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The adaptation mechanism of Pseudomonas aeruginosa ATCC 10145 to quaternary ammonium compounds
(QACs) was investigated. A P. aeruginosa strain with adapted resistance to QACs was developed by a standard
broth dilution method. It was revealed that P. aeruginosa exhibited remarkable resistance to N-dodecylpyri-
dinium iodide (P-12), whose structure is similar to that of a common disinfectant, cetylpyridinium chloride.
Adapted resistance to benzalkonium chloride (BAC), which is commonly used as a disinfectant, was also
observed in P. aeruginosa. Moreover, the P-12-resistant strain exhibited cross-resistance to BAC. Analysis of
the outer membrane protein of the P-12-resistant strain by two-dimensional polyacrylamide gel electrophoresis
showed a significant increase in the level of expression of a protein (named OprR) whose molecular mass was
approximately 26 kDa. The actual function of OprR is not yet clear; however, OprR was expected to be an outer
membrane-associated protein with homology to lipoproteins of other bacterial species, according to a search
of the National Center for Biotechnology Information website with the BLAST program by use of the N-
terminal sequence of OprR. A correlation between the level of expression of OprR and the level of resistance
of P. aeruginosa to QACs was observed by using a PA2800 gene knockout mutant derived from the P-12-
resistant strain. The knockout mutant recovered susceptibility not only to P-12 but also to BAC. These results
suggested that OprR significantly participated in the adaptation of P. aeruginosa to QACs, such as P-12 and BAC.

In recent years, disinfectants have been used indiscrimi-
nately because of our increased desire for cleanliness. The
boom in “antibacterial” products has accelerated these trends.
Furthermore, the indiscriminate use of disinfectants provides a
hotbed for the adaptation of bacteria to those products and
increases the spread of resistant bacteria. Similarly, as with
many other disinfectants, bacterial resistance to quaternary
ammonium compounds (QACs) has recently caused serious
problems. Pseudomonas aeruginosa isolates have frequently
been found to be resistant to QACs (3, 4, 5, 9, 11, 19, 27, 28).
P. aeruginosa is ubiquitous in the environment and shows in-
trinsic resistance to high levels of QACs (18). The intrinsic
resistance of this organism seems to be due to the cell wall and
the cell membrane; for example, antimicrobials cannot easily
access their sites of action because of the lower level of per-
meability of the outer membrane (14), and efflux pumps cause
enhanced levels of efflux of antimicrobials (8). Moreover, since
the species has a broad range of growth temperatures and
possesses sturdy metabolism pathways, in addition to high lev-
els of resistance to antibiotics and disinfectants, it is difficult to
control with antimicrobials and has been shown to be an op-
portunistic pathogen and an infectious pathogen in hospitals.
The phenotypic changes in P. aeruginosa cells corresponding to
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the increased levels of resistance to QACs have been investi-
gated and reported. These include changes in the profiles of
the outer membrane proteins (9, 28), fatty acids (3, 4, 5, 9, 11),
lipids (9, 19), lipopolysaccharide (28), cell wall (5), and cell
surface hydrophobicity (5, 9, 26) and changes in drug uptake
and the zeta potential of the bacterial cell surface (9). How-
ever, it is still unclear how molecular mechanisms contribute to
these phenotypic changes in the QAC-resistant P. aeruginosa
strains. There are several reasons why it is difficult to reveal in
detail the mechanisms of bacterial adaptation to QACs; for
example, multiple mechanisms often participate in the adap-
tation of bacteria to disinfectants (16), and the bacterial phe-
notypic changes induced by the adaptation to QACs are fre-
quently unstable (5, 11, 27). These characteristics make the
investigation of bacterial adaptation more difficult.

