter region of the fleQ gene, resembling
RpoN-dependent promoters, was addressed by fusion of this
region to a promoterless lacZ gene and examining promoter
activity in various mutant backgrounds. Results of B-galacto-
sidase expression studies indicated that the transcription of
fleQ is independent of RpoN and is not subject to regulation by
FleR or FleQ. The structure of this new gene and the possible
role of this gene in the regulation of motility and mucin adhe-
sion in P. aeruginosa are discussed.

The translated product of the P. aeruginosa fleQ gene has
many similarities with the transcriptional regulator FIbD of C.
crescentus, which also appears to lack a sensor kinase (17). It is
also notable that FIbD lacks the residues corresponding to
Asp-10 and Asp-11 of NtrC, which are parts of the acid pocket
that is the site of phosphorylation by the sensor kinases which
phosphorylate homologous regulators (17). FleQ may be even
more aberrant than FIbD in that it lacks the Asp-54 residue
that is the phosphate acceptor site of transcriptional regulators
of this group and carries a serine residue instead. It is therefore
possible that FleQ is either not phosphorylated or phosphor-
ylated at the serine residue. This raises several possibilities: (i)
this protein acts constitutively, i.e., without the need for phos-
phorylation; (ii) its activity is regulated by phosphorylation at
the serine residue; and (iii) its activity is controlled by novel
signal-transducing mechanisms. The other similarity between
FleQ and FIbD is that FIbD is a regulator of the flagellar genes
of C. crescentus, a function which FleQ very likely performs in
P. aeruginosa.

The discovery of the regulatory network controlling mucin
adhesion and motility in P. aeruginosa was based on our initial
observation that both functions were regulated by RpoN (18).
We subsequently discovered two additional regulatory genes,
fleS and fleR, which regulate adhesion and motility. Since FleS
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FIG. 8. Overexpression and purification of FleQ. FleQ was overexpressed in
P. aeruginosa host ADD1976 (4) by using a derivative of the pET15B vector
(Novagen). Lane 1, ADD1976(pET15BVP), vector control, induced with 1 mM
IPTG for 3 h at 37°C; lane 2, ADD1976(pET15BVPQ), vector with FleQ insert,
uninduced; lane 3, ADD1976(pET15BVPQ), vector with FleQ insert, induced
with 1 mM IPTG for 3 h at 37°C; lane 4, Pharmacia low-molecular-weight
markers; lane 5, approximately 400 ng of purified His-FleQ protein. Sizes are
indicated in kilodaltons.
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and FleR were highly homologous to members of the subclass
of two-component systems which work in concert with RpoN,
we proposed that FleR was the response regulator working
with RpoN to control adhesion and motility (19). We sug-
gested that FleR regulates some of the P. aeruginosa flagellar
genes and the mucin adhesin in concert with RpoN. However,
with the discovery of fleQ and the preliminary knowledge of its
functions, it appears that there are other possible models for
regulation of mucin adhesion and motility. Since RpoN recog-
nition sequences were identified in the promoter region of the
putative fleSR operon (19), it was anticipated that FleQ might
regulate the putative fleSR operon. Our results from B-galac-
tosidase assays suggest that this is the case.

The presence of two o*-driven transcriptional activators,
FleQ and FleR, acting in a series, creates a cascade of tran-
scriptional control over the expression of both the flagellar
assembly pathway and the genes which control mucin adhesion
of P. aeruginosa. It is possible that the purpose of this cascade
is to allow rapid up- and down-regulation of the structural
genes controlling these functions in response to environmental
signals yet unidentified. One possible scenario in P. aeruginosa
could be that FleQ regulates fleSR and the adhesin(s) and that
FleSR regulates flagellar operons which may be responsible for
the export and localization of the adhesin. It is already known
that the export system for flagellar proteins is required for
adhesion (23), but the mechanism of regulation of the flagellar
export apparatus of P. aeruginosa has not been elucidated. It
may be possible to identify the adhesin more directly by char-
acterization of additional genes that are regulated by FleQ and
FleR, perhaps by identifying DNA targets for FleQ and FleR
binding. In summary, we have discovered a new transcriptional
regulator of adhesion and motility in P. aeruginosa which has
an interesting structure. It lacks the Asp-54 phosphorylation
site found in homologous regulators and is not found in an
operon with a potential sensor kinase. To fully understand its
role in regulation of bacterial virulence factors, it is essential to
determine the range of genes that are regulated by the motility/
adhesion regulatory cascade, as well as identify the signals that
initiate the signal transduction sequence.

