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Characterization of the Histidine-containing Phosphotransfer
Protein B-mediated Multistep Phosphorelay System in
Pseudomonas aeruginosa PAO1*□S
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Hsin Chu, Taiwan, Republic of China

Certain bacterial two-component sensor kinases possess a
histidine-containingphosphotransfer (Hpt) domain to carry out
a multistep phosphotransferring reaction to a cognate response
regulator. Pseudomonas aeruginosa PAO1 contains three genes
that encode proteins with an Hpt domain but lack a kinase
domain. To identify the sensor kinase coupled to these Hpt pro-
teins, a phosphorelay profiling assay was performed. Among the
12 recombinant orphan sensor kinases tested, 4 of these sensors
(PA1611, PA1976, PA2824, and RetS) transferred the phospho-
ryl group to HptB (PA3345). The in vivo interaction between
HptB and each of the sensors was also confirmed using the bac-
terial two-hybrid assay. Interestingly, the phosphoryl groups
from these sensors all appeared to be transferred via HptB to
PA3346, a novel phosphatase consisting of an N-terminal
receiver domain and a eukaryotic type Ser/Thr phosphatase
domain, and resulted in a significant increase of its phosphatase
activity. The subsequent reverse transcription-PCR analysis
revealed an operon structure of hptB-PA3346–PA3347, sug-
gesting a coordinate expression of the three genes to carry out a
signal transduction. The possibility was supported by the anal-
ysis showingPA3347 is able to bephosphorylatedonSer-56, and
this phosphoryl group could be removed by PA3346 protein.
Finally, analysis of PA3346 and PA3347 gene knock-out
mutants revealed that these genes are associated with bacterial
swarming activity and biofilm formation. Together, these
results disclose a novel multistep phosphorelay system that is
essential for P. aeruginosa to respond to a wide spectrum of
environmental signals.

Most bacteria possess multiple sets of two-component regu-
latory systems (2CSs),2 which are used for the reception of and

response to environmental challenges (1). Typical 2CSs are
composed of a sensor and a response regulator. The sensor is
normally a transmembrane histidine kinase that detects a spe-
cific environmental stimulus and auto-phosphorylates a con-
served histidine residue within its transmitter domain. The
phosphoryl group is subsequently transferred from the histi-
dine residue to an aspartic acid on the cognate regulator, which
then activates the expression of genes required for countering
the environmental stress. In addition to this basic “His3 Asp”
type of phosphotransfer mechanism, more complex multistep
phosphorelay 2CSs also exist, in which the sensor harbors two
extra domains as follows: a receiver domain containing a phos-
phor-accepting Asp and a Hpt domain. The most well charac-
terized examples of the complex type 2CS are the anaerobic
regulator ArcAB of Escherichia coli (2) and virulence-associ-
ated regulator BvgAS of Bordetella spp. (3). Both are capable of
performing amultistepHis3Asp3His3Asp phosphorelay.
An intermediate group of sensors are known as the hybrid

sensors. The hybrid-type sensors, which contain a kinase and a
receiver domain but lack anHpt domain, are believed to require
another protein to provide the Hpt domain for their signal
transduction (Fig. 1) (4, 5). An example of such a system has
been demonstrated inE. coli, inwhich the hybrid sensor RcsC is
dependent on YojN, an Hpt domain-containing protein, to sig-
nal and activate the response regulator RcsB (5, 6). Another
example was found recently in yeast, in which YPD1, also an
Hpt module protein, could transfer phosphoryl groups from
sensor kinase SLN1 to two downstream response regulatory
proteins, SSK1 and SKN7 (7–9). These findings suggest that
Hpt module-containing proteins function as intermediate
transducers in multistep phosphorelay reactions (5, 10, 11).
Pseudomonas aeruginosa is a Gram-negative pathogen caus-

ing many acute and chronic infections, particularly in hospital-
ized individuals. The bacterium is responsible for the majority
ofmorbidity andmortality in patients afflictedwith cystic fibro-
sis (11, 12). The bacterium is also ubiquitous in the environ-
ment and is well known for its multidrug resistance. The strong
capability of the bacterium to adapt to different environments
might be partly explained by the presence of more than 60 sets
of 2CSs (13, 14). A total of 12 hybrid-type kinases and 3 putative
Hpt-module proteins have been annotated among the large
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number of 2CS proteins (Fig. 1). It is not clear, however,
whether these hybrid sensors can indeed transmit the phospho-
ryl signal to the Hpt proteins. Furthermore, unlike the operon
organization of most of the 2CS genes, the majority of the
hybrid sensor genes does not link to a response regulator-en-
coding gene. Additionally, eight “orphan” response regulator
genes, which do not link to any sensor gene, were also found in
the P. aeruginosa genome (Fig. 1) (13–15). These orphan
response regulators are therefore good candidates for receiving
signals from the Hpt proteins.
We have demonstrated in a previous report that 1 of the 12

hybrid sensors, encoded by PA1611, is capable of transferring a
phosphoryl group to 1 of the 3 Hpt proteins (16). We here
extend the study to identify the multistep phosphorelay path-
ways among these sensor kinases, Hpt proteins, and orphan

response regulators by performing in vitro phosphotransfer
reactions systematically. In addition, we further evaluated the
functional roles of the signaling pathway mediated by HptB.
Our results reveal how these 2CS members are organized into
complex signaling regulatory pathways, allowing P. aeruginosa
to respond to a variety of different environmental signals flexi-
bly and efficiently.