We previously reported that P. aeruginosa isolates resistant
to N-dodecylpyridinium iodide (P-12), a member of the QACs
which is structurally similar to cetylpyridinium chloride, could
successfully be obtained by a standard broth dilution method
(26). The MIC of P-12 for the resistant strain was about 7.8
times higher than that for the wild strain, and the adapted
resistance to P-12 was comparatively stable. In the present
study, the changes in the outer membrane protein profiles
between the wild strain and the P-12-resistant strain were com-
pared in order to elucidate the mechanism of adaptation of P.
aeruginosa to P-12. Because the adaptation of P. aeruginosa to
P-12 was expected to occur due to changes in the components
in the outer membrane, we thought it to be the first target or
barrier to QACs. As a result, we have specified a new outer
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or D e a Reference
plasmid escription or source
P. aeruginosa
ATCC 10145  Prototroph
RP12 Strain adapted to P-12 by 26
adaptation treatment for 11
cycles
RP12K PA2800 gene-knockout mutant This study
derived from RP12
RBAC Strain adapted to BAC by This study
adaptation treatment for 11
cycles
E. coli
IM109 recAl endAl gylA96 thi hsdR17 31
supE44 relA1 A(lac-proAB)/F’
[traD36 proAB*lacl® lacZAM15]
BL21 (DE3)  F' ompT hsdSg gal(\cI857 ind1 2
Sam’7 nin5 lacUV5-T7genel)
dcm(DE3)
S17-1 thi pro hsdR recA chr::RP-4-2 23
Plasmids
pUC18 Ap', a high-copy-number cloning 31
vector
pGEX-2T Ap', a GST-fusion protein 24
expression vector
pOR-GST Ap', a pGEX-2T derivative carrying  This study
the PA2800 gene between the
BamHI site and the EcoRI site
pGEM-T Ap', a TA cloning vector 15
pACOGm Gm'" Tet", a donor vector of Gm" 22
cassette carrying the () sequences
pOR-K01 Ap', a pGEM-T derivative carrying This study
the PA2800 gene amplified by
Tag DNA polymerase
pOR-K02 Ap" Gm', a pOR-KO01 derivative This study
carrying the Gm" determinant
amplified by Pfu DNA
polymerase
pMOB3 A plasmid carrying a 5.8-kbp Notl 21
fragment encoding sacB, Cm’,
and oriT
pOR-K03 Ap" Gm" Sac', a pOR-K02 This study

derivative carrying the 5.8-kbp
Notl MOB cassette from pMOB3

“ Ap, ampicillin; Gm, gentamicin; Km, kanamycin; Cm, chloramphenicol; Sac,
sucrose; Tet, tetracycline.

membrane protein whose level of expression was increased in
the P-12-resistant strain. We also investigated the correlation
between the expression of the protein and the adaptation of P.
aeruginosa to QACs using gene knockout techniques.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains and plasmids used in this
study are shown in Table 1. The bacterial strains were mainly grown in Luria-
Bertani (LB) broth (1.0% [wt/vol] tryptone, 0.5% [wt/vol] yeast extract, and 0.5%
[wt/vol] NaCl [pH 7.0]) or nutrient broth (Becton Dickinson, Sparks, Md.).

Chemicals. P-12 was synthesized in our laboratory, as described previously (6).
Benzalkonium chloride (BAC) was purchased from Takeda Pharmaceutical Co.,
Ltd. (Tokyo, Japan). The other chemicals used in this study were of commercially
available reagent grade and were used without further purification.

Measurement of MICs. The MICs of the various disinfectants were measured
by a standard broth dilution method (10). The disinfectant solutions were diluted
stepwise with fresh nutrient broth to the prescribed concentrations. Briefly, a
1.25-fold disinfectant dilution series was made by adding 4 ml of the disinfectant
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TABLE 2. Nucleotide sequences of oligonucleotide primers
used in this study

Gene Primer Sequence
PA2800  PA2800-Fw 5'-ATAGAGGGTGTTGTTGACGTGC-3'
PA2800-Bw 5'-ATCCACTGAAACGACGAAAGGC-3’

5'-GCGGATCCGCCAGTGAAGAAGAC
CCTTGGGAAAGC-3’

5'-GCGAATTCTTAGAAGTCGTCCTCC
ACCTCGCCG-3'

PA2800gst-Fw

PA2800gst-Bw

Gm®-Fw
GmR-Bw

aacCI 5'-TATCACCAGCTCACCGTCTTTCAT-3’

5'-ACATTCTTGCCCGCCTGATGAA-3'

solution to 1 ml of nutrient broth. A culture of the bacteria to be tested was
preincubated in LB broth for 18 h at 37°C and was diluted to a concentration of
approximately 1.0 X 10° cells/ml with nutrient broth. A 0.5-ml portion of the
prepared cell suspension was added to an equal volume (0.5 ml) of each of the
dilution series, and the mixtures were then incubated at 37°C for 24 or 48 h. The
MICs of the disinfectants for the bacteria was determined by visual inspection.
The measurements were carried out three times, and the data are presented as
the averages of the three measurements.