ACKNOWLEDGMENTS

We acknowledge the technical assistance of Phil Bergman for the
Western blots and the Interdisciplinary Center for Biotechnology Re-
search computer facilities of the University of Florida for use of the
VAX computers for DNA sequence analyses.

This work was supported by NIH grants HL33622 (R.R.) and
AI32624 (S.L.) and a grant from the American Lung Association of
Florida (S.K.A.).

REFERENCES

1. Altschul, S. F., W. Gish, W. Miller, E. W. Myers, and D. J. Lipman. 1990.
Basic alignment search tool. J. Mol. Biol. 215:403-410.

2. Arora, S. K., B. W. Ritchings, E. C. Almira, S. Lory, and R. Ramphal. 1996.
Cloning and characterization of Pseudomonas aeruginosa fliF necessary for
flagellar assembly and bacterial adherence to mucin. Infect. Immun. 64:
2130-2136.

3. Birnboim, H. C., and J. Doly. 1979. A rapid alkaline extraction procedure for
screening recombinant plasmid DNA. Nucleic Acids Res. 7:1513-1523.

4. Brunschwig, E., and A. Darzins. 1992. A two-component T7 system for the
overexpression of genes in Pseudomonas aeruginosa. Gene 111:35-41.

5. Buck, M., S. Miller, M. Drummond, and R. Dixon. 1986. Upstream activator
sequences are present in the promoter of nitrogen fixation genes. Nature
(London) 320:374-378.

6. Deretic, V., J. F. Gill, and A. M. Chakrabarty. 1987. Gene algD coding for

REGULATION OF MOTILITY AND ADHESION IN P. AERUGINOSA 5581

GDP mannose dehydrogenase is transcriptionally activated in mucoid
Pseudomonas aeruginosa. J. Bacteriol. 169:351-358.

7. Gussin, G. N., C. W. Ronson, and F. M. Ausubel. 1986. Regulation of
nitrogen fixation genes. Annu. Rev. Genet. 20:567-591.

8. Hazelbauer, G. L., H. C. Berg, and P. Matsumura. 1993. Bacterial motility
and signal transduction. Cell 73:15-22.

9. Ishimoto, K. S., and S. Lory. 1989. Formation of pilin in Pseudomonas
aeruginosa requires the alternative sigma factor (RpoN) of RNA polymerase.
Proc. Natl. Acad. Sci. USA 86:1954-1957.

10. Kyte, J., and R. F. Doolittle. 1982. A simple method for displaying the
hydropathic character of a protein. J. Mol. Biol. 157:105-132.

11. Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly of
the head of bacteriophage T4. Nature (London) 227:680-685.

12. Miller, J. H. 1972. Experiments in molecular genetics. Cold Spring Harbor
Laboratory, Cold Spring Harbor, N.Y.

13. Morett, E., and L. Segovia. 1993. The sigma 54 bacterial enhancer-binding
protein family: mechanism of action and phylogenetic relationship of their
functional domains. J. Bacteriol. 175:6067-6074.

14. Morett, E., and M. Buck. 1989. In vivo studies on the interaction of RNA
polymerase-o>* with the Klebsiella pneumoniae and Rhizobium meliloti nifH
promoters: the role of NifA in the formation of an open promoter complex.
J. Mol. Biol. 210:65-77.

15. Olsen, R. H., G. DeBusscher, and R. McCombie. 1982. Development of
broad-host-range vectors and gene banks: self-cloning of the Pseudomonas
aeruginosa PAO chromosome. J. Bacteriol. 150:60-69.