EXPERIMENTAL PROCEDURES

Bacterial Strains, Plasmids, and Growth Conditions—The
bacterial strains and plasmids used in this study are listed in
Table 1. All P. aeruginosa mutants used in this study were
derived from wild type strain PAO1. Both E. coli and P. aerugi-
nosa strains were propagated in Luria-Bertani (LB) broth or on
LB agar at 37 °C. The concentrations of antibiotics used for

TABLE 1
Bacterial strains and plasmids used in this study

Strains or plasmids Descriptions Refs. or source
Strains
E. coli
NovaBlue (DE3) endA1 hsdR17 supE44 thi-1 recA1 gyrA96 relA1 lac �F� proAB lacIqZ�M15Tn10� Novagen
XL-1 Blue MRF� K, �(mcrA) 183��(mcr CB-hsdSMR-mrr) 173 endA1 supE44 thi-1 recA1 gyrA96 relA1

lac (F� proAB lacIq Z �M15 Tn5(Kmr))�
Novagen

P. aeruginosa
PAO1 Nonmucoid wild type strain Laboratory stock
MPA45 PAO1 �hptB 16
MJL46 PAO1 �PA3346 This study
MJL47 PAO1 �PA3347 This study

Plasmids
pET30a-b His tag protein expression vector, Kmr Novagen
pET100 His tag protein expression vector, Apr Invitrogen
pMMB66 Apr; broad-host-range expression vector 42
pEX18Tc Tcr; oriT� sacB�, gene replacement vector 43
pGEX-5X-1 GST tag protein expression vector, Apr Amersham Biosciences
pBT Cmr, p15A origin of replication, lac-UV5 , � cI open reading frame Stratagene
pTRG Tcr, ColE1 origin of replication, lac-UV5 promoter, RNAP� open reading frame Stratagene
pEHptA Kmr; a hptA containing fragment cloned into pET30a 16
pEHptB Kmr; a hptB containing fragment cloned into pET30b 16
pEHptC Kmr; a hptC containing fragment cloned into pET30b 16
pE16HD Kmr; a PA1611HD containing fragment cloned into pET30a 16
pE1243 Apr, a fragment containing residues 456–859 of PA1243 coding region cloned into pET100 This study
pE1396 Apr, a fragment containing residues 172–541 of PA1396 coding region cloned into pET100 This study
pE1976 Apr, a fragment containing residues 460–882 of PA1976 coding region cloned into pET100 This study
pE1992 Apr, a fragment containing residues 160–565 of PA1992 coding region cloned into pET100 This study
pE2177 Apr, a fragment containing residues 310–700 of PA2177 coding region cloned into pET100 This study
pE2583 Apr, a fragment containing residues 589–993 of PA 2583 coding region cloned into pET100 This study
pE2824 Apr, a fragment containing residues 248–787 of PA2824 coding region cloned into pET100 This study
pE3271 Apr, a fragment containing residues 749–1160 of PA3271 coding region cloned into pET100 This study
pE3462 Apr, a fragment containing residues 383–920 of PA3462 coding region cloned into pET100 This study
pE3974 Apr, a fragment containing residues 386–796 of PA3974 coding region cloned into pET100 This study
pE4856 Apr, a fragment containing residues 390–943 of RetS coding region cloned into pET100 This study
pE46R Kmr; a fragment containing the receiver domain of regulator PA3346 from residue 1 to

161 cloned into pET30a
16

pE34 Kmr; the fragment containing the receiver domain of regulator PA0034 from residues 1 to
115 cloned into pET30a

This study

pE1397 Apr, a fragment containing entire PA1397 coding region cloned into pET100 This study
pE2798 Apr, a fragment containing entire PA2798 coding region cloned into pET100 This study
pE3604 Apr, a fragment containing entire PA3604 coding region cloned into pET100 This study
pE3714 Apr, a fragment containing entire PA3714 coding region cloned into pET100 This study
pE4843 Apr, a fragment containing entire PA4843 coding region cloned into pET100 This study
pE5364 Apr, a fragment containing entire PA5364 coding region cloned into pET100 This study
pTRG-1611 Apr, a fragment containing residues 202–652 of PA1611 coding region cloned into pTRG This study
pTRG-1976 Apr, a fragment containing residues 468–882 of PA1976 coding region cloned into pTRG This study
pTRG-2824 Apr, a fragment containing residues 248–787 of PA2824 coding region cloned into pTRG This study
pTRG-RetS Apr, a fragment containing residues 392–859 of RetS coding region cloned into pTRG This study
pBT-HptB Apr, a fragment containing entire HptB coding region cloned into pBT This study
pMMB46 Apr, a fragment containing entire PA3346 coding region fused with a N-terminal His tag

cloned into pMMB66
This study

pMMB47 Apr, a fragment containing entire PA3347 coding region fused with a N-terminal His tag
cloned into pMMB66

This study

pBM2 Apr, a fragment containing entire hptB coding region cloned into pMMB66 16
pGEX47 Apr, a fragment containing entire PA3347 coding region fused with a N-terminal GST tag

cloned into pGEX-5X-1
This study

pE3346 Apr, a fragment containing entire PA3346 coding region cloned into pET100 This study
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selection of recombinant E. coli were 100 �g/ml ampicillin, 25
�g/ml kanamycin, and/or 5 �g/ml tetracycline, whereas 400
�g/ml carbenicillin and/or 50 �g/ml tetracycline were used for
the selection of P. aeruginosa derivatives.
RT-PCR—Total RNA was extracted from mid-log phase P.

aeruginosa PAO1 using the TRI reagent (Molecular Research
Center, Inc., Cincinnati, OH). Contaminating DNA was elimi-
nated from the RNA samples with RNase-free DNase (Pro-
mega). cDNA was reverse-transcribed from RNA using the
SuperScript first-strand synthesis system (Invitrogen) follow-
ing themanufacturer’s recommendations. PCRwas carried out
at 95 °C for 1min, 64 °C for 1min, and 72 °C for 1min per cycle
for 30 cycles, with a final extension at 72 °C for 5 min, and the
reaction products were analyzed on a 2% agarose gel. The prim-
ers used in this study are listed in the supplemental Table S1.
Cloning, Expression, and Purification of His-tagged Proteins—

