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Abstract

We herein demonstrate that the hybrid sensor PA1611 carries out specific signal transduction, through HptB (PA3345), to the response regu
PA3346 inPseudomonas aerugino®AO1. As assessed by phenotypic changes itB deletion mutant, the pathway is likely to be involved
in the regulation of flagellar activity, the chemotaxis response, twitching motility, and biofilm formation in the bacteria.
0 2005 Elsevier SAS. All rights reserved.
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1. Introduction which the sensor gene and the regulator gene are closely linked
in the genome, the 3 Hpt encoding genes are located separately
Two-component systems (2CS) are frequently involved infrom any of the ITR sensor genes in tReaeruginosagenome.
aiding the adaptation of bacteria to changing environmentalhus, it is not clear whether any of these Hpt molecules could
conditions. In general, a bacterial 2CS is composed of a serserve as the target of the ITR sensors, nor which ITR sensor
sor kinase, to detect one or several environmental stimuli, andand Hpt could form cognate pairs. Based on genome annota-
response regulator, to be phosphorylated by the sensor kinasmn and BLASTX analysis, the 12 ITR-type sensor kinases can
thereby regulating the expression of necessary response pheme classified into six functional groups: N@roline symporters
types [9]. Based on organization of their functional domains(PA1396, PA1976, PA1992 and PA3271), an ABC-type amino
2CS can be classified into three major types: the classical syscid transport/signal transduction system (PA2583), MmoS ho-
tem, the unorthodox system, and the hybrid system [16]. Thenologs (PA4586 and PA2824), FixL homologs (PA1243 and
sensor of a typical hybrid system is an ITR-type histidine ki-PA2177), GacS homologs (PA1611 and PA3462), and a hy-
nase carryingnput-, sransmitter- and-eceiver-domains. It is pothetical protein (PA3974). PA1611 was chosen arbitrarily
speculated that an ITR sensor normally requires a separate investigate whether it really is capable of transferring the
histidine-containing phosphotransfer (Hpt) molecule to relayphosphate to an Hpt molecule. In this study, we demonstrate a
the signaling phosphate from sensor to the corresponding rapecific phosphorelay from hybrid PA1611 through one of the
sponse regulator [16]. three Hpt modules, HptB (PA3345) to the response regulator
Annotation of thePseudomonas aerugino8A01 genome PA3346.
(http://Iwww.pseudomonas.com/) has revealed 123 2CS encod-
ing genes including 12 ITR-type sensor kinase and 3 Hpt2. Materialsand methods
encoding genes [2,16]. Unlike most bacterial 2CS gene pairs in
2.1. Strains, plasmids, growth media, and culture condition
* Corresponding author. . . . . .
E-mail addresshipeng@cc.nctu.edu.tw (H.-L. Peng). The bacterial strains and plasmids used in this study are
1 The authors contributed equally to this work. listed in Table 1. The growth media used were LB (Luria broth)
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Table 1

Bacterial strains and plasmids used in this study

Strains or Descriptions Reference

plasmids or source

Strains

P. aeruginosa
PAO1 Non-mucoidP. aeruginosastrain O1 Laboratory stock
MPA45 P. aeruginosatrain O1AhptBKm' This study
OPA45 Strain MPA45 carrying pBM2 This study
MPA45C Strain MPA45 carrying pMMB66 This study

Plasmids
pGEM-T Ap’; PCR cloning vector Promega
pET30a-b His-tag protein expression vector,'Km Novagen
pSUP202 TE suicide vector [19]
pMMB66 Ap"; broad-host-range expression vector [8]
pT16HD Af; 1.7-kb fragment of PA1611HD PCR amplified using primer pair, 1611-5 and 1611-3, cloned into pGEM-T This study
pE1611HD Knh; 1.7-kbNcd/Sal digested fragment of pT16HD cloned into pET30a This study
pTHptA Ap'; 0.5-kb fragment ohptAPCR amplified using primer pair, A5 and A3, cloned into pGEM-T This study
pEHptA Km'; 0.6-kbSad/HindlIl digested fragment of pTHptA cloned into pET30c This study
pTHptB Ap'; 0.5-kb fragment ohptB PCR amplified using primer pair, 3345-5 and 3345-6, cloned into pGEM-T This study
pEHptB KnT'; 0.6-kbSad-digasted fragment of pTHptB cloned into pET30b This study
pTHptC Af’; 0.4-kb fragment ohptC PCR amplified using primer pair, C5 and C3, cloned into pGEM-T This study
pEHptC Knf; 0.4-kbSad/Notl digested fragment of pTHptC cloned into pET30b This study
pT46R Af; fragment of PA3346 receiver domain PCR amplified using primer pair, 3346-R1 and 3346-R2, cloned into pGEM-T This study
pE46R Kni; BanHI/Hindlll digested fragment of pT46R cloned into pET30a This study
pBM2 Ap'; the hptB containing fragment from pEHptB subcloned into pMMB66 This study