Evaluation of bactericidal effects of QACs. The culture was used at the mid-
exponential phase of growth. Cells were harvested (centrifugation at 2,500 X g
for 15 min at room temperature) and resuspended in 10 ml of physiological
saline. The QACs tested were dissolved to the prescribed concentrations in 5 ml
of physiological saline. After each 50-pl aliquot of the cell suspension was mixed
with the QAC solution, the mixture was incubated in a water bath at 37°C for 5
min with shaking. One-tenth volume of the mixture was then added to 5 ml of
physiological saline containing 0.7% (wt/vol) Tween 80 and was left for 5 min
without shaking to inactivate the QACs. The number of living cells in the mixture
was determined by counting the numbers of CFU on LB agar plates.

Development of P. aeruginosa with adapted resistance to QACs. The P. aerugi-
nosa ATCC 10145 strain with adapted resistance to the QACs was developed by
a previously reported standard broth dilution method (26). Briefly, a 1.25-fold
QAC dilution series was made by using the nutrient broth described above for
measurement of the MICs. The culture of P. aeruginosa preincubated in LB
broth for 18 h at 37°C was diluted to a concentration of 1.0 X 10°cells/ml with
nutrient broth. A 0.5-ml portion of the cell suspension was added to an equal
volume (0.5 ml) of each of the QAC dilution series. After incubation for 24 h at
37°C, the MICs of the QACs for the bacteria tested were determined. The
bacteria that had grown in the presence of the highest concentration of the
dilution series (that is, in the presence of a concentration below the MIC) were
adjusted to 1.0 X 10° cells/ml with nutrient broth, and then the bacteria were
placed in the next dilution and the MICs of the QACs were determined. The
adaptation was continued by repetition of this procedure and was completed
when no increase in the MIC was observed in the last three or four cycles.

Analysis of outer membrane protein profile. The outer membrane fraction was
prepared by the method of Nakajima et al. (13). The outer membrane protein
profile was analyzed by sodium dodecyl sulfate (SDS)-polyacrylamide gel elec-
trophoresis (PAGE) (7) and two-dimensional PAGE (2D-PAGE) in an electro-
phoresis apparatus (TEP-2; Shimadzu Corporation, Kyoto, Japan). The electro-
phoresed gels were stained with Coomassie brilliant blue R250. Sequencing of
the amino acid sequence of the outer membrane protein extracted from the
acrylamide gel fragments from 2D-PAGE was carried out by APRO Science
(Tokushima, Japan).

Preparation of genomic DNA. The genomic DNA was prepared from P.
aeruginosa ATCC 10145 and a P-12-resistant strain (strain RP12) by ultracen-
trifugation on CsCl gradients (20).

Preparation of a specific antibody against the outer membrane protein en-
coded by the PA2800 gene. The entire coding region of the outer membrane
protein encoded by the PA2800 gene was amplified by PCR with a primer set
(primers PA2800gst-Fw and PA2800gst-Bw) (Table 2) and the genomic DNA of
RP12 as the template. We confirmed that the sequences of the PA2800 gene of
PAO1, ATCC 10145, and the P-12-resistant strain were identical. Each primer
possessed an additional 8-bp sequence cleavable by BamHI and EcoRI at the 5’
end, respectively. The 100-pl reaction mixture, which contained 1 U of Pfu DNA
polymerase (Promega, Madison, Wis.), was treated for 1 min at 95°C, followed
by 30 cycles of 1 min at 95°C, 0.5 min at 65°C, and 1 min at 73°C before a final
heating at 73°C for 5 min. The amplicon obtained was double digested with
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BamHI and EcoRI and ligated into the pGEX-2T plasmid (Amersham Bio-
sciences AB, Uppsala, Sweden) that had been double digested with the same
restriction enzymes. Escherichia coli JM109 competent cells were transformed
with a recombinant plasmid (pOR-GST), after confirmation that the nucleotide
sequence had been inserted by use of a DNA sequencer (ALF-red; Amersham
Biosciences).