The recombinant DNA manipulations were carried out essen-
tially as described (17). All restriction endonucleases andDNA-
modifying enzymes were obtained from New England Biolabs
and were used at the conditions suggested by the supplier. To
generate recombinant proteins containing an N-terminal His6
tag, the coding region for each of the desired proteins was first
amplified by PCR, cloned into an expression vector (pET30a or
pET100), and transformed into E. coli Novablue (DE3). The
transformants were inducedwith 0.1mM isopropyl�-D-thioga-
lactopyranoside, collected by centrifugation, resuspended in
lysis buffer (20 mM Tris-HCl, pH 8.0, 1 mM phenylmethylsulfo-
nyl fluoride, and 500 mM NaCl), and disrupted on ice by ultra-
sonication. After centrifugation at 24,000� g for 20min at 4 °C
to remove debris, the clarified cell lysate was loaded onto a
nickel-charged column (Amersham Biosciences) and washed,
and the His6-tagged proteins were then eluted and analyzed by
SDS-PAGE. The compositions of wash and elution buffers, as
well as the chromatography procedure, were essentially as
described by the manufacturer (Amersham Biosciences). The
purified proteins were dialyzed against storage buffer (50 mM
Tris-HCl, pH 8.0, 200 mM KCl, 10 mMMgCl2, 0.1 mM EDTA, 1
mMdithiothreitol, 50% glycerol), and their concentrations were
determined by the Bradford method using a Bio-Rad kit.
In Vitro Phosphorelay Assays—The signal transduction

between the sensors and the Hpt proteins and between the Hpt
proteins and the orphan regulators was tested by in vitro phos-
phorelay assays. The composition of the phosphorelay reaction
was as described previously (16) and contained 100 mM Tris-
HCl, pH 8.0, 50 mMKCl, 5 mMMgCl2, 1 mM dithiothreitol, and
1 �Ci of [�-32P]ATP at a final concentration of 2.5 �M. For
autophosphorylation of the sensor, 1�Mof recombinant sensor
protein was used, and the reaction was performed at 25 °C for
30 min. Phosphorelay from sensors to different Hpt proteins
was performed by adding 1�Mof purifiedHptA,HptB, orHptC
protein to the autokinase reaction mixture. The phosphoryla-
tion of response regulators was performed by incubating the
purified regulator protein of interest (1 �M) in the reaction
buffer with sensor kinase PA2824 and HptB at 25 °C for 30 min
to allow for autophosphorylation of the sensor protein, and
later at 37 °C for 30min to allow for phosphorelay to HptB, and
then finally to the regulator. In the reverse phosphorelay assay,
a 32P-phosphorylatedHptBwas first prepared by using PA1611

sensor kinase as stated above. The sensor protein with no
detectable autokinase activity was then added individually to
the mixtures with excess ATP (0.5 mM) and incubated at 25 °C
for 15 min. All the phosphorelay reactions were terminated by
adding an equal volume of SDS-PAGE loading buffer (50 mM

Tris-Cl, pH 6.8, 100mM dithiothreitol, 2% SDS, 0.1% bromphe-
nol blue, 10% glycerol) and resolved by 15%SDS-PAGE, and the
phosphorylation patternwas visualized by autoradiography. All
phosphorelay assays were performed independently at least
three times.
Bacterial Two-hybrid Assay—DNA fragments encoding

C-terminal cytoplasmic regions of hybrid sensors (PA1611,
PA1976, PA2824, and RetS) and full-length HptB were cloned,
respectively, at the 3� end of genes encoding �-CI repressor
protein domain carried on pTRG vector and �-subunit RNA
polymerase (�-RNAP) domain on pBT vector as described by
the manufacturer (Stratagene). The resulting gene fusion con-
structs, pTRG-1611, pTRG-1976, pTRG-2824, pTRG-RetS,
and pBT-HptB, were confirmed by DNA sequencing. The pos-
itive controls used were pTRG-GAL11P and pBT-LGF2 (Strat-
agene). Derivatives of pTRGandpBTwere co-transformed into
E. coliXL1-BlueMRF� Kan cells and selected on LB plates sup-
plemented with 250 �g/ml carbenicillin, 25 �g/ml chloram-
phenicol, and 50 �g/ml kanamycin. Then single colonies were
patched on X-gal indicator plates (LB-agar plates supple-
mented with 350 �g/ml carbenicillin, 25 �g/ml chloramphen-
icol, 15 �g/ml tetracycline, 50 �g/ml kanamycin, 50 �g/ml
X-gal, 0.2 mM phenylethyl �-D-thiogalactoside, and 20 �M iso-
propyl 1-thio-�-D-galactopyranoside) for 17–24 h at 37 °C.
Phosphorylation and Dephosphorylation of PA3347 Protein

in Vitro—The open reading frame of PA3347 was cloned into
the expression vector pGEX-5X-1 and overexpressed as an
N-terminal glutathione S-transferase (GST) fusion protein.
The recombinant PA3347 protein was purified through a Glu-
tathione-Superflow column under the conditions recom-
mended by the manufacturer (Amersham Biosciences). The
purified fusion protein was analyzed by SDS-PAGE and subse-
quently subjected to the phosphorylation assay. The P. aerugi-
nosa cell lysate used for phosphorylation of the GST-PA3347
protein was prepared from exponentially grown bacteria by
ultrasonication on ice followed by centrifugation at 24,000 � g
for 20min at 4 °C. Approximately 2.4�MpurifiedGST-PA3347
fusion protein was incubated with 10mg of prepared lysate and
0.15 �Ci of [�-32P]ATP at 25 °C for 1 h, precipitated with Glu-
tathione-Superflow beads, and subsequently analyzed by SDS-
PAGE. Protein phosphatase activity of PA3346was determined
by incubation of the purified PA3346 protein with phosphoryl-
ated PA3347 at 37 °C for 30 min. When indicated, 10 units of
calf intestinal alkaline phosphatase (New England Biolabs) or
50 mM EDTA was included in the reaction as a control. All
reactions were terminated by adding an equal volume of SDS-
PAGE loading buffer and analyzed by SDS-PAGE followed by
autoradiography.
Construction of GST-PA3347 Site-specific Mutations—Site-

directed mutagenesis was performed using the Stratagene
QuikChange site-directed mutagenesis kit. Oligonucleotide
primer sequences are provided in the supplemental material.
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In Vitro Phosphatase Activity Assays of PA3346—To detect
phosphatase activity of phosphorylated PA3346, 5 �g of
PA3346 purified from E. coli was preincubated with 1 �g of
sensor (PA2824) and 1 �g of HptB in 50 �l of buffer containing
200 mM Tris-HCl, pH 8.0, 100 mM KCl, 10 mM MgCl2, 1 mM

dithiothreitol, and 2.5 �M ATP for 10 min at 25 °C and then 5
min at 37 °C. The fluorogenic compound 6,8-difluoro-4-
methylumbelliferyl phosphate (DIFMUP) and its dephospho-
rylated standard 6,8-difluoro-4-methylumbelliferyl were pur-
chased from Molecular Probes. For kinetic analysis, the
DIFMUP stock solution was prediluted in reaction buffer and
added to the reaction mixture to initiate the reaction at 25 °C.
Fluorescent excitation of hydrolyzed DIFMUP and the stand-
ard DIFMU were measured at 355 nm, and emission was
detected at 460 nm in a fluorescence plate reader (VITOR3,
PerkinElmer Life Sciences).
Construction of Isogenic Mutants—The allelic exchange

strategy was used to generate gene-specific mutants in P.
aeruginosa. DNA fragments�1 kb in size flanking both sides of
PA3346 and PA3347 were PCR-amplified by specific primer
pairs (supplemental Table S1) and cloned into the suicide vec-

