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The synthesis of exotoxin A (ETA) by Pseudomonas aeruginosa is a complex, regulated event. Several ETA
putative regulatory mutants of P. aeruginosa PA103 have previously been characterized (S. E. H. West, S. A.
Kaye, A. N. Hamood, and B. H. Iglewski, Infect. Immun. 62:897-903, 1994). In addition to ETA production,
these mutants, PA103-15, PA103-16, and PA103-19, were also deficient in the production of protease and in
regA P1 promoter activity. RegA is a positive regulator of ETA transcription. We cloned a gene, designated vfr
for virulence factor regulator, that restored ETA and protease production to parental levels in these mutants.
In addition, transcription from the reg4 P1 promoter was restored. In Escherichia coli, when vfr was
overexpressed from a phage T7 promoter, a protein with an apparent molecular mass of 28.5 kDa was
produced. Analysis of the deduced amino acid sequence of vfr revealed that the expected protein is 67%
identical and 91% similar over a 202-amino-acid overlap to the E. coli cyclic AMP receptor protein (CAP or
Crp). The cloned vfr gene complemented the B-galactosidase- and tryptophanase-deficient phenotypes of E. coli
RZ1331, a crp deletion mutant. However, the E. coli crp gene under the control of the fac promoter did not
complement the ETA-deficient or protease-deficient phenotype of PA103-15 or PA103-16. The ability of vfr to
restore both ETA and protease production to these mutants suggests that yfr is a global regulator of virulence

factor expression in P. aeruginosa.

Exotoxin A (ETA), encoded by the tox4 gene, is an ADP-
ribosyl transferase produced by the opportunistic pathogen
Pseudomonas aeruginosa. ETA expression is not constitutive
but is regulated by a variety of environmental stimuli including
iron concentration, temperature, aeration, and calcium con-
centration (6, 33). The presence of >10 wM iron in the growth
medium results in the repression of foxA transcription (34).
However, in iron-deficient medium, transcription of fox4 oc-
curs in a biphasic manner (17). During early log phase, there is
a peak in foxA mRNA accumulation which is followed by a
decline in tox4-specific mRNA. This early phase of tox4
expression is slightly repressed by iron. A second accumulation
of toxA mRNA peaks at entry into stationary phase and is
strongly repressed by iron. Several genes including regA, regB,
fur, and lasR have been implicated in regulation of ETA
production (21, 26, 40, 58).

regA is a positive regulatory factor that effects fox4 transcrip-
tion (26); however, the mechanism by which reg4 modulates
toxA transcription has not been elucidated. There are two regA4
transcripts which are transcribed from two distinct promoters,
designated P1 and P2 (17, 18, 50). The larger of the two
transcripts (T1) is transcribed from the start site farther
upstream during the moderately iron-regulated, early logarith-
mic phase (6 h) of reg4 mRNA accumulation. The smaller reg4
transcript (T2) is made during the strictly iron-regulated,
late-logarithmic and stationary phases (10 h) of reg4 mRNA
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accumulation. The regB gene is required for maximal produc-
tion of ETA in strain PA103 (58).

The P. aeruginosa lasR and fur genes have also been impli-
cated in the regulation of tox4 expression. LasR is a positive
regulator of transcription of the lasB and lasA genes, which
encode two distinct elastases (20). LasR has also been shown
to slightly enhance tox4 transcription by an unknown mecha-
nism (21). The P. aeruginosa fur gene product represses
expression of numerous iron-regulated genes, including tox4
and those required for siderophore production (40). This
repression occurs in iron-replete growth conditions. It is not
clear whether P. aeruginosa fur acts directly on the tox4 and
regAB promoters or acts indirectly through another gene to
repress transcription of these two genes (40).

Several genetic studies of ETA expression indicate that
additional genes are involved in regulation of ETA production.
Gray and Vasil (23) isolated and characterized two nitrosogua-
nidine-generated ETA putative regulatory mutants of PAO1.
These mutations were designated fox-1 and tox-2 and were
mapped at 26 and 23 min, respectively, on the P. aeruginosa
PAOL1 revised chromosomal map (23). The fact that these
mutations map to locations on the P. aeruginosa chromosome
different from those of toxA, regAB, lasR, and fur indicates that
at least two other unidentified genes regulate ETA expression.
toxA, regAB, lasR, and fur are located at 62, 65 to 70, 12 to 15,
and 0 to 5 min, respectively, on the PAO1 chromosomal map
(41, 46, 53a). Ohman et al. (38) isolated four ETA-deficient
mutants of P. aeruginosa PA103, designated PA103-8, PA103-
15, PA103-16, and PA103-19, which were further characterized
by West et al. (57). These mutants were not complemented by
the cloned toxA4 or regAB genes and were deficient in transcrip-
tion from the reg4 P1 promoter. These mutants did not
accumulate intracellular ETA, indicating that the mutations
were not in genes required for the secretion of ETA. In
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TABLE 1. Bacterial strains and plasmids