16. Pabo, C. O., and R. T. Sauer. 1984. Protein-DNA recognition. Annu. Rev.
Biochem. 53:293-321.

17. Ramakrishnan, G., and A. Newton. 1990. FIbD of Caulobacter crescentus is a
homologue of the NtrC (NRI) protein and activates o>*-dependent flagellar
gene promoters. Proc. Natl. Acad. Sci. USA 87:2369-2373.

18. Ramphal, R., L. Koo, K. S. Ishimoto, P. A. Totten, J. C. Lara, and S. Lory.
1991. Adhesion of Pseudomonas aeruginosa pilin-deficient mutants to mucin.
Infect. Immun. 59:1307-1311.

19. Ritchings, B. W., E. C. Almira, S. Lory, and R. Ramphal. 1995. Cloning and

phenotypic characterization of fleS and fleR, new response regulators of

Pseudomonas aeruginosa which regulate motility and adhesion to mucin.

Infect. Immun. 63:4868-4876.

Saiman, L., K. Ishimoto, S. Lory, and A. Prince. 1990. The effect of piliation

and exoproduct expression on the adherence of Pseudomonas aeruginosa to

respiratory epithelial monolayers. J. Infect. Dis. 161:541-548.

21. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Press, Cold Spring Harbor,
NY.

22. Simpson, D. A., R. Ramphal, and S. Lory. 1992. Genetic analysis of Pseudo-
monas aeruginosa adherence: distinct genetic loci control attachment to
epithelial cells and mucins. Infect. Immun. 60:3771-3779.

23. Simpson, D. A., R. Ramphal, and S. Lory. 1995. Characterization of Pseudo-
monas aeruginosa fliO, a gene involved in flagellar biosynthesis and adher-
ence. Infect. Immun. 63:2950-2957.

24. Smith, A. W., and B. H. Iglewski. 1989. Transformation of Pseudomonas
aeruginosa by electroporation. Nucleic Acids Res. 17:10509.

25. Stock, A. M., J. M. Mottonen, and C. E. Schutt. 1989. Three-dimensional
structure of CheY, the response regulator of bacterial chemotaxis. Nature
(London) 337:745-749.

26. Stock, J. B., A. M. Stock, and J. M. Mottonen. 1990. Signal transduction in
bacteria. Nature (London) 344:395-400.

26a.Temple, L. Personal communication.

27. Temple, L., A. Sage, G. E. Christie, and P. V. Phibbs, Jr. 1994. Two genes for
carbohydrate catabolism are divergently transcribed from a region of DNA
containing the hexC locus in Pseudomonas aeruginosa PAO1. J. Bacteriol.
176:4700-4709.

28. Totten, P. A., and S. Lory. 1990. Characterization of the type a flagellin gene
from Pseudomonas aeruginosa PAK. J. Bacteriol. 12:7188-7199.

29. Totten, P. A., J. C. Lara, and S. Lory. 1990. The rpoN gene product of
Pseudomonas aeruginosa is required for expression of diverse genes, includ-
ing the flagellin gene. J. Bacteriol. 172:389-396.

30. Towbin, H., T. Staehelin, and J. Gordon. 1979. Electrophoretic transfer of
proteins from polyacrylamide gels to nitrocellulose sheets: procedure and
some applications. Proc. Natl. Acad. Sci. USA 76:4350-4354.

31. Vishwanath, S., and R. Ramphal. 1984. Adherence of Pseudomonas aerugi-
nosa to human tracheobronchial mucin. Infect. Immun. 45:197-202.

32. Volz, K., and P. Matsumura. 1991. Crystal structure of Escherichia coli CheY
refined at 1.7-A resolution. J. Biol. Chem. 266:15511-15519.

33. Woodward, H., B. Horsey, V. P. Bhavanandan, and E. A. Davidson. 1982.
Isolation, purification, and properties of respiratory glycoproteins. Biochem-
istry 21:694-701.

20.

=3