FIGURE 1. Schematic diagram showing the phosphorelay in 2CSs with a
hybrid type sensor. The P. aeruginosa gene index number of the orphan
sensors, Hpt proteins, and response regulators investigated in this study are
listed below the diagram. The underlines indicate the only previously known
coupled sensor kinase and response regulator genes.

FIGURE 2. Transduction of phosphoryl signals from orphan sensors to Hpt proteins. Sensor proteins were individually incubated with [�-32P]ATP either in
the absence (�) or presence (�) of an Hpt protein, resolved by SDS-PAGE, and Coomassie Blue staining (right figure). The phosphorylation profiles of sensors
and target Hpt protein were detected by autoradiography (right figure). The sensor kinases used were PA1611 (A), PA1976 (B), PA2824 (C), PA2177 (D), and
PA2583 (E). The protein bands of the expected size for the sensor kinase tested and HptB protein are indicated by arrowheads.
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tor pEX18Tc. The generated plasmids were mobilized from
E. coli SM10 into P. aeruginosa PAO1 through conjugation.
The tetracycline-resistant transconjugants were selected
positively with 5% sucrose for loss of the vector. PA3346 and
PA3347 deletionmutants were verified by PCR and Southern
blotting analysis (supplemental Fig. S1). Complementation
of the gene defects was performed by cloning DNA frag-
ments comprising either the PA3346 or the PA3347 open
reading frame with an N-terminal His tag sequence into the
shuttle vector pMMB66 to result in pMMB46 and pMMB47,
which were then mobilized into the mutant bacteria by
conjugation.
Bacteria Motility Assays—The plates for the swarming assay

contained M8 medium base supplemented with 0.5% Bacto-
Agar, 0.02% glucose, and 0.5% casamino acids (18). The bacte-
rial strains to be tested were transferred from an overnight cul-

ture plate using a sterile toothpick
and incubation was done at 37 °C
for the swarming assay. The assays
were performed independently at
least three times.
Biofilm Formation Assay—Bio-

film formation was assayed in
96-well polystyrene microtiter
plates. Bacterial strains to be tested
were grown overnight at 37 °C in LB
broth and diluted 1:50 in fresh
media into the 96-well plates the
nextmorning. The plateswere incu-
bated at 37 °C for different times
without shaking. The extent of bio-
film formation was determined by
staining with 1% crystal violet as

described previously (16) and expressed as the absorbance at
595 nm.

RESULTS

Cloning, Expression, and Purification of P. aeruginosa Hybrid
Sensors—As the first step toward elucidating the signaling
pathways exerted by the 12 hybrid-type sensors, we cloned all
the genes encoding these sensors (listed in Fig. 1), overex-
pressed themwith a terminal His6 fusion in E. coli, and purified
the gene products. To eliminate potential insolubility prob-
lems, the N-terminal transmembrane domains of the sensors
were removed. The remaining C-terminal cytoplasmic regions
containing the His-containing transmitter and the Asp-con-
taining receiver domain are predicted to possess auto-phos-
phorylation activity, as well as the ability to transfer the phos-
phoryl group to the corresponding response regulators (19). All
the sensor proteins, with the exception of PA1992, which did
not yield sufficient quantities for subsequent study, could be
purified to apparent homogeneity in soluble form by a single
step affinity chromatography (data not shown).
Sensor Proteins PA1611, PA1976, and PA2824 Phosphorylate

HptB—To identify the relationships between the three Hpt
proteins and the hybrid-type sensor histidine kinases, the phos-
photransfer profiling assay (20) was employed. In the assay, the
purified sensor proteins were incubated with [�-32P]ATP to
assess their autophosphorylation activity, and five of the tested
sensors (PA1611, PA1976, PA2177, PA2583, and PA2824)
showed varying degrees of autophosphorylation (Fig. 2, A–E,
1st lane). The phosphorylated sensor proteins were incubated
with an Hpt protein, and the transfer of the phosphoryl group
was examined by autoradiography (Fig. 2, A–E). The results
showed that sensors PA1611, PA1976, andPA2824 could trans-
fer a phosphoryl group specifically to HptB but not to either
HptA or HptC (Fig. 2,A–C). Both sensors PA2177 and PA2583
were unable to phosphorylate any of the Hpt proteins in vitro
despite their relatively high auto-kinase activity (Fig. 2, D and
E). Sensors were purified and tested in three independent
assays.
RetS (PA4856) Also Interacts with HptB—To investigate

whether any of the sensor proteins incapable of autophospho-
rylation could interact with HptB, a reverse phosphorylation

FIGURE 3. Reverse phosphorylation of sensor proteins with phosphorylated HptB. The sensor kinase
PA1611 was incubated with HptB and with a sensor protein unable to perform autophosphorylation. The
proteins were resolved by SDS-PAGE and subjected to autoradiography (A) and Coomassie Blue staining (B).
The phosphorylated sensors and HptB are marked by filled arrowheads, whereas the position of phosphoryla-
ted RetS is indicated by empty arrowheads.

