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We have previously described a Pseudomonas aeruginosa gene, ptxR, which enhances exotoxin A production
at the transcriptional level. We have also described another gene, ptxS, which is transcribed divergently from
ptxR and interferes with the enhancement of exotoxin A synthesis by ptxR. However, the mechanisms through
which ptxR and/or ptxS are regulated is not known. In this study, we attempted (by using the DNA gel shift
assay) to determine if P. aeruginosa contains a potential regulatory protein that binds specifically to the ptxR
or ptxS upstream region. In the initial analysis, different-sized gel shift bands were detected when a probe
containing the ptxR-ptxS intergenic region was incubated with the lysate of P. aeruginosa PAO1. The strongest
binding activity was detected with a smaller fragment that represents the ptxS upstream region. Additional
deletion analysis localized the binding to a 52-bp fragment immediately upstream of ptxS. The gel shift band
was not detected when the 52-bp fragment was incubated with the lysate of the ptxS isogenic mutant
PAO1::ptxS. However, the binding band was regenerated when a plasmid carrying ptxS intact was introduced
into PAO1::ptxS. In addition, the gel shift band was detected when the 52-bp fragment was incubated with a
lysate of Escherichia coli in which ptxS was overexpressed from the T7 promoter. The effect of PtxS on ptxS
expression was examined by using a ptxS-lacZ fusion plasmid. The level of b-galactosidase activity produced by
PAO1::ptxS carrying the fusion plasmid was four- to fivefold higher than that produced by PAO1 carrying the
same plasmid. Using DNase I footprinting analysis, the binding region was specified to a 20-bp fragment.
Within the fragment, a 14-bp palindromic sequence exists that may function as a PtxS binding site. These results
suggest that PtxS autoregulates its synthesis by binding to a specific sequence within the ptxS upstream region.

Pseudomonas aeruginosa is a gram-negative pathogen that
causes a variety of infections, including wound infections, nos-
ocomial infections, and lung infections in cystic fibrosis pa-
tients (3, 34). The ability of P. aeruginosa to cause these infec-
tions is due to the production of several extracellular virulence
factors (35). Among these different virulence factors, exotoxin
A is considered the most toxic. Exotoxin A is an ADP-ribosyl-
transferase enzyme that catalyzes the transfer of the ADP-
ribosyl moiety of NAD1 onto elongation factor 2 of eukaryotic
cells, causing cessation of the protein synthesis process and
subsequent cell death (12). In vitro production of exotoxin A
by P. aeruginosa is controlled by different environmental fac-
tors. These factors include the level of iron in the growth
medium, the growth temperature, and the presence of certain
amino acids and nucleotides in the growth medium (2, 13).

Exotoxin A production by P. aeruginosa is a complicated
process that involves several positive and negative regulatory
genes (7, 19, 31, 33). One of the most extensively analyzed of
these genes is regA, which is required for maximum production
of exotoxin A by P. aeruginosa (33). A P. aeruginosa mutant
defective in regA produces neither regA nor toxA mRNA (24,
33). The regA gene, which codes for a 28-kDa protein, en-
hances exotoxin A production at the transcriptional level (33).
We have previously described another toxA regulatory gene,
ptxR (9). The presence of a plasmid carrying ptxR in P. aerugi-
nosa enhances exotoxin A production four- to fivefold (9). The
ptxR gene encodes a 34-kDa protein that belongs to the LysR
family of transcriptional activators and enhances toxA tran-

scription through regA (9). However, the exact mechanism of
this regulation is still unknown. In addition to exotoxin A, ptxR
positively regulates the production of the P. aeruginosa sid-
erophores pyochelin and pyoverdine (6). However, the mech-
anism of this regulation appears to be different from that of
exotoxin A. Although ptxR enhances exotoxin A production in
P. aeruginosa, it does not interfere with the negative regulation
of exotoxin A synthesis by iron (9). In contrast, siderophore
production in P. aeruginosa carrying a ptxR plasmid is deregu-
lated with respect to iron (6).