S‘:lr:sl:)g Relevant properties® Source or reference
Strains
P.
aeruginosa
PA103 Prototroph; ETA hyperproducer; elastase deficient 33
PA103-15 ETA- and protease-deficient NTG-generated mutant of PA103 38
PA103-16 ETA- and protease-deficient NTG-generated mutant of PA103 38
PA103-19 ETA- and protease-deficient NTG-generated mutant of PA103 38
PAO1 Prototroph 28
E. coli
KM381 Host for the phage T7 expression system S. Tabor
RZ1331 MG1655 rspL Acrp lacP1™ 13
RZ1330 MG1655 rspL Acrp lacPI™ ilv::Tnl0 Acya W. S. Reznikoff
Plasmids
pLA2917 Broad-host-range cosmid cloning vector; Tc" Km" 1
pMO011925 pLA2917 carrying the 23-min region of the P. aeruginosa PAO chromosome; trpC; Tc* 41
pMO0012425 pLA2917 carrying the 23-min region of the P. aeruginosa PAO chromosome; trpC trpD argC; Tc* 41
pRK2013 pMBI derivative carrying the RK2 transfer functions; Km" 16
pUCP18 Multicopy E. coli-P. aeruginosa shuttle vector; Ap® Cb" 44
pUCP19 Multicopy E. coli-P. aeruginosa shuttle vector; Ap* Cb* 44
pKF901 pUCP19 carrying the 7.0-kb PstI fragment from pMO011925; Ap* Cb" This study
pKF902 pUCP19 carrying the 4.2-kb PstI fragment from pMO011925; Ap® Cb* This study
pKF904 pUCP19 carrying the 2.5-kb PstI-Sacl fragment from pKF902; Ap" Cb* This study
pKF906 Sall deletion of pKF902; Ap" Cb* This study
pKF812 pUCPI18 carrying the 1.2-kb Xhol fragment from pKF902; Ap" Cb" This study
pKF417 pBluescript KS* carrying the 0.9-kb Narl fragment from pKF906; Ap* Cb” This study
pKF917 pUCP19-carrying the 0.9-kb Narl fragment as a BamHI-Sall fragment from pKF417; Ap* Cb" This study
pKF506 pLA2917 carrying the 2.6-kb Sall-PstI fragment as a HindIII-BamHI fragment from pKF906; Tc" This study
pQF26 Transcriptional fusion vector containing a promoterless CAT gene; Cb” 15
pP11 pQF26 carrying the reg4 P1 promoter from P. aeruginosa PA103; Ap" Cb* 50
pP21 pQF26 carrying the reg4 P2 promoter from P. aeruginosa PA103; Ap" Cb" 50
pT7-5 pBR322 carrying a MCS downstream of the strong gene 10 promoter of phage T7; Ap" S. Tabor
pT7-6 pT7-5 with MCS in the opposite orientation to pT7-5; Ap” S. Tabor
pGP1-2 PACYC177 carrying the phage T7 RNA polymerase gene under p; control and cI857 repressor 51
gene; Km"®
pT7-5-906 pT7-5 carrying the 2.6-kb Sall-PstI fragment containing vfr as an EcoRI-PstI fragment from This study
pKF906; Ap"
pT7-5-917 pT7-5 carrying the 0.9-kb Narl fragment containing vfr as an EcoRI-PstI fragment from pKF917; Ap” This study
pT7-6-906 pT7-6 carrying the 2.6-kb Sall-PstI fragment containing vfr as an EcoRI-PstI fragment from This study
pKF906; Ap*
pT7-6-917 pT7-6 carrying the 0.9-kb Narl fragment containing vfr as an EcoRI-PstI fragment from pKF917; Ap* This study
pMMBG66HE Broad-host-range tacP expression vector derived from RSF1010; lacI?; Ap™ Cb” 19
PMMB66EH pMMBG66HE with MCS in opposite orientation; Ap* Cb* 19
PRZ1306 pMMB66HE carrying the E. coli crp gene as a HindIII-BamHI fragment; Ap* Cb" W. S. Reznikoff
ptac917 PMMBG66EH carrying the 0.9-kb Narl fragment containing vfr as an EcoRI-Pst] fragment from This study

pT7-5-917; Ap" CbF

¢ Ap", ampicillin resistance; Cb", carbenicillin resistance; Km", kanamycin resistance; Tc, tetracycline resistance; MCS, multiple cloning site.

addition, these mutants did not produce protease. Therefore,
West et al. (57) hypothesized that the lesion(s) in these
mutants was a mutation in a regulatory gene or genes.

In this report, we describe the cloning and characterization
of a gene which complements the deficiencies in ETA pro-
duction, transcription from the reg4 P1 promoter, and pro-
duction of protease in mutants PA103-15, PA103-16, and
PA103-19. The cloned gene was designated vfr for virulence
factor regulator and is a member of the Escherichia coli
crp gene family (30). We also report that the cloned vfr gene
is able to complement an E. coli crp deletion mutant; how-
ever, the E. coli crp gene is unable to substitute for vfr in P.
aeruginosa.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains and
plasmids used in this study are described in Table 1. Mutants
PA103-15 and PA103-16 were isolated in the same mutagen-
esis experiment and therefore could be siblings (38).

Culture conditions. All strains were routinely maintained on
Luria-Bertani (LB) agar (36) at 37°C. The following amounts
of antibiotics (per milliliter) were used: 100 wg of ampicillin
and 25 pg of tetracycline for E. coli and 200 pg of carbenicillin
and 100 pg of tetracycline for P. aeruginosa.

TSBD broth, an iron-depleted medium used for optimal
production of ETA, was prepared as described by Ohman et al.
(38). Briefly, trypticase soy broth (Difco Laboratories, Detroit,
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Mich.) was treated with Chelex-100 (—400 mesh; Bio-Rad
Laboratories, Richmond, Calif.) to remove iron and then was
dialyzed. The dialysate was supplemented with 0.05 M mono-
sodium glutamate and 1% glycerol. For iron-replete condi-
tions, TSBD broth was supplemented with 37 uM FeCl;-
6H,0.

Genetic procedures. Purified plasmid DNA was introduced
into P. aeruginosa by electroporation as described by Smith and
Iglewski (48). Alternatively, recombinant plasmids were mobi-
lized from E. coli to P. aeruginosa by using triparental matings
with pRK2013 as the mobilizing plasmid (16).

Recombinant DNA techniques. Recombinant DNA tech-
niques were performed as described by Sambrook et al. (42)
and Ausubel et al. (2). E. coli SURE and XL1-Blue (Strat-
agene Cloning Systems, La Jolla, Calif.) and HB101 (42) were
used as the host strains in all cloning experiments. The vectors
pBluescript KS* and SK* (Stratagene Cloning Systems) were
used as general-purpose cloning vectors.

ETA activity. For measurement of ETA production, TSBD
broth (5 ml) was inoculated with 50 ul of an overnight TSBD
culture and was incubated at 32°C with shaking for 18 h. The
cultures were centrifuged for 10 min at 12,000 X g. The
supernatant fractions were stored at —80°C until assayed for
ETA activity. Thawed supernatants (10 ul) were activated by
treatment with urea and dithiothreitol and were assayed for
ADP-ribosyl transferase activity as described by Ohman et al.
(38) and Chung and Collier (9). Partially purified elongation
factor 2 from wheat germ (9) and [**C]NAD (NEN Research
Products, Boston, Mass.) were the substrates. ETA activity was
expressed as counts per minute per 10 pl of culture superna-
tant.