FIGURE 4. Bacterial two-hybrid analyses of interactions between hybrid
sensors and HptB. E. coli XL1-Blue cells carrying various combinations of
pTRG and pBT-derived plasmids of the two-hybrid systems were propagated
on indicator plates. The plasmids harbored by the testing bacterial strains are
indicated below the plates. T�, pTRG-GAL11p and pBT-LGF2 (positive con-
trol); T�, pTRG and pBT vectors (negative control).
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experiment was performed as described (21, 22). Phosphoryl-
ated HptB, prepared with [�-32P]ATP and sensor PA1611, was
used in this study as the phosphoryl group donor. In five inde-
pendent assays, the appearance of a phosphorylated RetS band
accompanied with a significant reduction of isotope signal of
HptB (Fig. 3) could be detected indicating that, besides PA1611,
PA1976, and PA2824, RetS is another sensor that participates
in HptB-mediated phosphorelay.
PA1611, PA1976, PA2824, and RetS Interact with HptB in

Vivo—To further verify whether the interaction between these
sensors, PA1611, PA1976, PA2824, RetS, and HptB indeed
occurs in vivo, a bacterial two-hybrid assay was performed. The
cytoplasmic domain of the sensors was constructed onto the

target vector pTRG to produce a
recombinant protein fused to the
�-CI domain. The full-length HptB
was cloned at the 3� end of the gene
encoding the �-RNAP domain on
the bait vector pBT to produce an
�-RNAP-HptB fusion protein.
Interaction between the sensor and
HptB fusion proteins would allow
the �-CI to bind to the operator
region and recruit �-RNAP to ini-
tiate transcription of the ampR and
lacZ reporter genes. Fig. 4 shows the
result of such an analysis, where the
strains carrying both plasmids were
grown on X-gal indicator plates
supplemented with carbenicillin.
All tested hybrid sensors (PA1611,
PA1976, PA2824, and RetS) were

able to interact with HptB as reflected by the significant growth
of the bacterial strains. No interaction was detected either
between the sensor fusion proteins and �-CI without fused
HptB or between HptB fusion and �-RNAP. Together, these
results strongly suggest that sensors PA1611, PA1976, PA2824,
and RetS interact with HptB via their cytoplasmic domains and
are able to transfer the phosphoryl group to HptB.
PA3346 Is the Only Orphan Response Regulator Trans-phos-

phorylated by HptB—We have previously shown that HptB
(PA3345) could relay the phosphoryl signal to a response regu-
lator (PA3346) (16). In addition to PA3346, there are seven
response regulator-encoding genes in the P. aeruginosa PAO1
genome that do not physically link to a sensor gene and are
considered “orphans” (Fig. 1). Although the response regulator
PA1397 has not been classified as an orphan, it was of particular
interest to this study because it resides next to the gene encod-
ing hybrid sensor PA1396 and may be a target of HptB. To
explore whether any of these response regulators could serve as
a downstream target of HptB, these response regulators were
first synthesized in E. coli using standard recombinant DNA
techniques and used in the phosphorelay assay. With the only
exception of PA4781, the other seven response regulators
(PA0034, PA2798, PA3604, PA3714, PA4843, PA5364, and
PA1397) could be successfully overexpressed and purified to
homogeneity in soluble form using nickel chelate affinity chro-
matography (supplemental Fig. S2). The phosphorylation pat-
tern of the seven response regulators was then determined in
three independent assays by co-incubationwith PA2824 sensor
kinase andHptB. As shown in Fig. 5A, PA3346 could efficiently
receive the phosphoryl signal relayed fromPA2824 toHptB. All
other tested response regulators were unable to receive the
phosphoryl group from HptB (Fig. 5B).
PA3347, PA3346, and hptB Are Organized as an Operon—

Bioinformatic analysis of the P. aeruginosa PAO1 genome has
revealed that hptB (PA3345), PA3346, and PA3347 are closely
clustered together with an intergenic distance of 66 and 1 bp,
respectively. In addition, all three genes are transcribed in the
same direction starting at PA3347 and proceeding through
hptB, suggesting that they are organized as an operon and

FIGURE 5. Identification of orphan response regulators targeted by HptB. A, reconstitution of PA2824-
HptB-PA3346 phosphorelay in vitro. The reactions were analyzed by SDS-PAGE and subjected to autoradiog-
raphy. The plus and minus signs indicate the presence or absence of PA2824, HptB, and PA3346 in the in vitro
phosphorelay assay. B, capability of orphan response regulators for receiving phosphoryl signals from HptB.
Phosphorylated HptB was used as the phosphoryl group donor in the in vitro phosphorelay assay, and the
proteins were resolved by SDS-PAGE and subjected to autoradiography. The P. aeruginosa gene name or index
numbers are indicated for each orphan response regulator. The sensor protein used to initiate phosphorelay
was PA2824.

FIGURE 6. PA3347, PA3346, and hptB are organized as an operon. A, gene
map of the hptB gene cluster. The thick arrows denote open reading frames.
Lines between closed circles below the arrows indicate the intergenic regions
amplified by PCR with the indicated primer pairs. B, RT-PCR analysis of the
intergenic regions in the hptB gene cluster. PCR products were resolved on a
2% agarose gel. The amplified products from primer sets H1, H2, and H3 are
shown in lanes 1–3 (695 bp), lanes 4 – 6 (146 bp), and lanes 7–9 (344 bp),
respectively. Lanes 1, 4, and 7 represent the PCR products from genomic DNA
template as positive controls. Lanes 2, 5, and 8 represent the PCR products
using cellular RNA without reverse transcription as negative controls. Lanes 3,
6, and 9 show the PCR products amplified from randomly primed cDNA of P.
aeruginosa. The sizes of the DNA markers are indicated at left. The arrowheads
indicate the PCR products of the predicted size.
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responsible for the same functional task. To determinewhether
these genes are indeed transcribed in the same unit, an RT-PCR
experiment was performed. PCR products of 146 and 344 bp in
length, comprising the intergenic region ofhptB-PA3346 and of
PA3346–PA3347, respectively, can be clearly observed in Fig. 6.
The same primer sets were unable to generate any PCR product
with the same RNA template without reverse transcription.
Similarly, no RT-PCR product was found when the primer pair
designed to amplify the intergenic region between PA3347 and
PA3348 was used. Our results thus confirmed that PA3347,