We have recently described another toxA regulatory gene,
ptxS, which interferes with the effect of ptxR on toxA transcrip-
tion (6). The product of ptxS, PtxS, is a 37-kDa protein which
belongs to the GalR family of transcriptional repressors (6).
Although the exact mechanism of PtxS function is not known,
available evidence suggests that ptxS negatively regulates the
transcription of ptxR (6). The ptxS gene, which is located 59 of
ptxR, is transcribed in the opposite orientation of ptxR (6).
Between the ptxR and ptxS translational start codons is a
562-bp intergenic region (6). Despite the analysis of ptxR and
ptxS functions, the mechanisms through which these genes are
regulated are unknown. In this study, we attempted to deter-
mine if P. aeruginosa contains a protein that specifically binds
to either the ptxR or the ptxS upstream region (a potential
DNA binding regulatory protein). Our results showed that
PtxS negatively autoregulates its own synthesis by binding spe-
cifically to the ptxS upstream region.

MATERIALS AND METHODS

Bacterial strains, plasmids, media, and growth conditions. The bacterial
strains and plasmids used in this study are listed in Table 1. Escherichia coli
strains were grown in Luria-Bertani medium (1% Bacto Tryptone [Difco Labo-
ratories, Detroit, Mich.], 0.5% yeast extract, 1% NaCl). For binding experiments,
P. aeruginosa was grown in Chelex-treated Trypticase soy broth dialysate (BBL
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Microbiology Systems, Cockeysville, Md.) to which 1% glycerol and 0.05 M
monosodium glutamate were added (TSB-DC) (17). Cultures were grown at
37°C with vigorous aeration. Antibiotics were used at the following concentra-
tions: ampicillin, 75 mg/ml (E. coli); carbenicillin, 100 (E. coli) or 300 (P. aerugi-
nosa) mg/ml; rifampin, 80 mg/ml (P. aeruginosa).

Preparation of cell extracts. P. aeruginosa PAO1 was grown in 100 ml of
TSB-DC at 30°C for 14 h. The cells were harvested, resuspended in 10 ml of
distilled water (103 concentration), and lysed by being passed twice through a
French pressure cell at 1,000 lb/in2 (American Instrument Company, Silver
Spring, Md.). Lysed cells were centrifuged at 240 3 g, and the supernatant
fraction (which represents the cell lysate) was isolated and divided into several
aliquots. The amount of protein in each sample was determined by the method
of Lowry et al. (14).

Gel shift assay. DNA fragments containing different segments of the ptxS
upstream region were obtained by either restriction digestions or PCR (32). The
fragments were labeled with [g-32P]ATP (Amersham, Arlington Heights, Ill.) by
the end-labeling technique using T4 polynucleotide kinase (1). The binding
experiments were performed as previously described (1). The binding reaction
mixture (20-ml total volume) contained DNA binding buffer (10 mM Tris-HCl
[pH 7.4], 1 mM EDTA, 10 mM KCl, 0.1 mM dithiothreitol, 5% glycerol, 50 mg
of bovine serum albumin per ml), 1 mg of poly(dI-dC) (Boehringer Mannheim,
Indianapolis, Ind.) per ml (for nonspecific binding), and 25 to 50 mg of the 103
PAO1 lysate. Approximately 107 cpm of radiolabeled DNA probe was added,
and the reaction mixture was incubated at 30°C for 30 min. Approximately 3 ml
of the tracking dye (50% sucrose, 0.6% bromphenol blue) was added to the
reaction mixture, and it was loaded onto an 8% polyacrylamide gel in 13
Tris-borate-EDTA buffer (1). The gel was electrophoresed at 180 V for 2.5 h.
The gels were dried and exposed to X-ray film.

DNase I footprint analysis. The 103-bp fragment which corresponds to the
ptxS upstream region was synthesized by PCR. The fragment was end labeled by
using T4 polynucleotide kinase (1). One label was then removed by using the
KpnI restriction enzyme. The singly labeled DNA fragment was incubated with
5 to 25 mg of the partially purified protein by using a reaction mixture identical
to that described above for the gel shift assay. After 30 min of incubation at 30°C,
the reaction mixture was manipulated as listed in the manufacturer’s instructions
(Core Footprinting System; Promega, Madison, Wis.). Fifty microliters of a
Ca21-Mg21 solution was added, and the mixture was incubated for 1 min at room
temperature; approximately 3.5 3 1022 U of DNase I was added, and the
mixture was incubated for 1 min at room temperature; and the reaction was
stopped by the addition of 75 ml of the Stop Solution supplied in the footprinting
kit. The reaction was phenol extracted and precipitated in ethanol. The DNA was
resuspended in loading buffer and separated on a 10% sequencing gel.