Immunoblotting. Extracellular ETA protein was detected by
immunoblotting as described by Burnette (8) and by Towbin et
al. (52). Briefly, proteins from 10 pl of culture supernatant
were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) (31) on an 11.25% acrylamide
gel, transferred to nitrocellulose, and probed with rabbit
anti-ETA antibody and then with alkaline phosphatase-conju-
gated goat anti-rabbit immunoglobulin G (Sigma Chemical
Co., St. Louis, Mo.). Protein bands were visualized by using
BCIP-NBT (5-bromo-4-chloro-3-indolylphosphate toluidi-
nium-nitroblue tetrazolium) as described by Blake et al. (5).
The rabbit anti-ETA antibody has been described previously
(25).

Assay for proteolytic activity. Volumes (10 pl) of an over-
night LB culture were spotted onto tryptic soy agar plates
containing 1.5% (wt/vol) skim milk as described by Wretlind
and Pavlovskis (61). The plates were incubated at room
temperature for 48 h. Proteolytic activity was detected as zones
of clearing around the colonies.

CAT assays. For measurement of chloramphenicol acetyl-
transferase (CAT) activity under the control of the reg4
promoters, TSBD broth (70 ml) was inoculated to an optical
density at 600 nm of 0.02 with an overnight iron-replete (37
pM) TSBD culture. The cultures were incubated at 32°C with
shaking for 24 h. At the indicated times, samples were taken
and the optical density at 600 nm was determined. The samples
were centrifuged at 12,000 X g for 10 min at 4°C. The cell
pellets were washed with 100 mM Tris-HCl (pH 7.0) and
stored at —80°C. CAT assays of cell pellet lysates were
performed as described by Neumann et al. (37), using [**C]
acetyl coenzyme A (NEN Research Products). Samples were
routinely incubated at room temperature for 60 min. Units of
CAT were calculated from standard curves generated with
purified E. coli CAT (Pharmacia LKB Biotechnology, Piscat-
away, N.J.).

J. BACTERIOL.

DNA hybridizations. Genomic DNAs from P. aeruginosa
PA103, PA103-15, PA103-16, PA103-19, and PAO1 were
prepared as described by Hull et al. (29). The genomic DNA
was digested with an appropriate restriction endonuclease,
electrophoresed on a 0.7% agarose gel, and transferred to
nylon filters (Hybond-N; Amersham Corp., Arlington Heights,
Ill.) as described by Smith and Summers (49). Hybridization
probes were the plasmid vector pT7-5 and recombinant plas-
mid pT7-5-917, which contained the 0.9-kb Narl fragment
encoding vfr. They were labeled with [a-**P]dCTP (NEN
Research Products) by nick translation with a kit from Pro-
mega Corp. (Madison, Wis.). Hybridizations were carried out
in 4X SSPE (1x SSPE is 0.18 M NaCl, 10 mM NaH,PO,, and
1 mM EDTA [pH 7.7]) (42)-2X Denhardt solution (42)-20
mM sodium PP-0.2% SDS-100 pg of sheared denatured
salmon sperm DNA per ml of hybridization fluid at 65°C for 12
to 15 h. The final washes were done in 0.5X SSC (1X SSC is
0.15 M NaCl plus 0.015 M sodium citrate) (42)-0.1% SDS-5
mM sodium PP; (pH 7.5) at 65°C. Hybridization products were
visualized by autoradiography.

DNA sequencing. Double-stranded DNA sequencing was
accomplished by the dideoxy chain termination method (43)
using the Sequenase 2.0 sequencing kit (U.S. Biochemical
Corp., Cleveland, Ohio). The 1.2-kb Xhol fragment from
pKF812 was subcloned into the vector pBluescript KS™ (Strat-
agene Cloning Systems). Additional subclones were con-
structed on the basis of convenient restriction enzyme sites.
Plasmid DNA was prepared by the acid-phenol miniprep
procedure of Weickert and Chambliss (55). 7-Deaza-dGTP
was routinely used in place of dGTP (3). To eliminate se-
quence artifacts caused by enzyme pausing, unlabeled dideoxy
nucleotides and terminal transferase were added to the com-
pleted termination reaction mixture and the incubation was
continued at 30°C for 30 min as described by Li and Schweizer
(32). Sequence data were analyzed by using the Genetics
Computer Group (Madison, Wis.) software (version 7). The
TFASTA algorithm for protein homology was used to compare
the sequence of the deduced protein product of vfr with
sequences in the GenBank database (release 79.0, October
1993).

Expression of the Vfr protein in E. coli. To label selectively
the Vfr protein, we used the phage T7-based expression system
of Tabor and Richardson (51). The 2.6-kb Sall-PstI and 0.9-kb
Narl fragments containing the vfr gene were cloned into the T7
gene 10 promoter containing vectors pT7-5 and pT7-6, to
generate pT7-5-906, pT7-5-917, pT7-6-906, and pT7-6-917.
These plasmids were transformed into E. coli KM381/pGP1-2.
Expression of polypeptides encoded on the cloned fragments
was analgzed by labeling the induced gene products with 20
wCi of 3°S-labeled methionine (NEN Research Products) as
described by Tabor and Richardson (51). The labeled polypep-
tides were separated by SDS-PAGE (12.5% [wt/vol] acrylam-
ide) (31) and visualized by autoradiography.

B-Galactosidase and tryptophanase assays. For measure-
ment of B-galactosidase production, 10 ml of LB medium
containing 1 mM isopropyl B-D-thiogalactopyranoside (IPTG)
and the appropriate antibiotics was inoculated with 100 ul of
an overnight culture. The cultures were incubated at 37°C and
250 rpm until mid-log phase. B-Galactosidase activity was
measured as described by Miller (36). Tryptophanase activity
was determined by a modification of the procedure described
by Bilezikian et al. (4). Specifically, 40 ul of an overnight LB
culture was removed to chilled glass tubes containing 0.36 ml
of LB medium and 0.2 ml of xylene. After induction of
tryptophanase, Ehrlich’s reagent (1.8 ml) was added to detect
the production of indole. A pink-red color indicated trypto-
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TABLE 2. Restoration of ETA activity in P. aeruginosa
PA103-15, PA103-16, and PA103-19

ADP-ribosyl transferase activity” (cpm/10 pl of supernatant)

Strain
pLA2917 pMO011925 pMO012425 pUCP19 pKF906 pKF917
PA103 8,989 9,377 10,432 8,139 4507 8,276
PA103-15 0 9,088 9,412 67 7,612 683
PA103-16 90 10,188 9,330 75 5,897 749
PA103-19 13 7,480 5,875 31 959 6,199

¢ Determined as described by Ohman et al. (38) and Chung and Collier (9) for
supernatants from overnight TSBD cultures.

phanase activity, and a yellow color indicated no tryptophanase
activity.