or minimal medium plus appropriate antibiotics. Bacteria wererable 2

grown at 37C unless otherwise indicated. Primers used in this study
Primers (protein) Sequence (5 3)
i ) 1611-5 (1611HD) 5TTC ATC AAG CTT CGC GAC CG-3
2.2. Expression vector construction 1611-3 (1611HD) 5TTG CAG ATC CAT GGC GGC-3
A5 (HptA) 5-CGC GCA GTG AGC TCC CTT TA-3
A3 (HptA) 5-GAC GCG AAG CTT ACG GGC TC-3
The coding regions of PA1611HDptA hptB, hptC, and  3345-5 (HptB) % CGC GGA GCT CCT ATT GGG TA-3
PA3346R were amplified frorR. aeruginosdPAO1 chromoso- 324(53|;6t(c'4)9t3) gggg gé‘/i gg;%‘é@r ((3:TA$ i‘lc':(?AGf
. . . p - -
mal DNA using the primer pairs (Table 2) and the PCR pr_oduct 3 (HpIC) 3 TGG ACC TGT CGA GCC TGG Al
were cloned into the pGEM'T vector. Each of the COdlng re'3346_R1 (PA3346) 5GCA GTT GTT CAG GAT CCG CT-3
gions contained in the resulting plasmids pT16HD, pTHpatA 3346-R2 (PA3346) 'BAAT GGG CAA GCT TGT CGA AC-3

pTHptB, pTHptC, and pT46R were then subcloned respectively
using appropriate restriction enzymes into pET30 expressioa 4
vectors for the production of PE1611HD, pEHptA, pEHptB,
pEHptC, and PE46R (Table 1).

In vitro phosphorelay assay

The conditions for the phosphorylation assays were as de-
scribed [15]. Briefly, 1 pg the purified recombinant protein
2.3. Expression and purification was incubated with 2.5 pCi ofyfP®?JATP in phosphoryla-
of the histidine-tagged proteins tion buffer, and the mixture was incubated at®®5for 1 h for
the autokinase activity. Aliquots of the labeled sensor protein
were added to 1 ug of the purified HptA, HptB, and HptC, re-
The resulting plasmids were transformed respectivelyiinto - spectively, and the reaction mixtures were incubated further for
coli NovaBlue (DE3). The bacteria containing each of the plas20 min at 37C. In order to show that HptB as a mediator is able
mids were cultured in LB to log phase, and induced by addingo accelerate the transfer of the phosphoric group to the likely
0.5 mM or 1 mM IPTG, with incubation at 3T for 4 h. The  cognate regulator PA3346R, 1 ug of PA3346R was added to the
IPTG-induced bacterial cells were harvested by centrifugatiomnixture containing phosphorylated PA1611HD and HptB, and
and then disrupted by sonication. The N-terminal His-tag fathe incubation continued at 3T for 20 min. All the reaction
cilitated purification of recombinant PA1611HD, HptA, HptB, mixtures were stopped by adding an equal volume of SDS—
HptC, and PA3346R by using a nickel charged resin (NovagerRPAGE loading buffer (50 mM Tris—Cl (pH 6.8), 100 mM dithio-
Madison, WI). Finally, these proteins were concentrated withthreitol, 2% SDS, 0.1% bromophenol blue, 10% glycerol), sep-
PEG 20000 and protein concentrations were determined by therated by 17.5% SDS—PAGE and detected by Instantimi¥ger
Bradford assay [1]. (Packard Instrument Company).
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2.5. Construction of thbptB mutant the agar, washing unattached cells with water, and staining the
attached cells with 1% CV [5].