Construction of pBS8-4. The 740-bp BamHI/ScaI fragment containing 726 bp
of the ptxS upstream region and 14 bp of the ptxS structural gene was isolated
from pJAC13 (6). The 39 and 59 ends were converted to blunt ends, and the
fragment was cloned into the SmaI site of pUC18. The ptxS upstream region was
then isolated from the resulting recombinant plasmid as a BamHI/EcoRI frag-
ment. The 59 ends were converted to blunt ends, and the fragment was cloned in
the SmaI site of the lacZ translational fusion vector pSW205 (23). Through these
different manipulations, a 7-bp pUC18 sequence was added to the 14 bp of the
ptxS structural gene. Nucleotide sequence analysis was performed to confirm the
construction of pBS8-4.

Enzyme assay. Levels of b-galactosidase activity were determined as previ-
ously described (16). A 1-ml pellet was washed and resuspended in 100 ml of
distilled water, and the membranes were disrupted by sonication. Statistical
analysis was done by the paired t test (22) using the computer program InStat
2.01 (GraphPad Software, San Diego, Calif.).

Expression experiments. PtxS was overproduced in E. coli K38 by using the T7
expression system as previously described (6, 26).

RESULTS

Identification of the potential DNA binding protein. Despite
our previous analysis of the P. aeruginosa ptxR gene, its effect
on the expression of the toxA and regA genes, and the interac-
tion between the ptxR and ptxS genes, we still do not know the
factors or the specific conditions that regulate the expression of
either gene. One possible mechanism for such regulation is
through transcriptional factors (positive or negative) that spe-
cifically bind to the upstream region of ptxR, ptxS, or both.
Computer analysis revealed that the ptxR and ptxS upstream
regions contain specific sequences that may represent binding
sites for regulatory proteins (6). Therefore, we have utilized
the DNA gel shift assay to determine if P. aeruginosa contains
a protein(s) that specifically binds to the ptxS or ptxR upstream
region. The source of the putative protein was the lysate of P.
aeruginosa PAO1 (both ptxR and ptxS were originally isolated
from PAO1) that was grown in an iron-deficient medium
(TSB-DC). The probe for initial gel shift experiments was the
740-bp BamHI-KpnI fragment containing 553 bp of the ptxR-
ptxS intergenic region (ptxR and ptxS are divergently tran-
scribed) (6) and 167 bp of the ptxR structural gene (Fig. 1).
Two gel shift bands were detected when the P. aeruginosa
lysate was incubated with the 740-bp fragment (data not
shown). Since this intergenic fragment contains both the ptxS
and ptxR upstream regions, we attempted to assign the ob-
served binding to either the ptxR or the ptxS upstream region
by dividing the fragment. The 740-bp fragment was divided
into three smaller fragments by using available restriction sites:
a 257-bp BamHI-DpnI fragment containing the putative up-
stream region of ptxR and a portion of its open reading frame,
a 157-bp DpnI-DpnI intergenic fragment, and a 304-bp DpnI-
KpnI fragment containing the putative upstream region of ptxS
(Fig. 1). Two gel shift bands with strong intensity were detected
when the 304-bp probe was incubated with the PAO1 lysate
(25). A fainter gel shift band was detected when the 157-bp
probe was incubated with the PAO1 lysate (25). Since the
binding to the 304-bp probe was consistently detected and
remained very intense, further experiments were conducted
focusing on the localization and purification of the potential
DNA binding protein(s). Additional subcloning and gel shift
experiments further found that the binding activity could be
assigned to two separate DNA regions: a 201-bp fragment and

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Description Source or
reference

Pseudomonas aeruginosa
PAO1 Prototroph 11
PAO1::ptxS DptxS::V Smra 6

Escherichia coli
DH5a supE44 thi-1 recA1 gyrA Nalra 1
K38 HfrC; host for pT7 expression system 26