Detection of CAP in cell lysates. To detect expression of
cyclic AMP (cAMP) receptor protein (CAP), P. aeruginosa
PA103, PA103-15, and PA103-16 were grown in TSBD broth
plus 1 mM IPTG at 32°C for 18 h. The cultures were
centrifuged at 12,000 X g for 10 min, and lysates were prepared
by sonication of the cell pellets. The cell lysates (25 pg of
protein) were electrophoresed on an SDS-12.5% PAGE gel
and immunoblotted as described above. Rabbit anti-CAP
antibody, a gift of Agnes Ullmann, was used to detect CAP.
CAP was purified by affinity chromatography on cAMP-aga-
rose from E. coli RZ1330/pRZ1306. The purification was
based on the procedure of Ghosaini et al. (22).

Nucleotide sequence accession number. The sequence data
reported here have been submitted to GenBank and assigned
accession number U16318.

RESULTS

Cloning of a DNA fragment which complements the ETA-
and protease-deficient phenotypes of PA103-15, PA103-16, and
PA103-19. Ohman et al. (38), using N-methyl-N'-nitro-N-
nitrosoguanidiné (NTG) mutagenesis, generated several ETA-
and protease-deficient mutants of the ETA-hyperproducing
strain P. aeruginosa PA103. They were designated PA103-15,
PA103-16, and PA103-19. These mutants were further charac-
terized by West et al. (57), who hypothesized that they were
ETA regulatory mutants. From these previous studies, it was
not clear whether the ETA- and protease-deficient phenotypes
were linked. We hypothesized that the lesion or lesions in
PA103-15, PA103-16, or PA103-19 might map to the same
regions of the chromosome as the fox-1 and tox-2 putative ETA
regulatory mutations (23). Therefore, we obtained from Rat-
naningshi et al. (41) six cosmid clones containing DNA frag-
ments from the 23- or 26-min region of the PAO1 chromo-
some. These clones were introduced into PA103, PA103-15,
PA103-16, and PA103-19, and the resulting exconjugates were
assayed for ETA and protease activities. Two of the clones,
pMO011925 and pMOO012425, restored ETA activity to paren-
tal levels in PA103-15 and PA103-16 and to 80 and 56% of
parental levels in PA103-19 (Table 2). To verify that restora-
tion of ETA activity was accompanied by the production of an
ETA-specific protein band, culture supernatant from the mu-
tants containing pMO011925 and pMO012425 were analyzed
by immunoblotting with anti-ETA antibody. Results are shown
in Fig. 1. ETA was not detected in culture supernatants from
the mutants containing the vector pLA2917; however, ETA
was detected in culture supernatants of PA103-15, PA103-16,
and PA103-19 containing either pM0011925 or pMO012425.
Since these mutants were also deficient in protease production,
we assayed PA103-15, PA103-16, and PA103-19 containing
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FIG. 1. Detection of ETA in culture supernatants from PA103,
PA103-15, PA103-16, and PA103-19 by immunoblotting. pM0011925
and pMO012425 are cosmids containing the 23-min region of the P.
aeruginosa PAO chromosome in vector pLA2917 (1, 41). The positions
of the molecular mass standards (left) and the position of ETA (right)
are indicated.

pMO011925 and pMO012425 for protease production on skim
milk plates. Both cosmids restored protease production in all
three mutants (data not shown).

Since the complementing cosmid clones contained frag-
ments of DNA that were approximately 20 kb in size, it was
possible that two genes were independently responsible for the
deficiencies in ETA production and protease production. To
localize the ability to complement these phenotypes, recombi-
nant plasmids containing fragments of pM0011925 and
pMO012425 were constructed and tested for their ability to
complement the ETA- or protease-deficient phenotype of
PA103-15, PA103-16, and PA103-19 (Fig. 2). The two Pstl
fragments that were present in both cosmids were subcloned
into pUCP19 (44) to generate pKF901 and pKF902. pKF902,
but not pKF901, restored ETA and protease activity in PA103-
19, indicating that the 4.2-kb PstI fragment contained the
complementing gene or genes (Fig. 2). Further subclones were
generated by cloning smaller fragments of pKF902 into
pUCP18 or pUCP19 as shown in Fig. 2. pKF906 and pKF812
restored both ETA and protease activity to PA103-15, PA103-
16, and PA103-19 (Table 2 and Fig. 2 and 3); however, pKF917
did not restore ETA to full parental levels. This inability of
pKF917 to complement fully the ETA-deficient phenotype was
due to loss of the plasmid, even with carbenicillin selection. In
TSBD medium containing 200 pg of carbenicillin per ml, 100%
of the cells in an overnight culture of PA103-15/pKF917 and
60% of the cells in a PA103-19/pKF917 culture had lost the
plasmid as measured by sensitivity to carbenicillin, while 96 to
100% of the cells in overnight cultures of these strains con-
taining pKF906 were still carbenicillin resistant. Thus, for
reasons that are not understood, pKF917 is unstable in these
mutants.

. To determine if the cloned fragment was of P. aeruginosa
origin and was present in more than one copy on the PA103
and PAO1 chromosomes, Southern hybridizations were done
with Xhol-, Sall-, Clal-, or BamHI-digested genomic DNA
isolated from PAO1, PA103, PA103-16, and PA103-19. The
digested DNA was separated by agarose gel electrophoresis
and probed with *?P-labeled pT7-5-917, which contains the
0.9-kb Narl fragment, and with the vector pT7-5. With all four
strains, hybridization to 1.2-kb Xhol, 3.2-kb Sall, 2.6-kb Clal,
and >8.0-kb BamHI chromosomal fragments was detected
(data not shown). From this analysis, we concluded that the
cloned fragment was of P. aeruginosa origin, was present in one
copy, and was located on the same DNA fragment in P.
aeruginosa PAO1 and PA103.