To generate ahptBdeletion inP. aeruginosathe fragments
of approximately 1 kb in length flanking both sidespitBwere
PCR-amplified by appropriate primer pairs and cloned into th
suicide vector pSUP202 [19]. The DNA fragment containing
a kanamycin-resistant gene PCR amplified from pET30a was Biofilm formation was assessed by the ability of the cells to
then inserted into the pSUP202-derived plasmid. The resultingdhere to the walls of 96-well microtiter dishes made of PVC
plasmid was transformed subsequently iBtocoli S17-1/pir (TPP Industries, France) with some modification of the reported
by electroporation. The transformants in mid-log phase wergrotocol [7]. The indicator medium (100 fuvell) contained an
then mixed withP. aeruginosaPAO1 at a ratio of 1:5 and the aliquot of 1:50-diluted overnight bacteria culture, the concen-
mixture spotted on a sterile nitrocellulose membrane attached toation of which was adjusted approximately to §Bnm=
the LB agar plate. After overnight incubation at¥7, the cells  0.6. The plates were incubated at@Dfor 10 h for biofilm for-
were washed off the membrane with 4 ml of LB. The transconmation. 150 pl of a 1% solution of crystal violet (CV) was then
jugants were selected by plating with &*1f@ld dilution of the  added to each well, the plates were placed at room temperature
culture on LB agar plates containing 100/png tetracycline for ~ for 15 min and rinsed thoroughly with water. The CV-stained
integration of the plasmid. The tetracycline resistant conjugantbiofilm was solubilized in 150 pl of 95% ethanol and the ab-
were then cultured in LB to late logarithmic phase followed bysorbance determined at 595 nm in a spectrophotometer.
selection on either LB—Tc plates (100 /gl tetracycline) or
LB—Km plates (300 pgml kanamycin) for loss of the plasmid.
The mutant MPA45 carrying thieptB deletion was confirmed
further by PCR and Southern blot analysis. B gene was
also PCR-amplified and the DNA cloned into the broad hos8.1. Identification of a multi-step phosphorelay pathway
range plasmid pMMBG66 [8], which resulted in plasmid pBM2.

The hptB mutation was complemented by transferring pBM2 PA1611 is annotated as being a homolog of GacS (LemA),
mto.sf[r‘_eun MPAA45 and the transformants were selected by Cathe sensor of the Gac regulon which has been shown to be
benicillin 200 pg'ml.

e2.9. Quantitation of biofilm formation

3. Resultsand discussion

required for regulation of bacterial motility [11] and biofilm
formation [13]. The protein tends to form an insoluble inclu-
sion body on overexpression, presumably caused by the pres-

N n f the transmembran main. To eliminate the problem
Tryptone swimming plates were composed of 0.3% bacto-e ce of the transmembrane doma o€ ate the problem,

agar, 0.5% NacCl, and 1% tryptone. Bacteria were inoculatectjhIe coding region containing only the cytoplasmic catalytic

with a sterile toothpick and incubated for 48 h at8D[5]. part of the protein including the histidine-containing trans-
mitter (H) and aspartate-containing receiver (D) domains of

PA1611 was cloned into expression vector pET30a to produce
the recombinant protein designated as PE1611HD (Table 1).

The chemotaxis response was measured by the capilla dl_'StEd in Table 1, Ithe (;,odmdg_regl%ns ?Ef_lfhe three_ Hpt en-
assay. Essentially, a 1-ml tuberculin syringe with a dispos-0 Ing genes were also cloned into the pET expression vector