PA3346, and hptB, but not PA3348,
are indeed organized as an operon.
PA3347 Is Phosphorylated Both

in Vivo and in Vitro—The res-
ponse regulator PA3346 encodes a
protein of 571 amino acids with
two notable features: an N-termi-
nal phosphoryl signal receiver
domain and a protein phosphatase
2C (PP2C)-like domain. The PP2C
domain shares 21% sequence sim-
ilarity with the phosphatase
domain of RsbU in Bacillus subti-
lis (Fig. 7A) (23). PA3346 has two
conserved amino acid clusters,
which are thought to be required
for the function of both prokary-
otic and eukaryotic PP2C mem-
bers, such as RsbU, SpoIIE, and
RsbX in B. subtilis and TPD1 and
PTC1 in yeast (24) (Fig. 7A). RsbU
is an important stress regulator
and is known to exert its function
through modulation of the phos-
phorylation of RsbV, a � factor
antagonist (23, 25). Interestingly,
PA3347 also contains a � factor
antagonist domain (Fig. 7B). The
alignment of the amino acid
sequences of PA3347 and other �
factor antagonists, RsbV, RsbS,
and SpoIIAA, has revealed an
overall 16% sequence identity
among these proteins. A serine
residue known to be essential for
the regulation of RsbV and SpoIIA
activity (26, 27) was also found to
be conserved in PA3347 at amino
acid position 56 (Fig. 7B). In anal-
ogy to the relationship between
SpoIIAA and SpoIIAB and
between RsbU and RsbV, we pre-
dict that PA3346 may regulate
PA3347 through dephosphorylation.
To investigate whether PA3347 is

indeed phosphorylated in vivo,
recombinant His6-PA3347 was syn-
thesized in P. aeruginosa PAO1 and

purified by using a nickel-charged column. The eluted sample
was further resolved by SDS-PAGE, and the protein band was
excised and subjected to proteolytic digestion with trypsin, fol-
lowed by matrix-assisted laser desorption ionization time-of-
flight (MALDI-TOF) mass spectroscopy analysis. Analysis of
the mass spectrometry spectrum revealed two major peaks of
1850.994 and 1930.963 Da in mass, which are consistent with
those predicted for the unphosphorylated and phosphorylated
Ser-56-containing peptides (NATYLDSSALGMLLLLR),
1849.997 and 1929.963Da, respectively (Fig. 8A). The phospho-

FIGURE 7. Multiple sequence alignment of P. aeruginosa PA3346 and PA3347. A, sequence of the
PA3346 phosphatase domain compared with other PP2C proteins in B. subtilis using RPSBLAST. PP2C
domains are denoted by black boxes. Two conserved phosphatase motifs are denoted by Box 1 and Box 2.
B, sequence alignment of P. aeruginosa PA3347 with various anti-� antagonists of B. subtilis. Conserved
residues are shaded in black and identical residues are shaded in gray. The conserved Ser-56 residue
subject to phosphorylation regulation is marked by an asterisk. The GenBankTM accession numbers for
each of the protein sequences are as follows: SpoIIE, U26835; RsbU, L35574; RsbX, M34995; SpoAA,
AAA22789.1; RsbV, L35574; RsbS, L35574.
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rylated Ser-56-containing peptide
peak, however, was not observed in
PA3347 synthesized in E. coli (sup-
plemental Fig. S3).
More direct evidence indicating

that PA3347 is phosphorylated in P.
aeruginosa came from three inde-
pendent in vitro phosphorylation
assays. As the identity of the kinase
responsible for PA3347 phosphoryla-
tion remains elusive, whole P. aerugi-
nosa cell extract, which should pro-
vide the required kinase activity for
PA3347phosphorylation,was used in
this assay with [�-32P]ATP and GST-
PA3347 purified from E. coli. Phos-
phorylation of GST-PA3347 could be
clearly observed after incubationwith
the cell lysate (Fig. 8B, lane 2). No
auto-phosphorylation activity was
observed for PA3347 (Fig. 8B, lane 1).
Ser-56 Is the Only Phosphoryla-

tion Residue of PA3347—Because
mass spectrometry analysis indi-
cated that Ser-56-containing pep-
tides were phosphorylated, the two
serine residues in the peptide,
Ser-56 and Ser-57, were individually
substituted with alanine in PA3347.
In the phosphorylation experiment,
no radioactive signal was detected
on PA3347-S56A, whereas phos-
phorylation of PA3347-S57A could
be clearly observed (Fig. 8B) that
was even stronger than thewild type
protein. These results suggest that
the conserved Ser-56 residue is sub-
ject to phosphorylation regulation.
PA3346 Encodes a Novel Ser/Thr

Phosphatase for PA3347 Protein—
The next question was whether
PA3346 could serve as a functional
phosphatase for PA3347. The
recombinant GST-PA3347 was first
phosphorylated using [�-32P]ATP,
and whole P. aeruginosa cell lysate,
purified on glutathione-Sepharose,
was then used as the substrate for
testing phosphatase activity of
recombinant full-length PA3346.
As shown in Fig. 8, C and D, the
degree of phosphorylation of
PA3347 showed a considerable
inverse correlation with the input
amounts of PA3346, indicating that
PA3347 is indeed a target of PA3346
phosphatase activity. Because
PA3347 is phosphorylated only on