On the basis of the results described above, we concluded
that the gene (or genes) that restored both ETA and protease
production was located on the 0.9-kb NarI fragment. The small
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FIG. 2. Subcloning of vfr. pM0011925 and pMO012425 are cosmids containing the 23-min region of the P. aeruginosa PAO chromosome in
vector pLA2917 (1, 41). pMO011925 and pMO012425 share a common 11.2-kb DNA fragment; this fragment was subcloned into pUCP19 (44)
as 7.0- and 4.2-kb Pst1 fragments to generate pKF901 and pKF902, respectively. The 4.2-kb PstI fragment was further subcloned as a 2.6-kb PstI-Sall
fragment, a 1.2-kb Xhol fragment, and a 0.9-kb NarI fragment into pUCP18 or pUCP19 to generate pKF906, pKF812, and pKF917, respectively.
The abilities of these plasmids to restore ADP-ribosyl transferase and protease activities to PA103-15, PA103-16, and PA103-19 are indicated on
the right. Restriction endonucleases: N, Narl; P, PstI; S, Sall; Sc, Scal; X, Xhol.

size of the complementing fragment suggested that one gene
complemented both phenotypes. In addition, because recom-
binant plasmids carrying the 0.9-kb Narl fragment comple-
mented both the ETA- and the protease-deficient phenotypes
of PA103-15, PA103-16, and PA103-19, we concluded that the
lesion responsible for these deficiencies was in the same gene
in each mutant. We have designated this gene vfr.

Restoration of reg4 P1 promoter activity by vfr. In addition
to being deficient in ETA and protease production, the P.
aeruginosa mutants PA103-15, PA103-16, and PA103-19 were
deficient in transcription from the reg4 P1 promoter but not
from the reg4 P2 promoter (57). Therefore, to determine if vfr
would restore transcription from the reg4 P1 promoter, we
quantitated reg4 P1 promoter activity in the presence and the
absence of the cloned vfr gene. For this analysis, we used the
reporter plasmids pP11 and pP21, which contained transcrip-
tional fusions of the reg4 P1 or P2 promoter, respectively, to
the CAT gene (50), and pKF506, a recombinant plasmid that
carries vfr as a 2.6-kb Sall-PstI fragment cloned into the vector
pLA2917. Throughout the growth curve, significantly less CAT
activity was detected in PA103-16 containing both pP11 and
pLA2917 than in the parent strain containing the same plas-
mids (Fig. 4). However, addition of the cloned vfr gene on
pKF506 restored CAT activity in PA103-16/pP11 to parental
levels (Fig. 4). CAT activities directed by the reg4 P2 promoter
on pP21 in the mutant PA103-16 and its parent PA103 in the
presence and the absence of the cloned vfr gene were similar
(data not shown). These data indicated that vfr could restore
transcription from the regd P1 promoter in PA103-16 and that
regA P2 was unaffected by vfr. Similar results were obtained
with PA103-15 and PA103-19 (data not shown).

Nucleotide sequence of the vfr geme. The nucleotide se-
quence of the 1.2-kb Xhol fragment containing vfr was deter-
mined (Fig. 5). A search for open reading frames (ORFs)
revealed that the 1.2-kb Xhol fragment contained a single
813-bp ORF beginning at nucleotide 330. A ribosome binding
site was not found immediately 5' of the ATG translational
start codon for this ORF. However, a putative ribosome
binding site, GGGA, was found 8 bp 5' of a putative ATG
translational start codon located at nucleotide 498 in the same
reading frame. The codon usage of the ORF from bp 330 to
498 was not typical of codon usage patterns found in P.

PA103

PA103-16 PA103-19

PA103-15

pUCP19

pKF917

FIG. 3. Restoration of protease production in PA103-15, PA103-
16, and PA103-19 containing pKF917. Protease activity was detected
on tryptic soy agar plates containing 1.5% (wt/vol) skim milk as
described by Wretlind and Pavlovskis (61). Zones of clearing around
the colonies indicate proteolysis.
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FIG. 4. Restoration of transcription from the reg4 P1 promoter in
PA103-16. pKF506 is a recombinant plasmid which contains a 2.6-kb
Sall-Pst1 fragment encoding vfr; the vector is pLA2917. pP11 is the
regA P1 promoter fused to the car gene on pQF26 (50). CAT activity
was determined as described in Materials and Methods. Symbols: @,
PA103/pP11/pKF506; O, PA103/pP11/pLA2917; A, PA103-16/pP11/
pKF506; A, PA103-16/pP11/pLA2917.

aeruginosa; however, from bp 498 to 1142, the codon usage
agreed with typical P. aeruginosa codon usage patterns (56). A
recombinant plasmid carrying bp 413 to 1269 under the control
of the tac promoter restored protease production to PA103-15,
PA103-16, and PA103-19 (data not shown). This result sup-
ports the hypothesis that the 645-bp ORF which begins at bp
498 encodes the vfr gene. A perfect inverted repeat, which may
form a stem-loop structure and thus may function as a tran-
scriptional terminator, was identified 9 bp 3’ of the putative
stop codon by sequence analysis. The predicted amino acid
sequence revealed that Vfr is 214 amino acids in length. The
predicted molecular mass was 24,225 Da, and the pI was 8.08.
Sequencing downstream of the vfr gene revealed that the C
terminus of the #pC gene (14) is located 60 bp downstream of
the C terminus of vfr.

Expression of the vfr gene in E. coli. To verify that a
translated protein is produced from the 645-bp putative Vir
OREF, the vfr gene product was expressed from an inducible
phage T7 promoter in E. coli (51). We cloned the 2.6-kb
Sall-Pst] fragment containing the vfr gene in two different
orientations relative to the phage T7 promoter to generate
pT7-5-906 and pT7-6-906. In addition, the 0.9-kb Narl frag-
ment was cloned into pT7-5 and pT7-6 to generate pT7-5-917
and pT7-6-917, respectively. A unique protein with an appar-
ent molecular mass of approximately 28.5 kDa was produced in
cells containing pT7-5-906 and pT7-5-917 but not in cells
containing the pT7-6 derivatives, which carried the vfr gene
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FIG. 5. Nucleotide sequence of the vfr gene and the 3’ end of the
trpC gene. The derived amino acid sequences of vfr and #pC are shown
below the coding sequences. The putative ribosome binding site
(double underline), putative stop codons for vfr and trpC (asterisks), a
putative transcriptional terminator (convergent arrows), and Xhol and
Narl restriction sites are indicated.

in the opposite orientation (Fig. 6). The apparent molecular
mass of Vfr is higher than its predicted molecular mass of
24.2 kDa but lower than that of the 30.6-kDa polypeptide
predicted for an 813-bp ORF. The higher molecular mass
is probably due to aberrant migration of Vfr on an SDS-
PAGE gel. Two proteins of approximately 20 and 6 kDa
were induced in cells containing pT7-6-906 and presumably
are encoded by ORFs on the strand opposite to vfr. These
proteins were not produced from the smaller construct pT7-6-
917 and therefore are not responsible for the complementing
activity.