able 25-gauge needle was filled with 100 pl of Bushnell-Has{P" Production of HptA (PA0991), HptB (PA3345), and HptC
(BH) mineral salts medium with or without 0.1% tryptone as (PAO033) proteins respectively. The His-tag allowed purifica-
a chemoattractant [5]. Bacteria cultured overnight were dilutedion ©f recombinant PA1611HD, HptB and HptC by affinity
ten-fold to an ORgg nm= 0.2 and the cells were replenished chromatography to homoggne|ty as shown m Fig. 1A. Never-
and grown in LB at 37C to logarithmic phase, pelleted and re- theless, a protein of approximately 26 kDa (Fig. 1A) appeared
suspended in BH. 100 pl of the bacterial suspension was drawi P& constantly co-purified with the HptA protein using dif-
into a 200 pl pipette tip and the syringe was inserted into thderent purification procedures. The protein was hence isolated,
pipette tip with the neck of the needle forming a tight fit with Subjected to trypsin digestion and MALDI/TOF analysis. The
the base of the tip. The construct was then incubated a€37 resulting peptide profile was then analyzed using the Mascot
for 45 min. The content of the syringe was then diluted in PBSProgram of ExPASY  (http://www.matrixscience.com/search_

2.6. Swimming assay

2.7. Chemotaxis response assay

and plated onto LB plates for cell enumeration. form_select.html) and a database search. Interestingly, the co-
purified protein, which is rather resistant to treatment with SDS,
2.8. Twitching motility assay appeared to be an HptA dimer.

To verify whether PA1611HD possessed autokinase activity,

Bacteria were stab-inoculated with a toothpick through aphosphorylation assays was performed. As shown in Fig. 1B,
thin LB agar layer (1% agar) to the bottom of the Petri dish.PA1611HD clearly displayed autokinase activity. No signal
After incubation for 48 h at 30C, a hazy zone of growth at the of phosphorylation could be detected on recombinant HptA,

interface between the agar and the polystyrene surface was oldptB, and HptC, as expected. By incubating phosphorylated
served [4]. The twitching capacity was examined by removing?PA1611HD with each of the purified HptA, HptB and HptC, it
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was observed that only HptB was able to receive the phosphate In order for the bacterium to respond to the signal appro-
group (Fig. 2). This suggests that the hybrid sensor PA1611 ipriately, the phosphorylated HptB has to transfer the phosphate

able to relay the signaling phosphate specifically to HptB. group to the corresponding response regulator and thus proceed
with the signaling pathway. According to the Pseudomonas

) B) Genome Project (http://www.pseudomonas.com/), PA3346 en-
kDa v 1 5, 3 4 1 2 3 4 codes a protein with a typical receiver domain of a response
120 = regulator (from residues 14 to 127). Since functionally cou-
i(; B == <« 1611HD .« ciD Eled genes are often clustered in bacterial genomes [14], we
ypothesize that PA3346, located nextHptB, is likely to
34 . be the cognate response regulator for receiving the signal re-
. e lay from HptB. To facilitate recombinant protein production in
E. coli, we cloned the region comprising the receiver domain
20 — T e of PA3346 from residues 1-165 into the pET vector and the re-
HptA HptB HptC combinant protein PA3346R which was fused with His-tag at
the N-terminus was purified from tHe. coli transformant. As

shown in Fig. 3, PA3346R did not display any autokinase ac-
Fig. 1. Autokinase activity of PA1611HD. Approximately 1 pg of the tested tivity. Nor did incubation of PA3346R with PA1611HD display
recombinant proteins was individually incubated with32P]-ATP (2.5 uCi) at any signal of phosphorylation. However, when both HptB and
25°C for 1 h and resolved on an SDS—polyacrylamide gel. Lane 1: PAlGllHDbhOSphOI‘Wated PA1611HD were present, PA3346R was found

2: HptA; 3: HptB; 4: HptC. The gel was stained with Coomassie blue (A) or .
subjected to autoradiography (B). M stands for the molecular weight markert.0 be able to receive the phosphate group. The results suggest

The star represents the dimer form of HptA. that phosphorylated PA1611HD could not transfer the phos-
phate group directly to PA3346R, implying the requirement for

(A) (B) an HptB mediator in the phosphorelay pathway.