Plasmids
pUC18 Cbr Apr ColE1; general cloning vectora Stratagene
pAH56 pUC18 carrying 2.2-kbp BamHI/HindIII fragment which contains ptxS 9
pSW205 b-Galactosidase cloning vector carrying 1.8-kb P. aeruginosa stability fragment 24
pBS8-4 Cbr; ptxS-lacZ fusion in pSW205 This study
pT7-5 Cloning vector for T7 expression system 26
pJAC17 pT7-5 carrying HincII-HindIII fragment containing intact ptxS open reading frame 6

a Abbreviations: D, deletion; V, 2.0-kb SmaI omega fragment; Sm, streptomycin; Nal, nalidixic acid; Ap, ampicillin; Cb, carbenicillin; ColE1, ColE1 origin of
replication; r, resistant.
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a 103-bp fragment (25; Fig. 2A). Since the 103-bp fragment
was located immediately upstream of ptxS and represented a
putative ptxS regulatory region, we chose to focus on the pu-
rification of this potential DNA binding protein and define the
specific sequence to which it binds. The 103-bp fragment was
subsequently divided into two smaller fragments: a 52-bp frag-
ment and a 63-bp fragment (Fig. 1). Since no suitable restric-
tion sites were available to generate these two fragments, they
were synthesized by PCR. A gel shift band was detected with
the 52-bp fragment only (Fig. 2A). The binding specificity was
confirmed by competition experiments using the 103-bp probe
and the unlabeled 52- or 63-bp fragment. Only when an excess
of the unlabeled 52-bp fragment was added to the binding
reaction mixture (103-bp probe and PAO1 lysate) did the bind-
ing band disappear (Fig. 2B). These results suggest that the
PAO1 lysate contains a potential DNA binding protein that
specifically binds to the ptxS upstream region.

Binding of PtxS to the ptxS upstream region. Homology
searches showed that PtxS belongs to the family of GalR-LacI
repressors (6). Many proteins of this family are known to
autoregulate their own synthesis (8, 15, 28). This autoregula-
tion is accomplished through the specific binding of these pro-
teins to the promoter region of their own genes (8, 15). If,
similar to these proteins, PtxS autoregulates its own synthesis
in P. aeruginosa, the specific gel shift band that the PAO1 lysate
produces with the 52-bp fragment may represent binding of
PtxS to its promoter region. To examine this possibility, we
have utilized P. aeruginosa PAO1::ptxS, which is a ptxS isogenic
mutant of PAO1 (6). This mutant was constructed by the gene
replacement technique as previously described (6). The con-
struction of the mutant was confirmed by Southern blot hy-
bridization experiments using a specific ptxS probe (6; data not
shown). Both PAO1 and PAO1::ptxS were grown in TSB-DC
medium, and the lysates were examined for 52-bp fragment
binding activity. As seen in Fig. 3A, the specific gel shift band
was detected with the PAO1 lysate only. Complementation
experiments were conducted to confirm that the absence of the
binding activity in the PAO1::ptxS lysate was due to the loss of
ptxS. For these experiments, plasmid pAH56, which carries an
intact copy of ptxS (9), was introduced into PAO1::ptxS. A
specific gel shift band was detected when the lysate of
PAO1::ptxS/pAH56 was incubated with the 52-bp fragment
(Fig. 3A). This band parallels the typical gel shift band that we
usually detect when the PAO1 lysate is incubated with the

52-bp fragment (Fig. 3A). These results suggest that ptxS con-
tributes to the observed binding to the ptxS upstream region.

Confirmation of PtxS binding to the ptxS upstream region.
The above-described results showed that a functional ptxS gene
is required to produce the 52-bp fragment-specific binding
activity. However, PtxS may either bind directly to the 52-bp
fragment or induce another P. aeruginosa protein to bind.
Thus, to confirm that the observed gel shift band is due to PtxS,
we conducted additional gel shift experiments using the lysate
of E. coli K38/pJAC17, in which ptxS is expressed from the T7
promoter (6). Plasmid pJAC17 was constructed by cloning of
the HincII-HindIII fragment which carries the intact ptxS open
reading frame in the SmaI-HindIII sites of pT7-5 (6). Expres-
sion experiments showed that K38/pJAC17 produced a 38-kDa
protein (6). Thus, PtxS was synthesized in K38/pJAC17 using
the previously described protocol (6) except that labeled cys-
teine and methionine were replaced with unlabeled cysteine
and methionine. K38 carrying the cloning vector pT7-5 was
used as a negative control. As shown in Fig. 3B, the lysate of
K38/pT7-5 produced no gel shift band with the 52-bp fragment,
whereas the lysate of K38/pJAC17 produced the typical gel
shift band (Fig. 3B). To provide further evidence that the
binding protein in the lysate of K38/pJAC17 is PtxS, PtxS was
selectively labeled by using 35S-labeled cysteine and methio-
nine as previously described. The lysates of the labeled cells
were incubated with the unlabeled 52-bp fragment. In a par-
allel experiment, the lysate of K38/pJAC17 that was prepared
with unlabeled amino acids was incubated with the 32P-labeled
52-bp fragment. The incubation of the 35S-labeled lysate with
the unlabeled 52-bp fragment produced a specific gel shift
band (Fig. 3C). This band migrated in exactly the same posi-
tion as the typical gel shift band that was produced by incuba-
tion of the unlabeled lysate with the 32P-labeled 52-bp frag-
ment (Fig. 3C). These results strongly suggest that the PtxS
protein specifically binds to the ptxS upstream region.