For the expression of a fusion protein of glutathione S-transferase (GST) and
the putative protein encoded by the PA2800 gene, E. coli JM109 transformed
with pOR-GST was preincubated overnight in 15 ml of LB broth containing 50
g of ampicillin per ml at 37°C. The preincubated culture (5 ml) was inoculated
into 250 ml of LB broth containing 50 g of ampicillin per ml, and the mixture
was incubated at 37°C until the optical density at 600 nm of the culture reached
0.4 to 0.6; then, protein expression was induced by the addition of 1.0 mM (final
concentration) isopropyl-thio-B-p-galactopyranoside. The induction of protein
expression was performed at 37°C for 4 h, and the bacteria were harvested by
centrifugation (1,700 X g for 10 min at 4°C). The bacterial cells were resus-
pended in 15 ml of phosphate-buffered saline and disrupted by three treatments
with a French pressure cell (SLM Instruments, Inc., Urbana, Il1.) at 1,000 Ib/in?.
The disrupted sample was separated by SDS-PAGE, and the electrophoresed gel
was stained with Coomassie brilliant blue R250. The overexpressed fusion pro-
tein consisting of GST and the putative protein encoded by the PA2800 gene
were clipped off with a sterile scalpel. The fusion protein was extracted overnight
in extraction buffer (20 mM Tris-HCI [pH 8.0] containing 1.0% [wt/vol] SDS)
with shaking at room temperature. The extracted fusion protein was then pre-
cipitated with a fourfold volume of cold acetone. The fusion protein was ob-
tained by centrifugation (20,000 X g for 30 min at 4°C). The identity of the
extracted fusion protein was confirmed by 2D-PAGE, which gave a single spot.

A male Japanese White rabbit (weight, 2.0 kg) was immunized with the
purified fusion protein consisting of GST and the putative protein encoded by
the PA2800 gene. The fusion protein solution (100 wg of fusion protein in 1.5 ml
of phosphate-buffered saline) was emulsified with an equal volume of Freund’s
complete adjuvant (Difco, Detroit, Mich.), and then the emulsion was subcuta-
neously administered to the back of the rabbit as a primary immunization. After
3 weeks, 3.0 ml of the emulsion of the fusion protein and Freund’s incomplete
adjuvant (Difco) was injected as a booster in the same manner as the primary
immunization. The additional booster was administered two more times as de-
scribed above. One week after the last injection, blood was taken from the ear
vein to obtain the antiserum. The antiserum was stored at —30°C with 0.1%
(wt/vol) sodium azide until use.

Immunoblotting. Immunoblotting was carried out basically as described pre-
viously (12). Detection of the putative protein encoded by the PA2800 gene was
performed with an antiserum specific for the putative protein encoded by the
PA2800 gene as the first antibody, horseradish peroxidase-conjugated goat im-
munoglobulin G against rabbit immunoglobulin G (ICN Biomedicals, Inc., Au-
rora, Ohio) as the second antibody, and a chemoluminescence substrate kit (ECL
Western blotting detection reagents; Amersham Biosciences).

Preparation of a PA2800 gene knockout mutant. The preparation of a PA2800
gene knockout mutant was carried out by the conjugation method. The 1.0-kbp
fragment containing the open reading frame of the PA2800 gene with its up-
stream and downstream sequences was amplified by using 7ag DNA polymerase
(Promega) and a primer set (primers PA2800-Fw and PA2800-Bw; Table 2). The
mixture was treated for 5 min at 94°C, followed by 35 cycles of 1 min at 94°C, 1
min at 65°C, and 1 min at 72°C before the reaction was completed by treatment
at 72°C for 10 min. The amplified fragment was subcloned into the pGEM-T
vector (Promega) to yield pOR-KO1. Subsequently, the 1.1-kbp fragment of the
aacCI gene encoding the gentamicin acetyltransferase-3-1 (Gm") (22) was am-
plified by using the Pfu DNA polymerase (Promega), pACQGm (22), and a
primer set (primers GmR-Fw and Gm®-Bw; Table 2). The mixture was treated
for 1 min at 95°C, followed by 30 cycles of 1 min at 95°C, 0.5 min at 65°C, and
2 min at 73°C before a final treatment at 73°C for 5 min. The fragment was
ligated into pOR-KO01 at the Ball site in the middle of the PA2800 gene to yield
pOR-K02. The MOB cassette carrying a chloramphenicol resistance (Cm") de-
terminant, oriT and sacB, was then excised from pMOB3 (21) as a 5.8-kbp NotI
fragment. The fragment was ligated into the Notl site of pOR-K02 to obtain
pOR-K03.