KDaM 1 2 3 4 1 2 3 4

1%2 :______ st . 3.2. Construction and characterization of thptB mutants

47| . .

o Using rpsblast analysis, in addition to the receptor domain,
PA3346 also contains a PP2C domain (from residues 185-567;

26| W Fig. 4A) of Bacillus subtilisRsbU. RsbU, a serine phosphatase,

ol — L — o has been shown to regulate t'he expression o'f sigma B posi-

HP?AHPtB HptC H?tB tively through dephosphorylation of the anti-sigma B antag-

onist RsbV [22]. Upstream frorhptB and PA3346, PA3347

is a homolog of anti-sigma factor antagonist RsbV and Spol-

Fig. 2. In vitro phosphotransfer experiment on PA1611HD and the three leAA’ which could be dephosphorylated by SpOllE serine phos-
molecules. PA1611HD was preincubated with32P]-ATP at 25°C for 1 h  phatase [18]. As an RsbU homolog, PA3346 likely performs
and then the phosphorelay was initiated by adding HptA (lane 1), HptB (lane 2)a Similar regulatory role by dephosphorylating the anti-sigma
and HptC (lane 3), respectively. The reaction was continued for another 20 mifgctor antagonist PA3347. It has been reported that the flagel-
at 37°C, determined to be the most optimal temperature for the phosphorelay|—ar biosynthesis genes and chemotaxis gendd ataruginosa

ing reaction. The reaction mixtures were resolved by SDS—-PAGE and the g AO1 are clustered into three regions on the chrom me 3
was stained with Coomassie blue (A) or subjected to autoradiography (B). Th are clustere 0 €e regions o € chromosome [ ]

location of each recombinant protein is marked by an arrowhead. M stands fdtS Shown in Fig. 4B, the region Il for flagella biogenesis [3]

the molecular weight marker. was found upstream of PA3347 which contains the genes en-
(A) (B) 25°C 25°C—>37C
/ NS \
kDaM 1 2 3 4 5 6 12 3 4 5 6
o7 ==
= i
OOI™ e — ey 161]HD L 3 4 1611HD
37 |-
28|
sl — |4 HptB L.} 4 HptB
1415

Fig. 3. In vitro phosphotransfer experiment of PA1611HD, HptB and PA3346R. Approximately 1 pg each of PA1611HD (lane 1), HptB (lane 2), PA3346R (lane 3
was incubated With){—32P]—ATP (2.5 pCi) individually for 1 h at 28C. In addition, the phospho-PA1611HD was incubated in the presence of HptB (lane 4),
PA3346R (lane 5) or both (lane 6) for 20 min at 7. These reaction mixtures were separated by SDS—PAGE in duplicate and one of the gels was stained
with Coomassie blue (A) while the other was detected by an InstantllTMg(Qackard Instrument Company) (B). The locations of the recombinant proteins and
phosphorelated proteins are indicated by arrowheads. M stands for the molecular weight marker.
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(A)

phosphatase-antagonist-kinase

SpollE SpolIAA Spol[AB
Bacillus (o ) SpollE-SpolIAA-SpolIAB _
) RsbU sbVRsbW
Bacillus (c B) RsbU-RsbV-RsbW
PAB347
P. aeruginosa PAO1 PA3346-PA3347-9 PA3346

1 kb
B PP2C_SIG, Sigma factor PP2C-like phosphatases
Signal receiver domain
N SpollAA domain
| Region 11 |
(B) | |
HP recQ HptB PA3346 AS cheR cheV flgAflgM{flgN

P. aeruginosa PAO1

P. aeruginosa UCBPP-PA14 {@#_{j@h@@ﬂ%

P. putida KT2440

P. syringae pv. tomato str. Dcsooomm*-tm%
P-syringae pv. syringae B8 QRS--SO —

P. fluorescens PfO-1

1 kb

Fig. 4. The gene organization of thetB-containing gene cluster. (A) The conserved domains, analyzed by rpsblast, of the phosphatase-antagonist-kinase casc:
in Bacillus and P. aeruginosaPAO1 were compared. (B) The flanking genes of HptB were annotated according to either the released géh@eriginosa

PAO1 (http://www.pseudomonas.com/) and NCBI or by BLASTX analysis. The proximal genes with known or predicated function involved in the same syste
are indicated with the same arrow bars. The arrow represents the direction of transcription of the genes. The proteins to which each gene wassigsigned a
above the arrows. HP: hypothetical protein; AS: anti-anti-sigma factor; RR: response regulator. Region Ill consists of genes coding for gageltdrtiesport
apparatus, antisigma factor FIgM and additional chemotaxis regulatory proteins [3].