Autoregulation of PtxS synthesis. After proving that PtxS
binds specifically to the ptxS upstream region, it was important
to determine if the binding of PtxS causes autoregulation of
PtxS synthesis. To examine this possibility, we utilized the
ptxS-lacZ fusion plasmid pBS8-4 (see Materials and Methods

FIG. 1. Diagram of the different probes (within the ptxR-ptxS intergenic
region) that were used in the gel shift assays. The 304- and 103-bp fragments of
the ptxS upstream region were generated by restriction digestion using available
restriction sites (B, BamHI; D, DpnI; H, HincII; K, KpnI). The 52- and 63-bp
fragments were synthesized by PCR. Arrows indicate the direction of transcrip-
tion of ptxR and ptxS.

FIG. 2. (A) Electrophoretic mobility shift assay of three different probes
incubated with the lysate of P. aeruginosa PAO1. The binding reaction mixtures
are described in Materials and Methods. Each DNA-protein reaction mixture
contained 25 mg of the PAO1 lysate. F, free probe; C, DNA-protein complex.
Lanes: 1, 103-bp probe alone; 2, 103-bp probe plus PAO1 lysate; 3, 52-bp probe
alone; 4, 52-bp probe plus PAO1 lysate; 5, 63-bp probe alone; 6, 63-bp probe plus
PAO1 lysate. (B) Competitive gel shift assay using the labeled 103-bp probe and
the unlabeled 52- or 63-bp fragment. The DNA-protein binding reaction mix-
tures contained 25 mg of PAO1 lysate. Lanes: 1, 103-bp probe alone; 2, 103-bp
probe plus PAO1 lysate plus 52-bp fragment; 3, 103-bp probe plus PAO1 lysate
plus 63-bp fragment; 4, 103-bp probe plus PAO1 lysate (control).
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for construction). Plasmid pBS8-4 was introduced into both
PAO1 and PAO1::ptxS. PAO1/pBS8-4 and PAO1::ptxS/pBS8-4
were grown in TSB-DC medium for 14 h, and the level of
b-galactosidase activity was determined as previously de-
scribed (16). As depicted in Fig. 4, the level of b-galactosidase
activity produced by PAO1::ptxS/pBS8-4 was four- to fivefold
higher than that produced by PAO1/pBS8-4. These results
suggest that PtxS negatively autoregulates its own synthesis in
P. aeruginosa.

Identification of the specific ptxS sequence to which PtxS
binds. The precise ptxS sequence to which PtxS binds was
identified by DNase I protection analysis as previously de-
scribed using PtxS synthesized by E. coli K38/pJAC17 (6). PtxS
protected a 20-bp region from DNase I digestion (Fig. 5A).
Within the 20-bp protected region, there is a 14-bp sequence of
dyad symmetry (Fig. 5B). We have confirmed that ptxS is
expressed in E. coli by using a ptxS-lacZ fusion (data not
shown). However, we have not been able to determine the ptxS
transcriptional start site. Since ptxS is expressed in E. coli, we
tried to determine if the ptxS promoter resembles the E. coli
s70 promoters (10). We have identified potential 210 and 235
sequences within the 20-bp protected region. The 210 se-
quence (which is located 97 bp from the GTG translation start
codon) contains four of the six bases (TATAAT) that are
found within the 210 sequence of s70 promoters, whereas the
235 site contains five of the six bases (TTGACA) that are
found within the 235 sequence of s70 promoters (Fig. 5B). In
addition, similar to that of s70 promoters, the distance between
the 210 and 235 sites is 17 bp (Fig. 5B).