FIGURE 8. PA3347 is subject to phosphorylation and can be dephosphorylated by PA3346. A, MALDI-TOF
mass spectrum of tryptic fragments of PA3347 purified from P. aeruginosa. SP denotes the Ser-56-containing
peptide, NATYLDSSALGMLLLLR. Modifications of the peptide are shown as M, oxidation; Y, phosphorylation.
The observed m/z values and the peak assignments are also indicated. Calculated monoisotopic masses of
peptide with or without modifications were as follows: SP, 1849.9971; SP�M, 1865.9920; SP�Y, 1929.9634;
SP�M�Y, 1945.9584. B, in vitro phosphorylation of purified PA3347. Purified wild type (WT), S56A, or S57A
GST-PA3347 protein was incubated for 1 h with [�-32P]ATP in the absence (lane 1) or presence (lanes 2– 4) of
total P. aeruginosa cell lysate. GST-PA3347 was pulled down with Glutathione-Superflow beads and analyzed
by SDS-PAGE (right), followed by autoradiography (left). C, dephosphorylation of GST-PA3347 by purified
PA3346. GST-PA3347 was phosphorylated with [�-32P]ATP by P. aeruginosa cell extract, precipitated with Glu-
tathione-Superflow beads, and incubated with 0, 5, 10, or 20 �g of purified PA3346, 50 mM EDTA, or calf
intestinal alkaline phosphatase (CIP), respectively. Top, autoradiogram; bottom, Coomassie Blue-stained SDS-
polyacrylamide gel. D, extent of dephosphorylation relative to the untreated sample was measured using the
image analysis software TotalLab version 1.00 and plotted.
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Ser-56, the result is consistent with the bioinformatics finding
that PA3346 is a Ser/Thr phosphatase. The phosphatase activ-
ity of PA3346 was partially inhibited by the presence of EDTA
(Fig. 8, C andD), a known inhibitor of protein phosphatases 2B
and 2C (28, 29). The results suggest that a divalent cation is
required in the reaction catalyzed by PA3346. Calf intestine
alkaline phosphatase was unable to dephosphorylate PA3347
(Fig. 8, C and D).
Phosphorylation of PA3346 Enhances Its Phosphatase

Activity—Because PA3346 is a response regulator with a func-
tional phosphatase domain,we testwhether phosphorylation of
PA3346 in its receiver domain would affect its phosphatase
activity. The phosphatase activity of PA3346 was determined

using the synthetic substrate DiFMUP, which has been used for
the measurement of the activity of several Ser/Thr phospha-
tases (30, 31). The Km and Vmax values of PA3346 in utilizing
DiFMUP as the substrate were found to be 176.33 	 14.61 �M
and 3.18	 0.31�Mmin�1 mg�1, respectively. PA3346 purified
from E. coli exhibited a weak phosphatase activity, but the
activity increased by 3-fold when the protein was subject to
phosphorylation by incubating with ATP, sensor PA2824 and
HptB (Fig. 9). The result therefore indicates that phosphoryla-
ted PA3346 is the active form of the enzyme.
HptB-mediated Signaling PathwayControls SwarmingActiv-

ity in P. aeruginosa PAO1—We have previously shown that
HptB is involved in several biological properties of P. aerugi-
nosa, including swarming activity and biofilm formation (16).
To further elucidate the functional roles of PA3346 and
PA3347, deletionmutants at these two loci were generated, and
their behaviors were evaluated. Analysis of swarming ability
revealed that the PA3346 and PA3347 mutant, designated
MJL46 andMJL47, respectively, significantly exceeded the wild
type strain, whereas swarming inMPA45was severely defective
(Fig. 10A). The swarming phenotypes of MJL46, MJL47, and
MPA45 could be restored by complementation with a plasmid
expressing a functional PA3346, PA3347, and hptB gene,
respectively (Fig. 10A). In the complementationwith a plasmid-
borne PA3347 gene, the swarming ability of MJL47 was even
decreased.
PA3346 Affects Biofilm Formation in P. aeruginosa—In addi-

tion to motility, the kinetics of biofilm formation in these
mutants was also examined (Fig. 10B). The biofilm-forming
activity ofMJL47was indistinguishable from that of PAO1with
the amount of total biofilm formed reaching its highest point at
�8 h. On the other hand, it took 10 h for MJL46 to accumulate
biofilm to the highest level. Unlike MJL46, the hptB mutant

MPA45 synthesized and disinte-
grated biofilm at a faster rate than
the wild type strain (Fig. 10B). The
biofilm formation in MJL46
[pMMB46] was the same as PAO1.
However, the complementary
strains MPA45 [pBM2] and MJL47
[pMMB47] exhibited a lower bio-
film-forming activity than that of
the wild type strain (Fig. 10B). The
growth rates of thesemutant strains
in LB broth were essentially the
same (data not shown) and thus
apparently did not contribute to the
difference in the biofilm forming
activity.

DISCUSSION

Based on the analysis of phos-
phorelay among 12 hybrid sensors,
3 Hpt proteins and 9 orphan
response regulators, we have estab-
lished a novel signaling network in
P. aeruginosa PAO1. Unlike con-
ventional 2CS in which signal trans-

FIGURE 9. Activation of PA3346 phosphatase activity by phosphoryla-
tion. Phosphatase activity was monitored by measuring fluorescence at indi-
cated times in a fluorescence microplate reader. Œ, PA3346 directly purified
from E. coli; F, PA3346 previously phosphorylated by 1 �g of PA2824 and 1
�g of HptB; E, 1 �g of PA2824; �, 1 �g of HptB; ‚, blank.

FIGURE 10. Phenotypic characterization of mutants defective in hptB, PA3346, or PA3347. A, motility of P.
aeruginosa PAO1, MPA45, MJL46, MJL47, and the complemented strains on a swarming plate. B, biofilm for-
mation was evaluated by crystal violet staining and expressed as OD595. The average zone expansion from
three independent experiments is displayed. *, statistically significant difference from the wild type (p 
 0.005).
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duction from a sensor to a paired response regulator is a com-
mon feature, the signaling network elucidated in this study
consists of multiple hybrid sensors (PA1611, PA1976, PA2824,
and RetS), a single Hpt protein (HptB), and a single response
regulator (PA3346) (Fig. 11). Such a signal convergent network
reflects how P. aeruginosa could counter a wide range of envi-
ronmental stresses by evolving a large number of sensor pro-
teins while maintaining a small set of mediator proteins (HptB)
to perform the essential responses, such as increasing swarming
to move away from an unfavorable environment or providing
sufficient phenotypic plasticity to cause infections.
Trans-phosphorylation between noncognate 2CS pairs has

been reported for organisms other than P. aeruginosa. For
example, inCaulobacter crescentus, an Hptmodule-containing
proteinwas identified as a functional phosphotransferase and is
known to be activated by three different hybrid sensors. This
pathway finally activates the response regulator, TacA, which
plays a key role in bacterial morphogenesis (21). Similar to C.
crescentus, P. aeruginosa also utilizes an Hpt protein as the
mediator to integrate signals transmitted frommultiple sensors
prior to relaying to a single response regulator, PA3346,
whereby this pathway appears to have substantial influence
over reactions to different environmental stimuli. Both of the
systems support the idea that cross-talk in bacterial signal
transduction takes place. It is of interest to note that, in the
absence of HptB, a slight phosphorylation could be detected in
PA3346 co-incubated with PA2824 (Fig. 5A) suggesting certain
some hybrid kinasemay also interact with regulators independ-
ent of HptB. Nevertheless, the impact of such cross-talk is likely
to be small, because of the relatively weak reaction compared
with that mediated by HptB.