Similarity of Vfr to E. coli CAP and members of the CAP
family of regulatory proteins. The deduced amino acid se-
quence of vfr was used to conduct a TFASTA search of the
GenBank database. The Vfr sequence was 67% identical and
91% similar over a 202-amino-acid overlap to E. coli CAP (Fig.
7) and to the Klebsiella aerogenes, Salmonella typhimurium, and
Shigella flexneri CAPs. Less similarity to other members of the
CAP family (30), including the Haemophilus influenzae Crp
protein (59%), the Xanthomonas campestris catabolite activa-
tor-like protein Clp (48.3%), the E. coli Fnr protein (23%),
and the Rhodopseudomonas palustris AadR protein (17.9%),
was found. CAP is a transcriptional regulator of numerous
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FIG. 6. Autoradiogram showing expression of the vfr gene product
in E. coli. Expression of vfr was induced from the inducible phage T7
promoter as described in Materials and Methods. Plasmid constructs
are indicated above the lanes. pT7-5-906 and pT7-6-906 are pT7-5 and
pT7-6 carrying the 2.6-kb Sall-PstI fragment containing the vfr gene.
pT7-5-917 and pT7-6-917 are pT7-5 and pT7-6 carrying the 0.9-kb Narl
fragment containing the vfr gene. The locations of the molecular
weight (MW) standards (in thousands) are indicated on the left.

genes in E. coli, most notably those involved in utilization of
various carbon sources (53). Other genes regulated by CAP
include those involved in pH-regulated gene expression, fla-
gellum synthesis, iron acquisition, enterotoxin production,
transfer of the F plasmids, and the heat shock response .
The residues important for CAP activity were conserved in Vir
(Fig. 7); these residues included those involved in DNA
binding, interaction with RNA polymerase, and cAMP binding
(11-13, 54, 59, 62).

vir HVAITHTPKLKHLDKLIAHGRRRYTAKSTI IYAGDRCE'I‘LFPI I KGSVTILIBDDDGRB 60
' P

e 1 Y]
CAP VIGKPQTDP‘I'LMLSKCHIHKYPSKSTLIHOGBKAETLYYIVKGSVAVLIMKB 58
Vir MI IGYLNSGDFFGEIGLFBKmBQBRSAHVRAKVBCBVAEISYAKFRBLSQQDSEILYT 120

I T

i
CAP HILSYLNQGDFIGBIGLPB EG. QERSAWVRAKTACEVABIS“KKFRQLIQVNPDILMR 115

Vir mSQHADRLRmRKVGDLAFLDmRVARTLLDLCQOPDAmPDGMOIKITRQE IGRI 180

Tl oir o TN

CAP mmmzwvrszxmmmRmmLmuummwolxlw 175

VEr  VGCSREMVGRVLKSLEEQGLVEVKGKTMYVFOTR 214
BRLEEL HHE ot

cap wonusmsmwwm 209

FIG. 7. Alignment of the deduced amino acid sequence of the P.
aeruginosa vfr gene with E. coli CAP. Identical amino acids (vertical
lines) and gaps inserted to optimize alignment (dots) are indicated.
Regions important for CAP activity are indicated below the CAP
sequence as follows: %, residues involved in cCAMP binding (54); ®,
residues which stabilize the cAMP binding pocket (54); V, residues
which form the hinge between the two domains of cAMP (54); single
underline, residues which are involved in CAP-RNA polymerase
interactions (13, 59); double underline, residues which form the
helix-turn-helix motif involved in DNA binding (54); and O, residues in
the HTH motif which make direct contact with nucleotides in the CAP
binding site (11, 12, 62).
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TABLE 3. Complementation of an E. coli crp mutation by vfr

B-Galactosidase activity” (Miller units) with:

Strain No added 1% No added 3 mM
glucose Glucose cAMP cAMP
RZ1331/pMMB66HE 25 11 ND ND
RZ1331/pRZ1306 478 98 ND ND
RZ1331/ptac917 226 65 ND ND
RZ1330/pMMB66HE ND ND 10 10
RZ1330/pRZ1306 ND ND 71 490
RZ1330/ptac917 ND ND 15 398

¢ Determined as described by Miller (36) for mid-log-phase cultures grown in
LB broth. ND, not determined.

Complementation of an E. coli crp mutation with the P.
aeruginosa vfr gene. The fact that Vfr was 67% identical to
CAP suggested that Vfr possesses similar functions. Therefore,
we introduced the cloned vfr gene into the E. coli crp deletion
mutant RZ1331 (13) to determine whether Vfr could function-
ally substitute for CAP. CAP is required for transcription of
the genes coding for B-galactosidase and tryptophanase pro-
duction (53). We assayed E. coli RZ1331 for the ability to
produce B-galactosidase or tryptophanase in the presence and
absence of the cloned vfr or E. coli crp gene. ptac917 was
constructed by cloning the 0.9-kb NarI fragment containing vfr
into pMMB66EH. pRZ1306 contains the cloned crp gene
under the control of the tac promoter on pMMBG66HE. E. coli
RZ1331/pRZ1306 produced 200-fold more PB-galactosidase
than RZ1331 containing the vector pMMB66HE (Table 3).
Likewise, E. coli RZ1331 containing ptac917 produced approx-
imately 100-fold more B-galactosidase than RZ1331/pMMB
66HE. Tryptophanase was not detected in E. coli RZ1331/
pPMMBG66HE; however, both RZ1331/pRZ1306 and RZ1331/
ptac917 produced tryptophanase, as indicated by the produc-
tion of a red color when Ehrlich’s reagent was added to
overnight LB cultures (data not shown). Thus, these results
indicate that the cloned vfr gene can substitute for crp to
regulate production of B-galactosidase and tryptophanase in E.
coli.