coding regulatory proteins CheV (PA3348) and CheR (PA3349¢ither MPA45 or OPA45 with that of wild-type PAO1, an identi-
for bacterial chemotaxisflgA (PA3350) andflgN (PA3352) cal growth curve was observed (data not shown). The biological
encoding flagellar assembly proteins, digM (PA3351) en-  properties including swimming activity, chemotaxis response
coding anti-sigma F factor. Most interestingly, we have foundand biofilm formation of the parental strain PACHptB mu-
that the gene clustdiptB-3346-3347 is also contained in other tant MPA45 and the complementation strain OPA45 were also
Pseudomonaspecies includind®. aeruginosaJCBPP-PA14, assessed comparably.
P. putidaKT2440, P. syringaepv. tomatostr. DC3000P. fluo- The polar flagellum ofP. aeruginosais responsible for
rescensPfO-1 andP. syringaepv. syringaeB278a (Fig. 4B). swimming motility in an aqueous environment [5]. As shown
The conserved gene organization after speciation suggestsiraFig. 5A, thehptB mutant MPA45 revealed reduced motility
preserved functional pathway. on the swimming plate. The reduced maotility could be restored
In order to investigate whether the multi-step signal transonly in strain OPA45 which carries dmptB-expressing plas-
duction pathway played a role in flagellar motility and the mid but not in MPA45C that harbors pMMBG66 (Fig. 5A). This
chemotaxis response, aipB deletion mutant was constructed indicates that the disruption of thgtB-mediated signal trans-
using allelic exchange strategy. The deletion of the resultarduction pathway affects bacterial swimming motility. It is well
mutant MPA45 was confirmed by Southern blot analysis usingnown that expression of flagellar motility involves the expres-
hptBas a probe. In addition, the plasmid pBM2 was transferresgion of more than 40 different genes which include the genes
into P. aeruginosaMiPA45, resulting in the complementation encoding regulatory proteins, structural components of flagellar
strain OPA45. While comparing the growth in LB medium of secretion and assembly apparatus, and also proteins involved in
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(A) >
PAO1 MPA45
PAOL1 o \
/
OPA45 o /
OPA45
(B) Fig. 6. Twitching motility of PAO1, MPA45, and OPA45. The twitching motility
was assayed by inoculating the bacteria with a toothpick through LB agar (1%
OBH agar) to the bottom of the petri dish. After incubation of the bacteria &C30
I BH-Hryptone for 48 h, the agar was then scraped off and stained with 1% crystal violet.
80
= 2.500
£ 60
2 10 OPAO1
P 2:000 | |gmpPA4s
© 20 m OPA45
0 : : : 1.500 +
PAOL1 MPA45 OPA45 g
O
Fig. 5. Swimming activity assay and chemotaxis responses of PAO1, MPA45, 1.000
OPA45, and MPA45C. (A) Swimming activity assay was performed as de-
scribed [5]. The photograph was taken after 48 h of incubation of the bacteria Soon!
on the swimming plate at 30C. MPA45C which is the bacteria MPA45 car- ’
rying pMMBG66, was used as the control strain. (B) Capillary apparatus with I—I—l—I—.
or without 0.1% tryptone as a chemoattractant in Bushnell-Hass (BH) mineral 0.000
salts medium inoculated with each of the bacteria was incubated’at 8t & Cp%a ?3, w
45 min. The bacteria contained in the syringe were then plated onto LB plates N @ %39
for cell enumeration. Error bars represent the standard deviation of triplicates. g& %59

generating rotational motor force and chemosensory machin-
ery [3] To ascertain whether the change in bacterial motility isFig. 7. Comparison of the biofilm formation of PAO1, MPA45, and OPA45. The
cells were grown at 30C in minimal medium with each of the supplements in-

due to alteration of the flagellar structure, TEM (transm|s:S|onCluding (1) 0.29% glucose: (2) 0.5% casamino acid (CAA): and (3) 0.2% glucose

elec”_onic microscopy) analysis was then performgd. However, g 59 cAA. The extent of biofilm formation after 10 h of growth was stained
the micrograph revealed no apparent difference in length ansly 1% Cv (crystal violet) and expressed as the absorbance at 595 nm.