pOR-KO03 was introduced into a mobilizer strain, E. coli S17-1, by electropo-
ration. Conjugal transfer was achieved by the method of Schweizer et al. (21),
with a slight modification. Early-exponential-phase cultures of both the donor
strain (E. coli S17-1) and the recipient strain (P. aeruginosa RP12) were used.
Both strains (100 wl of culture volume for each strain) were placed onto a
sterilized filter (cellulose nitrate filter; pore size; 0.2 wm, diameter; 25 mm;
Advantec, Tokyo, Japan) on an LB plate, and the plates were incubated over-
night at 37°C. The cells on the filter were suspended in 2 ml of LB broth and
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FIG. 1. Relationship between adaptation cycle and MICs of QACs
for P. aeruginosa ATCC 10145. Symbols: @, P-12; m, BAC. The adap-
tation of P. aeruginosa to the QACs was done as described in the
Materials and Methods section. The adaptation was completed when
no increase in the MIC was observed in the last three or four cycles.
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centrifuged (6,500 X g for 5 min at 4°C). Aliquots of the pelleted cells were
resuspended in 0.1 ml of LB broth and plated onto a NAC agar plate (Nissui
Pharmaceutical Co., Ltd., Tokyo, Japan) to select only P. aeruginosa cells from
the mixed culture of P. aeruginosa and E. coli. After incubation overnight at 37°C,
the colonies that had grown were suspended in 10 ml of LB broth and the
mixture was centrifuged (6,500 X g for 5 min at 4°C), and then the cells were
resuspended in 1 ml of LB broth and a 0.1-ml portion was plated onto an LB
plate containing 20 wg of gentamicin per ml to effectively induce gentamicin
resistance. After an overnight incubation at 37°C, the colonies that had grown
were plated onto LB plates containing 200 g of gentamicin per ml and incu-
bated as described above. The colonies that had grown were further plated onto
LB plates containing 200 pg of gentamicin per ml and 5% (wt/vol) sucrose. After
three rounds of selection on plates containing gentamicin and sucrose in order to
ensure that recombination between the genomic DNA of P. aeruginosa RP12 and
the plasmid DNA transferred from E. coli S17-1 had occurred, the PA2800
gene-knockout mutants were obtained as gentamicin- and sucrose-resistant col-
onies. Confirmation of the disruption of the PA2800 gene was checked by PCR
amplification of the gene and immunoblotting of the bacterial proteins.

RESULTS AND DISCUSSION

P. aeruginosa with adapted resistance to QACs. In a clinical
or food production environment, it is thought that the concen-
tration of disinfectants may be diluted to the sub-MIC for use
in disinfection and rinsing. The exposure of bacterial cells to
sub-MICs may give a selective pressure for resistance to the
bacteria (29). In order to investigate the adaptation of P.
aeruginosa to QACs under such conditions, repeated measure-
ment of the MIC was adopted since the sub-MIC condition was
easily estimated. Development of the adapted resistance of P.
aeruginosa to the QACs is shown in Fig. 1. In the case of the
adapted resistance of P. aeruginosa to P-12, the MIC constantly
increased and reached the maximum of 384 ppm (7.8-fold
higher than MIC for the wild strain). On the other hand, the
adaptation of P. aeruginosa to BAC was weaker than that to
P-12; nevertheless, the MIC constantly increased and reached
the maximum of 51.2 ppm (3.0-fold higher than MIC for the
wild strain). These results suggest that the adaptation of P.
aeruginosa to the QACs (pyridinium-cationic-type QACs and
ammonium-cationic-type QACs) was easily attained through
continuous contact with the QACs. We mainly used the P-12-
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TABLE 3. MICs of P-12 and BAC for stationary-phase bacteria

MIC (ppm)*
P. aeruginosa strain
P-12 BAC
ATCC 10145 58.9 18.2
RP12? 280.0 69.3
RP12K 78.8 24.5

“ MICs were measured by a broth dilution method with nutrient broth at 37°C
for 24 h. The data are represented as the average values of three measurements.