DISCUSSION

Results obtained in this study confirm that PtxS negatively
autoregulates its synthesis in P. aeruginosa. Based on our pre-
vious analysis, we have suggested that PtxS belongs to the
GalR-LacI family of transcriptional repressors (6). The most
significant homology between PtxS and proteins of the GalR-
LacI family is within the helix-turn-helix motif (DNA binding
motif) (6). Among the different proteins within this family,
three are known to negatively autoregulate their own synthesis:
the galactose isorepressor GalS (28), the cytidine repressor
CytR (8), and the purine regulon repressor PurR (15). Several
previous transcriptional studies have shown that the negative
autoregulation of GalS, CytR, and PurR is weak (about two- to
threefold) (8, 15, 28). However, these studies utilized tran-
scriptional fusions that were carried either in the chromosome
or on low-copy-number plasmids. For example, the level of
galS expression from a galS-lacZ fusion carried in the chromo-
some of an E. coli galS mutant was increased by twofold (28).
Similarly, in a cytR mutant, the levels of cytR expression from
a cytR-lacZ fusion carried on a low-copy-number plasmid was
increased by twofold (8). In comparison, the increase in the
level of ptxS expression in PAO1::ptxS is slightly higher (four-
to fivefold) (Fig. 4). The copy number of the ptxS-lacZ fusion
plasmid (pBS8-4), and other plasmids that carry the 1.8-kb PstI
stability fragment (18, 30), is not known. However, if the copy
number of pBS8-4 is assumed to be high, the autoregulation of
PtxS is similar to that of CytR and GalS. Alternatively, if the
copy number is low, the levels of ptxS autoregulation may be
even more significant. Currently, we are constructing a ptxS-
lacZ fusion by using the low-copy-number, broad-host-range
lacZ transcriptional fusion vector pMP190 (21). This fusion
should help us directly compare the levels of autoregulation
between ptxS and the other three galR-lacI genes.

The ptxS upstream region shares several characteristic fea-
tures with the upstream regions of galS, cytR, and purR. For
example, all three genes autoregulate their own synthesis by
binding to specific regions (operator sites) within their genes
(8, 15, 28). Many proteins of the GalR-LacI family bind to
multiple operator sites either within the upstream region or
within the structural region of the genes that they regulate
(27). The presence of multiple operator sites is thought to be

FIG. 3. Gel shift assays to determine if the DNA-protein complex that was
detected with the 52-bp probe represents binding of PtxS to the ptxS upstream
region. (A) The lysate from a ptxS isogenic mutant (PAO1::ptxS) resulted in no
specific gel shift band. The gel shift band was regenerated when a plasmid
(pAH56) carrying an intact copy of ptxS was introduced into the mutant. The
52-bp probe was incubated with either no lysate (lane 1), PAO1::ptxS lysate (lane
2), PAO1 lysate (lane 3), or PAO1::ptxS/pAH56 lysate (lane 4). Each reaction
mixture contained 25 mg of cell lysate. (B) PtxS synthesized in E. coli (by the T7
expression system) binds specifically to the 52-bp probe. The lysate obtained
from E. coli K38 containing either pJAC17 (ptxS expression plasmid) or pT7-5
(vector control) was incubated with the 52-bp probe. Lanes: 1, 52-bp probe
alone; 2, 52-bp probe plus K38/pT7-5 lysate (10 mg); 3, 52-bp probe plus K38/
pJAC17 lysate (3.0 mg); 4, 52-bp probe plus K38/pJAC17 lysate (1.5 mg); 5, 52-bp
probe plus PAO1 lysate (25 mg). (C) Incubation of radiolabeled PtxS (using the
T7 expression system) with the unlabeled 52-bp fragment. In parallel with the
typical gel shift assay using the labeled 52-bp probe and K38/pJAC17 lysate
(lanes 1 to 3), radiolabeled PtxS was incubated with the unlabeled 52-bp probe
and assayed for binding activity (lane 5). The position of the band exactly
parallels that of the typical gel shift band. Lanes: 1, labeled 52-bp probe alone;
2, 52-bp probe plus K38/pT7-5 lysate (10 mg); 3, 52-bp probe plus K38/pJAC17
lysate (3 mg); 4, labeled PtxS alone; 5, labeled PtxS plus unlabeled 52-bp frag-
ment.