number of flagella between the mutant OPA45 and the parental
bacteria (data not shown). sory genesaheAB cheW cheVR and flagella-associated genes
Over recent years, some chemosensory systems have begfiotAB fliCfleL, andflgMN) was significantly reduced in the
described as controlling bacterial motility [6]. The bacterialfliA deletion mutant [3]. Therefore, it is likely that decreased
chemosensory system is composed of methyl-accepting chemgnotility, as well as the decrease in the chemotaxis response in
taxis proteins (MCPs) which are coupled via the adaptor proteithe hptBmutant, could be attributed to a less free form of sigma
CheW to the histidine protein kinase CheA. CheA transfergactor FliA. It was suggested previously théitA transcrip-
the phosphoryl group to the response regulator CheY, whickion is initiated by an as yet uncharacterized sigma factor [3].
then interacts directly with the motor to control the direction\We herein hypothesize that, through control of the uncharac-
of flagellar rotation. The methylation status of the MCPs is adterized sigma factor, which is mediated by HptB (PA3345)-
justed via methyltransferase CheR and methyl esterase Che®sbU (PA3346)-anti-sigma factor antagonist (PA3347), func-
[20]. CheV appears to be a composite protein [10] which postional FliA is able to regulate bacterial flagellar activity and the
sesses an N-terminal CheW sequence and a carboxyl-Chethemotaxis response. The hypothesis, however, remains to be
domain. As shown in Fig. 5B, MPA45 displayed a reduceddemonstrated.
chemotaxis response. In contraBt, aeruginosaOPA45 dis- In addition to swimmingP. aeruginosacould move on a
played a similar chemotactic activity as in the parental strainsolid surface by twitching motility via the extension and retrac-
indicating that the defect could be restored by complementingon of type IV pili [12]. Interestingly, thénptBdeletion mutant
with a functionalhptB gene. This result suggests that HptB- MPA45 exhibited a higher level of twitching motility in com-
mediated multi-step phosphorelay has a role in regulating thparison with that of PAO1 (Fig. 6). This indicated that HptB

chemosensory system in PAOL. also plays a role in controlling bacterial twitching motility.
At the top of flagellar hierarchical regulation, alternative  Both expression of flagella and type IV pili appeared to be
sigma factor FliA regulates at least 11 operon®iraerugi- important for biofilm formation inP. aeruginosg17]. Nutri-

nosa[3]. It has been reported that expression of chemosentional factors including casamino acids and glucose have been
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demonstrated to be able to regulate biofilm development in the iated and highly adherent phenotypic variants deficient in swimming,

bacteria [21]. We were also interested in determining whether swarming, and twitching motilities, J. Bacteriol. 184 (2001) 1195-1204.

disruption ofhptBwould affect biofilm-forming activity. In this ~ [6] 4. Ferrandez, A.C. Hawkins, D.T. Summerfield, C.S. Harwood, Clus-
tudv.P. aeruginosatrains PAO1. MPA45 and OPA45 were in- ter Il chegenes fronPseudomonas aeruginoaee required for an optimal

study,F. . 9 . ! A " chemotactic response, J. Bacteriol. 184 (2002) 4374-4383.

oculated into a 96-well tissue culture plate containing different 7] m. Fletcher, The effects of culture concentration and age, time, and tem-

nutritional factors in M9 medium, and biofilm formation was perature on bacterial attachment to polystyrene, Can. J. Microbiol. 23

examined. As shown in Fig. 7, biofilm formation activity was (1977) 1-6.

found to increase in thbptB mutant only when bacteria were [8] J.P. Furste, W. Pansegrau, R. Frank, H. Blocker, P. Scholz, M. Bagdasar-

in M9 di - . id d al ian, E. Lanka, Molecular cloning of the plasmid RP4 primase region in a
grown in medium containing casamino acids and glucose, multi-host-rangdacP expression vector, Gene 48 (1986) 119-131.

suggesting that HptB negatively regulates biofilm formation. It [9] J.A. Hoch, Two-component and phosphorelay signal transduction, Curr.
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changes p eletio utant, the pa ay 1S likely contain recognition specificity for the cognate response regulator, J. Bac-

involved in regulation of flagellar activity, the chemotaxis re- teriol. 185 (2003) 4424—4431.

sponse, twitching motility and biofilm formation in bacteria.  [14] M.D. Parkins, H. Ceri, D.G. StoreyPseudomonas aeruginogaacA,
a factor in multihost virulence, is also essential for biofilm formation, Mol.
Microbiol. 40 (2001) 1215-1226.