Although all recombinant sen-
sors in this study contain a seem-
ingly similar domain organization, it
is not clear why only five of the sen-
sor proteins exhibited autokinase
activity. One possible explanation is
that the receiver domain in some
hybrid sensors is auto-inhibitory for
the kinase activity, as demonstrated
previously in Agrobacterium tume-
faciens VirA (32). Nevertheless, by
taking advantage of the reversibility
of phosphotransfer between HptB
and sensor kinases, an additional
sensor protein that interacts with
HptB was identified. This finding
also implies that Hpt proteins may
relay signals between sensor kinases
to initiate new signaling processes.
The extent of the reverse phospho-
rylation in vivo is not clear, but it is
likely to be low because other fac-
tors, such as spatial and temporal
patterns of protein synthesis, may
restrict the chance of interaction.
The importance of the eukaryotic

type Ser/Thr kinases and phospha-
tases in prokaryotic signal transduction has become an inter-
esting issue since their first discovery in Myxococcus xanthus
(33). Bacterial homologues of protein phosphatases have been
described to be necessary for cellular functions such as growth,
differentiation, and virulence (28, 29), although information
concerning their endogenous substrates and activating signals
has been limited, particularly in Gram-negative bacteria. Pro-
teins with a PP2C domain are known to play an important role
in response to environmental stresses or energy starvation in
Gram-positive bacteria (23, 26). According to the current
model of �B regulation in B. subtilis, a PP2C phosphatase trig-
gers the dephosphorylation of an anti-� antagonist, which in
turn binds to an anti-� factor to result in the release of �B, and
eventually leads to transcription initiation of the target regulon
(25, 34). We hypothesize that a similar model could be applied
to the HptB-PA3346-PA3347 signaling system, in which
PA3347 phosphorylation, controlled by PA3346 phosphatase
activity and a yet to be identified protein kinase, affects the
anti-� binding activity of PA3347 and consequently modulates
the expression of downstream target genes. The protein phos-
phatase identified in P. aeruginosa so far are Stp1 and PppA (35,
36), which share weak homology with PA3346. In addition, no
investigation of anti-� antagonists in Gram-negative bacteria
has been reported (34, 37). Therefore, this work creates a new
direction for the study of this interesting type of regulatory
system in Gram-negative bacteria.
Functional studies of the isogenic mutants relating to the

HptB-mediated signal transduction indicate that this path-
way is involved in regulation of swarming activity and bio-
film formation. The mutants investigated in this study dis-
played quite distinct swarming phenotypes. The swarming

FIGURE 11. A hypothetical scheme for the HptB-mediated phosphorelay system. Upon activation by envi-
ronmental stress, sensor kinases PA1611, PA1976, PA2824, and RetS autophosphorylate and transfer a phos-
phoryl group specifically to HptB, which in turn relays the signal to response regulator PA3346. The phospho-
rylation regulates the Ser/Thr phosphatase activity of PA3346, resulting in increasing its phosphatase activity
and dephosphorylation of PA3347. PA3347 is previously phosphorylated at Ser-56 by an unknown kinase, and
the phosphorylation may modulate the binding activity of PA3347 by which it releases an anti-� factor (an
unknown factor X) and leads to the expression of genes associated with swarming activity and biofilm
formation.
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motility is totally abolished in the hptBmutant, although the
activity is enhanced in the PA3346 and PA3347mutants. The
different phenotypes exhibited by the mutants strongly
imply that additional regulatory components also partici-
pate in this pathway. In our hypothesis, unphosphorylated
PA3347 could bind and regulate the function of an unknown
anti-� factor that regulates the swarming phenotype.
Because in the gene knock-out mutant MJL47 the anti-�
factor is able to activate gene expression without inhibitory
control, the mutant performs the same phenotype as the
phosphatase mutant, MJL46, increasing the swarming activ-
ity. However, in our model, we cannot explain the decrease
of swarming activity in the hptBmutant. HptB may be capa-
ble of regulating a response regulator, which is not included
in this study and remains to be discovered.
Until now, the functions of only a few hybrid sensors in P.

aeruginosa have been identified. One example is PA4856,
which encodes RetS (RtsM) (38, 39). RetS has been shown to
be a crucial sensor required for controlling pleiotropic phe-
notypes such as the expression of the type III secretion sys-
tem (40) and the inhibition of biofilm development and
exopolysaccharide production (38, 39). Similarly, sensor
PA2824 was also found to be a negative regulator of biofilm
formation (38). Although previous studies have shown RetS
signals through the GacS/GacA/RsmZ global regulatory
pathway, the missing link between sensor RetS and its direct
regulatory factor has not been found. Our data indicate that
PA2824 and RetS are capable of phosphorylating HptB, sug-
gesting that these two sensors exert their function through
the HptB-PA3346-PA3347 signaling pathway. On the other
hand, the hybrid sensor LadS (PA3974) is known to play a
counter-regulatory role against RetS (38, 41). LadS was
unable to phosphorylate HptB, suggesting that it carries out
the regulation through a pathway distinct from HptB-medi-
ated signal transduction.
This study has established a significantly expanded picture of

the HptB-mediated signaling pathway, which controls swarm-
ing activity and biofilm development in P. aeruginosa (Fig. 11).
Nevertheless, our understanding of the phosphorelay system is
far from complete. First, several key elements in the pathways
remain to be identified and characterized, including the envi-
ronmental signals detected by the HptB-regulating sensors, the
kinase responsible for phosphorylation of PA3347, the anti-�
factor that interacts with PA3347, and the downstream tar-
get genes regulated by the pathway. Second, the mechanism
by which HptB integrates multiple signals and relays an ade-
quate signal to downstream effectors will also need to be
determined. Finally, a detailed molecular mechanism on
how phosphorylation would affect the protein activity
requires further investigation.
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