FIG. 4. Autoregulation of ptxS expression in P. aeruginosa. Plasmid pBS8-4
(which carries a ptxS-lacZ fusion) was introduced into PAO1 and PAO1::ptxS.
Cells were grown in TSB-DC medium for 14 h, and the level of b-galactosidase
activity was determined as previously described (16). PAO1 carrying pSW205
(negative control) produced no b-galactosidase activity. The values are averages
of three independent experiments 6 the standard error of the mean.
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important in augmenting the repression of the regulated genes
(5). For example, galE, galS, galP, and galR are known to
contain two operator sites, i.e., one within the promoter region
and another within the structural gene (29). The purR gene
contains two operator sites that are located downstream of the
transcription initiation site (15, 20). The cytR gene contains
only one operator site upstream of the transcription start site
(8). Each operator site contains a consensus binding sequence
that is specific for each protein (8, 15, 20, 28). The nucleotides
within these consensus sequences are arranged in dyad sym-
metry, or a palindrome, to allow their respective proteins to
bind as dimers (29). As we have shown in this study, PtxS binds
to a single site within the 103-bp fragment upstream of the
GTG translational start codon (Fig. 5B). This ptxS binding
region contains a 14-bp palindromic sequence that may repre-
sent a potential PtxS operator site (Fig. 5B). The 59 half of this

palindromic sequence contains all three conserved nucleotides
( . . . AAC) that are usually detected within the DNA binding
half sites for several proteins of the GalR-LacI family (27). The
location of the PtxS operator site with respect to the ptxS
transcriptional start site is not known. Despite several at-
tempts, we were not able to determine the ptxS transcription
start site. However, if ptxS has a s70 promoter that utilizes the
potential 210 and 235 sites that we have identified (Fig. 5B),
the ptxS transcriptional start site may be within the DNase
I-protected region. If this proves to be true, then unlike galS,
purR, and cytR, the ptxS operator site would be within the ptxS
transcriptional start site.

PtxS may autoregulate its own synthesis by a mechanism that
resembles those utilized by some proteins of the GalR-LacI
family. However, the specific environmental signal to which
PtxS responds, as well as the exact mechanism through which
PtxS regulates its target genes (other than ptxS), is not known.
Most proteins of the GalR-LacI family function in response to
certain environmental signals called effectors. These effectors
include carbohydrates, nucleosides, and modified amino acids
(4, 27). Within the structure of many of the GalR-LacI pro-
teins, there are conserved regions to which different effectors
may bind (27). As we have shown previously, the strongest
homology between PtxS and the different GalR-LacI proteins
is within the amino-terminal DNA binding motif (6). Although
a second region of homology has been identified, this region
does not involve the effector binding sequences (6). The lack of
conserved effector sequences within PtxS suggests that the
protein does not utilize the effector binding system for its
function. PtxS was originally identified through its negative
effect on exotoxin A synthesis (6). Exotoxin A synthesis in P.
aeruginosa is regulated by different environmental signals (es-
pecially iron, which negatively regulates toxA expression) (2,
13, 33). However, PtxS binding to its promoter was not affected
by the presence of iron in the growth medium (data not
shown). Whether iron affects PtxS binding to other genes re-
mains to be determined.

With respect to the PtxS target gene, we have previously
shown that ptxS modifies the function of the toxA transcrip-
tional activator ptxR (6). The ptxS gene is divergently tran-
scribed from ptxR from the opposite strand (6). Based on
recent transcriptional analysis of ptxR (using a ptxR-lacZ fusion
plasmid), we have suggested that PtxS may interfere with ptxR
expression in P. aeruginosa (6). However, this effect is not likely
to be accomplished through direct binding of PtxS to the ptxR
promoter. PtxS (that was produced in E. coli by the T7 expres-
sion system) did not bind to different segments of the ptxR
upstream region (data not shown). In addition, computer anal-
ysis revealed that the ptxR upstream region lacks the 14-bp
palindromic sequence (PtxS operator site) (data not shown).
Therefore, it is possible that PtxS regulates ptxR expression
through another regulatory gene.
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