® A frozen stock (—30°C) culture recovered by incubation in LB broth at 37°C
for 18 h was used.

adapted strain (RP12) in the study. We did so because the
molecular change(s) with adaptation was expected to be more
remarkable in RP12 than in the BAC-adapted strain (strain
RBAC), judging from the more significant increase in the MIC
for RP12 than for RBAC. This adapted resistance to P-12 was
comparatively stable in the strain (data not shown), but when
the strain was kept at —30°C in the presence of 15% (vol/vol)
glycerol, the resistance decreased slightly (see the MIC of P-12
for P. aeruginosa RP12 in Table 3). As shown in Table 3, RP12
had notable cross-resistance to BAC.

Also, a gradual increase in the MIC of P-12 for P. aeruginosa
was observed (Fig. 1), and this pattern of a gradual increase in
the MIC was reproducible in separate experiments (data not
shown). The MIC of P-12 for the frozen stock (—30°C) culture
of RP12 decreased (Table 3), and the decreased MIC was
recovered by contact with P-12 (data not shown). These facts
suggest that the adapted P-12 resistance of P. aeruginosa was
not the result of a mutation but the result of an adaptation. A
similar explanation was seen for an isothiazolone-resistant P.
aeruginosa strain (1, 30). The reason is that if P-12 adaptation
was caused by a mutation, the decrease in the MIC can hardly
be expected during preservation. However, the possibility of
the participation of a mutation(s) in the resistance of P. aerugi-
nosa to P-12 could not be completely excluded only on the
basis of these results.

Analysis of change in outer membrane protein profile with
adaptation. It is well known that QACs such as P-12 and BAC
can exclude boundary divalent cations such as Mg>* from the
outer membrane (28) and induce disorder in the outer and cell
membranes. Therefore, the results observed here suggest that
some change(s) that allowed the bacterium to resist the anti-
bacterial action of the QACsSs occurred in the outer membrane,
which is the first target or barrier of P. aeruginosa strains
adapted to QACs, such as RP12 and RBAC. Therefore, in
order to elucidate the adaptation mechanism of P. aeruginosa
to the QAC:s, the change in the outer membrane protein pro-
file was primarily investigated.

The outer membrane fractions prepared from P. aeruginosa
ATCC 10145 and RP12 were analyzed by electrophoresis.
Compared to the band pattern of P. aeruginosa ATCC 10145,
some differences were seen in that of RP12 (Fig. 2A; compare
lanes 2 and 3). In particular, the level of expression of the
protein whose molecular mass was approximately 26 kDa was
significantly increased in RP12. To investigate whether the
26-kDa protein band was composed of a single protein, 2D-
PAGE was done and the pattern of the protein spots was
observed. As shown in Fig. 3, the 26 kDa-protein was detected
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FIG. 2. Electrophoretic analysis and immunoblotting of the strains
tested. The arrowhead indicates OprR, whose expression was specifi-
cally increased in RP12 (approximate molecular mass, 26 kDa).
(A) SDS-PAGE image of whole-cell extracts of P. aeruginosa ATCC
10145, RP12, and RP12K. Lanes: 1, molecular mass marker; 2, P.
aeruginosa ATCC 10145; 3, RP12; 4, RP12K. (B) Immunoblotting of
OprR. The contents of the lanes are the same as those in panel A. An
antiserum against a fusion protein consisting of GST and the putative
protein encoded by the PA2800 gene was used as the primary antibody.

as a single spot; the increase in the level of expression of the
26-kDa protein was also confirmed in the 2D-PAGE image.
Thus, it was obvious that the increase in the amount of the
26-kDa protein band shown in Fig. 2A, lane 3, reflected the
increase in the amount of a single protein. These results indi-
cate that the level of expression of the 26-kDa outer membrane
protein was specifically increased in RP12. We named this
26-kDa protein OprR and further investigated the correlation
between the QAC resistance of P. aeruginosa and the expres-
sion of OprR.