[15] V. Rangaswamy, C.L. Bender, Phosphorylation of CorS and CorR, reg-
ulatory proteins that modulate production of phytotoxin coronatine in
We are thankful for the support of the National Science Pseudomonas syringaBEMS Microbiol. Lett. 193 (2000) 13-18.

Council of the Republic of China (NSC92-2311-B009-001) tol16l A- Rodrigue, Y. Quentin, A. Lazdunski, V. Mejean, M. Foglino, Two-

.. . component systems iRseudomonas aeruginas&’hy so many?, Trends
H.L.P. and are also grateful to Dr. Nandini for her critical read- . ool 8 (2000) 498-504.

ing of the manuscript. [17] K. Sauer, M.C. Cullen, A.H. Rickard, L.A. Zeef, D.G. Davies, P. Gilbert,
Characterization of nutrient-induced dispersiorPseudomonas aerugi-

Acknowledgements

nosaPAO1 biofilm, J. Bacteriol. 186 (2004) 7312—7326.
References [18] T. Searls, X. Chen, S. Allen, M.D. Yudkin, Evaluation of the kinetic prop-
erties of the sporulation protein SpollE Bécillus subtilisby inclusion in

[1] M.M. Bradford, A rapid and sensitive method for the quantitation of mi- a model membrane, J. Bacteriol. 186 (2004) 3195-3201.
crogram quantities of protein utilizing the principle of protein—dye bind- [19] R. Simon, J. Quandt, W. Klipp, New derivatives of transposof duitable
ing, Anal. Biochem. 72 (1976) 248-254. for mobilization of replicons, generation of operon fusions and induction

[2] Y.T. Chen, H.Y. Chang, C.L. Lu, H.L. Peng, Evolutionary analysis of of genes in Gram-negative bacteria, Gene 80 (1989) 161-169.
the two-component systems Rseudomonas aerugino$01, J. Mol.  [20] C.B. Whitchurch, A.J. Leech, M.D. Young, D. Kennedy, J.L. Sargent,
Evol. 59 (2004) 725-737. J.J. Bertrand, A.B. Semmler, A.S. Mellick, P.R. Martin, R.A. Alm,

[3] N. Dasgupta, M.C. Wolfgang, A.L. Goodman, S.K. Arora, J. Jyot, M. Hobbs, S.A. Beatson, B. Huang, L. Nguyen, J.C. Commolli, J.N.
S. Lory, R. Ramphal, A four-tiered transcriptional regulatory circuit con- Engel, A. Darzins, J.S. Mattick, Characterization of a complex chemosen-
trols flagellar biogenesis iRseudomonas aeruginaddol. Microbiol. 50 sory signal transduction system which controls twitching motility in
(2003) 809-824. Pseudomonas aerugingsdol. Microbiol. 52 (2004) 873-893.

[4] A. Dazins, ThepilG gene product, required féseudomonas aeruginosa [21] J.W.T. Wimpenny, R. Colasanti, A unifying hypothesis for the structure of
pilus production and twitching motility, is homologous to the enteric, microbial biofilms based on cellular automaton models, FEMS Microbiol.
single-domain response regulator CheY, J. Bacteriol. 175 (1993) 5934—  Ecol. 22 (1997) 1-16.

5944. [22] A.A. Wise, C.W. Prise, Four additional genes in #igB operonof Bacil-

[5] E. Deziel, Y. Comeau, R. Villemur, Initiation of biofilm formation by lus subtilisthat control activity of the general stress fact$t in response

Pseudomonas aerugino&&RP correlates with emergence of hyperpil- to environmental signals, J. Bacteriol. 177 (1995) 123-133.