In E. coli, glucose represses the synthesis of B-galactosidase
and tryptophanase through a process known as catabolite
repression (53). E. coli responds to exogenous glucose by
decreasing the intracellular level of cAMP, which is required
for CAP activity. To determine if Vfr could mediate catabolite
repression in E. coli RZ1331, we compared the levels of
B-galactosidase produced by RZ1331/ptac917 and RZ1331/
pRZ1306 grown in media with and without glucose. Both
strains produced approximately three- to fivefold less B-galac-
tosidase in medium supplemented with 1% glucose than in
medium lacking glucose (Table 3). To determine if cAMP
modulates Vfr activity in E. coli, we introduced ptac917,
pRZ1306, and pMMB66HE into RZ1330, a crp cya mutant. In
this mutant, both CAP and cAMP must be supplied for
B-galactosidase production. In the absence of cAMP, RZ1330
containing either pRZ1306 or ptac917 produced low.levels of
B-galactosidase (Table 3). However, addition of 3 mM cAMP
to the culture restored B-galactosidase levels to those observed
in the E. coli crp mutant RZ1331 containing either pRZ1306 or
ptac917. These data indicate that Vfr, like CAP, is able to
mediate cAMP-modulated catabolite repression in E. coli.

E. coli crp does not complement a vfr mutation. To deter-
mine whether CAP could functionally substitute for Vfr in P.
aeruginosa, we introduced the cloned crp gene under the
control of the inducible tac promoter on pRZ1306 into
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FIG. 8. Expression of CAP in P. aeruginosa PA103/pRZ1306,
PA103-15/pRZ1306, and PA103-16/pRZ1306. pRZ1306 contains the
E. coli crp gene under the control of the tac promoter in the vector
pMMBG66HE. CAP was detected by immunoblotting with rabbit anti-
CAP antisera as described in Materials and Methods. Purified CAP
(approximately 0.78 p.g) was used as a positive control.

PA103-15 and PA103-16 and assayed for ETA activity and
protease production. The tac promoter is functional in P.
aeruginosa (19) and, in fact, immunoblotting of cell lysates
from P. aeruginosa containing pRZ1306 with rabbit anti-CAP
antisera showed that CAP was indeed expressed (Fig. 8). The
levels of ETA activity in PA103-15 and PA103-16 carrying
pRZ1306 were the same as the levels observed with PA103-15
and PA103-16 carrying the vector pMMBG66HE (Table 4). In
PA103, overexpression of CAP from the tac promoter inhib-
ited ETA production. PA103/pRZ1306 produced approxi-
mately sixfold less ETA than PA103/pMMBG66HE. We suspect
that this is due to the formation of nonfunctional heterodimers
of CAP and Vfr. As with ETA activity, CAP did not restore
protease activity in PA103-15 or PA103-16, as indicated by the
failure of these strains containing pRZ1306 to produce zones
of clearing around colonies on skim milk plates (data not
shown). Therefore, we concluded that the cloned crp gene
under the control of the fac promoter could not functionally
substitute for vfr in regulating either ETA or protease produc-
tion in P. aeruginosa.

DISCUSSION

The production of ETA is a complex and highly regulated
event. Many environmental stimuli, such as iron concentration
and temperature, affect ETA production. However, until now,
only the regAB, lasR, and fur gene products have been shown to
regulate ETA production. In this report, we describe the
identification of another gene involved in ETA production
which we have designated vfr. vfr was cloned by complementing

TABLE 4. Failure of crp to complement the ETA-deficient
phenotype of PA103-15 and PA103-16

ADP-ribosyl transferase activity”

Strain (cpm/10 pl of supernatant)
PMMB66HE pRZ1306"
PA103 8,848 543
PA103-15 36 1
PA103-16 7 Pt

“ Determined as described by Ohman et al. (38) and Chung and Collier (9) for
sugernatants from 18-h TSBD cultures.
crp expression was induced with 1 mM IPTG.
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the defect in ETA production in three NTG-generated mu-
tants derived from PA103. In addition to regulating ETA
production, vfr was required for transcription from the reg4 P1
promoter and for production of protease.

The deduced amino acid sequence of vfr is 67% identical to
the sequence for E. coli CAP, a global regulator of gene
expression in E. coli. CAP regulates the expression of over 100
genes, most notably the genes involved in carbon source
utilization whose expression is subject to catabolite repression
by glucose (7, 30, 53). However, we suspect that Vfr is not
involved in catabolite repression in P. aeruginosa, for several
reasons. In P. aeruginosa, tricarboxylic acid cycle intermedi-
ates, not glucose, cause repression of enzymes for utilization of
alternative carbon sources (39, 47). Additionally, the intracel-
lular levels of cAMP do not change in response to various
carbon sources; thus, cAMP does not appear to be the
modulator of catabolite repression (39, 47). MacGregor et al.
(35) and Wolff et al. (60) have recently identified and cloned
the crc gene, which is the mediator of catabolite repression in
P. aeruginosa. The crc gene is located at 11 min on the PAO
chromosome (60).

The predicted Vir ORF encoded a 214-amino-acid protein
that was approximately the same size as the 23-kDa CAP
monomer. The amino acid residues which constitute the
structural features of CAP that are associated with cAMP
binding, contact with RNA polymerase, and DNA binding are
identical or conserved in Vfr (Fig. 7). The extensive amino acid
identity between CAP and Vfr suggests that Vfr should be able
to functionally substitute for CAP in E. coli. In fact, vfr was
able to complement the B-galactosidase- and tryptophanase-
deficient phenotypes of an E. coli crp deletion mutant. This
observation suggests that Vfr can recognize the CAP binding
sites in the E. coli lacZ and tryptophanase promoters and can
interact productively with E. coli RNA polymerase to activate
transcription of these genes. In addition, ;CAMP was required
for Vfr activity in E. coli, indicating that Vfr can bind cAMP.