Molecular specification of OprR. Amino acid sequencing of
the N-terminal side of OprR was carried out, and the 12 res-
idues were determined to be ASEEDPWESINR. A search of
the website of the National Center for Biotechnology Infor-
mation (http://www.ncbi.nlm.nih.gov/BLAST/) was conducted
with the BLAST program to find sequences homologous to the
amino acid sequence. As a result, the putative product of an
open reading frame, PA2800, whose function has been unclear,
showed a complete match with the amino acid sequence of
OprR. Judging from the actual amino acid sequence of OprR
(ASEEDPWESINR), it was suggested that OprR was first
translated as a proprotein and then processed into the mature
form of OprR by removal of the N-terminal 30 amino acids,
which encode a signal peptide. Also, by consideration of its
primary structure, as deduced from the gene sequence, it is
expected that OprR is a membrane-associated protein and
would interact with QACs in the outer membrane because the
deduced mature OprR contains hydrophobic regions (data not
shown). Moreover, the antiserum against a fusion protein con-
sisting of GST and this putative protein encoded by the

Downloaded from https://journals.asm.org/journal/aac on 28 November 2022 by 150.59.192.145.



VoL. 47, 2003

QAC RESISTANCE OF P. AERUGINOSA 2097

Re R
w
. -4

94.0kDa- = =
67.0kDa- S W'“ —
43.0kDa- i el
30.0KkDa . st
. 4

20.1kDa-

ot —
14.0kDa-" .

pI=5.1

PI=5.9

pI=5.1 PI=5.9

FIG. 3. 2D-PAGE analysis of the outer membrane protein profiles of P. aeruginosa ATCC 10145 and RP12. (A) P. aeruginosa ATCC 10145;
(B) RP12. The arrowhead indicates the OprR (approximate molecular mass, 26 kDa; pI = 5.3).

PA2800 gene specifically recognized the 26-kDa protein whose
levels were increased in RP12 (Fig. 2B, lane 3). Thus, it was
concluded that OprR was encoded by the PA2800 open read-
ing frame. The BLAST search also showed homology between
OprR and the lipoproteins of several species, such as Vacl
(Fig. 4). Although the vacJ gene of Shigella flexneri has been
shown to be associated with the intercellular spread of the
bacterium, it is still unclear whether the gene participates in
resistance to QACs (25). If OprR is similar to the ordinary
lipoproteins of the outer membrane, OprR may play a role in
the mechanical enhancement of the resistance of the outer
membrane to QACs. Alternatively, if OprR can associate with
itself to form a channel in the outer membrane, this protein
may act as part of a certain disinfectant efflux system. More-
over, if OprR functions as a member of some efflux pump
system, the increase in the level of OprR would introduce an
increase in the level of QAC efflux and would be consistent
with the acquisition QAC resistance. However, no significant
structural homology between the OprR and the components of
the known efflux pump system has so far been found.

Construction of a PA2800 gene-knockout mutant as an
OprR deletion mutant. To precisely investigate the effect of
OprR expression in RP12, a PA2800 gene-knockout mutant
was prepared from RP12. In order to confirm that the gene
recombination occurred correctly on the genomic DNA of a
PA2800 gene-knockout mutant, PCR amplification was done
with a primer set which can amplify a sequence from about 1.0
kbp upstream of the PA2800 gene to about 1.0 kbp down-
stream of the gene. Since a single DNA band amplified from a
PA2800 gene-knockout mutant was about 1.0 kbp larger than
those from the wild strain and RP12, it was indicated that the
original PA2800 gene in RP12 was replaced by the PA2800
gene into which a gentamicin resistance gene cassette from
pOR-KO03 was inserted (data not shown).

To confirm the lack of expression of OprR in a PA2800
gene-knockout mutant, the entire cell protein of a PA2800

gene-knockout mutant was electrophoresed and then detected
by immunoblotting with antiserum against OprR as the pri-
mary antibody. As shown in Fig. 2B, lane 4, OprR was not
expressed in the PA2800 gene-knockout mutant. As a conse-
quence, we successfully constructed a PA2800 gene-knockout
mutant of RP12 from which OprR was deleted. The knockout
mutant obtained was named RP12K.

Characterization of a PA2800 gene-knockout mutant of P.
aeruginosa. Subsequently, we carried out a further investiga-
tion to evaluate the contribution of the expression of OprR to
the adaptation of P. aeruginosa to the QACs by using RP12 and
its PA2800 gene-knockout mutant, RP12K. As shown in Table
3, the MIC of P-12 for RP12K decreased significantly com-
pared to that for the parent strain, RP12. This result indicates
that RP12K became more susceptible to P-12 by the deletion
of OprR. The MIC of BAC for RP12K was also investigated.
Interestingly, the same trend was observed. The MIC of BAC
for RP12K also decreased significantly compared to that for
RP12. These results suggest that the increase in the level of
OprR expression in RP12 significantly affects not only the
adaptation to P-12 but also the adaptation to BAC. Therefore,
we thought that OprR is one of the important proteins respon-
sible for the adaptation of P. aeruginosa to the QACs. These
results may also indicate that the resistance system involving
OprR generally plays a key role in the resistance to the QACs.
However, in order to confirm this hypothesis, the susceptibil-
ities of RP12 and RP12K to various kinds of QACs must be
extensively compared. We note that the extent of resistance of
RP12K to P-12 and BAC was considerably lower than that of
RP12, but RP12K was still obviously more resistant to both
QAC:s than the wild strain, ATCC 10145, since the decreased
MIC:s of both QACs for RP12K had not reached the same level
as that for the wild strain. This tendency was also observed in
the evaluation of the bactericidal effects of P-12 and BAC. The
rate of survival of RP12K cells was much lower than that of
RP12 cells, although RP12K cells still exhibited a higher sur-
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FIG. 4. Multiple-sequence alignment of proteins homologous with OprR. The search for sequences homologous with OprR was performed with
the BLAST program, and the multiple-sequence alignment was performed with CLUSTALX software. The conserved sequences are denoted in
gray. Abbreviations: PA, P. aeruginosa; PP, Pseudomonas putida; PM, Pasteurella multocida; VC, Vibrio cholerae; EC, E. coli; SF, S. flexneri; SE,

Salmonella enterica; RP, Rickettsia prowazekii; HI, Haemophilus influenzae.

vival rate than cells of the wild strain (data not shown). These
results not only may suggest that the adaptation of P. aerugi-
nosa to the QACs occurred as a result of the increase in the
level of OprR expression, but they also may support the ac-
cepted idea that multiple factors contribute to the adaptation
of the bacteria to disinfectants (16). Therefore, further inves-
tigation is necessary to elucidate the entire aspect of the ad-
aptation of P. aeruginosa to QACs, e.g., changes in lipids or
lipopolysaccharides.

The increase in the level of OprR expression observed in

RP12 is thought to occur by a kind of stress response system.
In gram-negative bacteria, it has been reported that multidrug
resistance is activated by inductions and mutations caused by
certain types of stresses (17). The bacterial response to envi-
ronmental stress is an indispensable mechanism for survival
under stressed conditions. Interestingly, PA2800 is located
downstream of the genes encoding a hypothetical transcription
regulator on P. aeruginosa PAO1 chromosomal DNA (http://www
.pseudomonas.com/AnnotationByPAU.asp?PA=PA2802/).
Therefore, this location of the PA2800 gene suggests that the
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regulation of OprR expression is controlled by stress, i.e., con-
tact with QACs.

This study is the first step in the clarification of the molec-
ular mechanism of the adaptation of P. aeruginosa to QACs;
however, we have not obtained enough knowledge about this
mechanism. In order to prevent the further expansion of QAC-
resistant bacteria that can cause infections in hospitals and
contaminate foods and cosmetics, elucidation of the molecular
mechanism of resistance must be achieved soon. Further in-
vestigations are in progress to elucidate the mechanism of the
adaptation of P. aeruginosa to QACs.
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