The crystal structure of the CAP-cAMP complex has been
determined at 2.5-A (0.25-nm) resolution and has revealed
numerous features of the CAP-cAMP complex (54). The C
terminus of CAP contains a helix-turn-helix (HTH) motif
which is responsible for specific DNA binding (30). With the
exception of a substitution of arginine at residue 179 in Vfr for
glutamine 174 in CAP, the first helix of the HTH DNA binding
domain of CAP is identical in Vfr (Fig. 7). The second helix
(CAP residues 180 to 191), which recognizes and binds to
nucleotides in one half of the CAP binding site, is identical to
Vir in 9 of 12 residues. The residues in CAP which make
specific contact with nucleotides in the CAP binding site are
arginine 180, glutamic acid 181, and arginine 185 (11, 12, 62)
and are identical in Vfr (Fig. 7).

It has been suggested that CAP activates transcription of
target promoters via interactions with RNA polymerase (13,
59). CAP residues 52 to 56 and 156 to 162 form surface-
exposed loops which are hypothesized to contact RNA poly-
merase (13, 59). The residues forming the 156-to-162 loop are
identical in Vfr; however, in the 52-to-56 loop, only two of the
five residues are identical (Fig. 7).

The crystal structure analysis of CAP identified six residues
which are predicted to be important in binding cAMP: glycine
71, glutamic acid 72, arginine 82, serine 83, threonine 127, and
serine 128 (54). These residues are identical in Vfr with the
exception of serine 128, which has been changed to threonine
(Fig. 7). However, cAMP binding studies (24) with CAP
mutants in which alanine was substituted for various residues
indicated that serine 128 may not be essential for cAMP
binding. Two residues of CAP, tyrosine 99 and arginine 123,
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are important in stabilizing the cAMP binding pocket (54);
these residues are identical in Vfr (Fig. 7). Thus, it appears that
the cAMP binding region of Vfr is very similar to the same
region of CAP. However, in Vfr three additional amino acid
residues, lysine 80, serine 83, and glutamic acid 84, are present
in the region corresponding to 8 strand 7 of CAP, which forms
part of the cAMP binding pocket (54). This difference could
allow Vfr to bind an allosteric effector other than cAMP.
Because CAP lacks these extra amino acids, it may not be able
to bind this effector.

The N-terminal cAMP binding region of CAP is connected
to the C-terminal DNA binding region by a 3-amino-acid hinge
(residues 135 to 137) (54). These amino acids are identical in
Vir (Fig. 7). These observations support our genetic data
indicating that Vfr can recognize the CAP binding site in E.
coli, can interact with E. coli RNA polymerase to facilitate
transcription of CAP-responsive genes, and can bind cAMP.

Surprisingly, although the cloned P. aeruginosa vfr gene is
able to complement a crp mutation in E. coli, the cloned crp
gene did not complement the vfr mutations in PA103-15 or
PA103-16, as assayed by restoration of ETA or protease
production. There are several possible explanations for the
inability of crp to complement a vfr mutation. One possibility is
that in P. aeruginosa, a modulator other than cAMP activates
Vir and CAP is unable to bind this modulator. However, even
if CAP does not bind the Vfr modulator, if sufficient levels of
cAMP are present CAP should be activated. Siegel et al. (47)
report CAMP levels in P. aeruginosa that are comparable to
those in E. coli. However, Phillips and Mulfinger (39) report
cAMP levels that are 10-fold lower. Therefore, there exists the
possibility that the levels of cAMP in P. aeruginosa are
insufficient to activate CAP. Identification of the modulator in
P. aeruginosa is needed to test this hypothesis. A second reason
why crp cannot complement a vfr mutation is that CAP may not
interact properly with P. aeruginosa RNA polymerase to
activate transcription of Vfr-dependent genes. This may be
because the spacing between the CAP or Vfr binding site and
the RNA polymerase binding site in P. aeruginosa promoters is
such that CAP cannot interact appropriately with P. aeruginosa
RNA polymerase. Alternatively, the region of Vfr which
interacts with P. aeruginosa RNA polymerase may be different
from the corresponding region of CAP. In addition, P. aerugi-
nosa RNA polymerase may be sufficiently different from E. coli
RNA polymerase that CAP cannot interact with it. A third
reason why crp may not complement a vfr mutation is that CAP
may not recognize the P. aeruginosa Vfr binding site, even
though Vfr appears to recognize CAP binding sites in E. coli.
There are two residues in the second helix of the Vifr HTH
motif that are not identical or even conserved in CAP and may
be involved in the binding of Vfr to a putative alternative
binding site in P. aeruginosa. These two residues in Vfr are
methionine 187 and serine 194 and correspond to threonine
182 and methionine 189, respectively, in CAP. Additionally,
amino acid changes occur at two additional sites; these are
arginine 179 for glutamine 173 of CAP in the first helix and
valine 191 for isoleucine 186 of CAP in the second helix (Fig.
7). In fact, a CAP binding site was not found in the fox4 and
regAB promoter regions, and regions of dyad symmetry were
not found immediately upstream of the foxA transcriptional
start site (41a). Thus, it seems likely that CAP cannot bind to
the tox4 or regd P1 promoter. The possibility of a putative
DNA binding site which differs from the CAP binding site
implies that Vfr may be able to bind two different sites. The
ability to bind two apparently different sequences has been
described for the Vibrio cholerae ToxR protein (27). Identifi-
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cation of the putative Vfr binding site in the tox4 and reg4 P1
promoters is needed to test this hypothesis.

The ability of vfr to complement the B-galactosidase-defi-
cient phenotype of an E. coli crp mutant suggests that Vfr can
recognize the CAP binding site and therefore should be able to
activate genes containing this sequence appropriately posi-
tioned in their promoters. There are two P. aeruginosa viru-
lence factor genes that have CAP-like binding sites in their
promoters; therefore, they may be regulated by Vfr. These
genes are algD, a key enzyme in alginate biosynthesis (10), and
lasR, the positive regulator of elastase expression (20). CAP
has been shown to bind to the algD promoter (10). Thus, it is
possible that Vfr may affect transcription of algD. lasR belongs
to a family of transcriptional activators of which the Vibrio
fischeri luxR gene is the prototype and is regulated by CAP
(20). CAP has also been shown to bind to a CAP binding site
within the luxR promoter (45). lasR, like luxR, has a CAP
binding site in its promoter; therefore, vfr should also be able
to regulate expression of lasR and lasR-regulated genes. Stud-
ies to identify additional genes that are regulated by Vfr are in
progress.
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