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Various Pseudomonas aeruginosa PAO1 NfxB mutants were isolated on agar plates containing cefpirome and
ofloxacin. They were classified into type A and type B, based on the degrees of changes in their susceptibilities.
Type A mutants were four to eight times more resistant to ofloxacin, erythromycin, and new zwitterionic
cephems, i.e., cefpirome, cefclidin, cefozopran, and cefoselis, than was the parent strain, PAO1. In contrast,
type B mutants were more resistant to tetracycline and chloramphenicol, as well as ofloxacin, erythromycin,
and the new zwitterionic cephems, than was PAO1, and they were four to eight times more susceptible to
carbenicillin, sulbenicillin, imipenem, panipenem, biapenem, moxalactam, aztreonam, gentamicin, and kana-
mycin than was PAO1. The changes in susceptibilities of type B mutants were greater than those of type A
mutants. The susceptibilities of both type A and type B mutants were restored to the level of PAO1 by
transformation with plasmid pNF111, which contained the wild-type nfxB gene, demonstrating that they are
NfxB mutants. Immunoblot analysis with a monoclonal antibody to OprJ revealed that type B mutants
produced larger amounts of outer membrane protein OprJ than did type A mutants and that PAO1 produced
an undetectable amount of it. Moreover, transconjugants obtained with the different types of NfxB mutants as
the donor strains showed almost the same phenotypes as the corresponding donor strains. These results
suggest that there are at least two nfxB mutations that show different phenotypes and that production of OprJ
is associated with changes in susceptibilities of NfxB mutants.

Pseudomonas aeruginosa is a clinically significant pathogen
because of its intrinsic resistance to many antimicrobial agents.
Although this organism has an outer membrane with low per-
meability (1, 28), this fact alone does not adequately explain
the intrinsic resistance (21). Poole et al. (25) cloned an operon,
mexA-mexB-oprM (previously oprK [6]), which is believed to
belong to a family of active efflux systems in bacteria (12, 22).
When mexA, mexB, or oprM was inactivated by a mutation, the
P. aeruginosa strain became hypersusceptible to many antimi-
crobial agents (4, 6, 25). Therefore, it is logical to think that the
intrinsic resistance is due to a combination of low outer mem-
brane permeability and a multiple-drug efflux transporter(s)
(22).

OprM has been identified as an outer membrane protein
overproduced in NalB mutants which show cross-resistance to
meropenem, cephems, quinolones, and some other antimicro-
bial agents (15). nalB (26), as well as nfxB (7) and nfxC (3), has
been mapped on a chromosome in P. aeruginosa as a quinolone
resistance locus. These mutants show cross-resistance to struc-
turally diverse antimicrobial agents, although their resistance
patterns are different (3, 7, 15, 26). NfxB mutants produce an
outer membrane protein with an apparent molecular weight of
54,000 (designated OprJ) (7, 8, 16).

We previously isolated mutants that were phenotypically
similar to NfxB mutants and showed that they were resistant to
quinolones and new zwitterionic cephems, i.e., cefpirome and
cefozopran (16). However, there is some inconsistency among
strains of NfxB mutants in susceptibility to B-lactams, tetracy-
cline, chloramphenicol, and aminoglycosides (7, 24). We have
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attempted to elucidate the reason for this inconsistency. In this
study, we isolated various NfxB mutants and showed a quan-
titative correlation between changes in susceptibility and the
production of OprJ in these mutants.

MATERIALS AND METHODS

Antimicrobial agents. The antimicrobial agents used in this study were ob-
tained as follows: piperacillin and cefoperazone, Toyama Chemical Co., Tokyo,
Japan; carbenicillin and cefoselis (FK 037) (2), Fujisawa Pharmaceutical Co.,
Osaka, Japan; sulbenicillin, cefsulodin, and cefozopran (SCE-2787) (10), Takeda
Chemical Industries, Osaka, Japan; moxalactam, gentamicin, and erythromycin,
Shionogi Pharmaceutical Co., Osaka, Japan; ceftazidime, Glaxo Japan, Tokyo,
Japan; cefpirome, Chugai Pharmaceutical Co., Tokyo, Japan; cefepime (BMY-
28142), Bristol-Myers Squibb, Tokyo, Japan; ME-1228 (20) and streptomycin,
Meiji Seika Kaisha, Tokyo, Japan; imipenem, BO-2727 (19), and kanamycin,
Banyu Pharmaceutical Co., Tokyo, Japan; panipenem and chloramphenicol,
Sankyo Co. Ltd., Tokyo, Japan; meropenem, Sumitomo Pharmaceutical Co.,
Osaka, Japan; biapenem (L-627) and tetracycline, Lederle Japan, Tokyo, Japan;
ofloxacin, Daiichi Pharmaceutical Co., Tokyo, Japan; polymyxin B, Pfizer Phar-
maceuticals Inc., Tokyo, Japan; novobiocin, coumermycin, and rifampin, com-
mercial sources.

Bacterial strains, bacteriophage, and plasmids. The P. aeruginosa strains used
in this study are listed in Table 1. Phage G101 was used for transduction (17).
Plasmids pME294 and pNF111 were provided by Y. Itoh (9) and T. Okazaki
(24), respectively. pNF111, constructed from pME294, contains the wild-type
nfxB gene. Both plasmids carry a carbenicillin resistance gene and a kanamycin
resistance gene. Plasmid FP5, with chromosome mobilization ability (18), was
used for conjugation.

Isolation of cefpirome-ofloxacin-resistant mutants. Cefpirome-ofloxacin-re-
sistant mutants were isolated by plating PAO1 on Mueller-Hinton II agar (Bec-
ton Dickinson Microbiology Systems, Cockeysville, Md.) plates containing 2 g
of cefpirome per ml and 1 ug of ofloxacin per ml. They were obtained at a
frequency of 1 X 1078 to 2 X 107".

Susceptibility testing. MICs were determined by the usual twofold agar dilu-
tion technique with Mueller-Hinton II agar and an inoculum size of 10* cells.

Assays of outer membrane proteins. Outer membrane proteins of exponen-
tially growing cells in Mueller-Hinton broth (Becton Dickinson Microbiology
Systems) were prepared as described previously (16). Sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE) was performed with 10%
(wt/vol) acrylamide and 0.27% (wt/vol) N,N'-methylenebisacrylamide slab gels as
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TABLE 1. P. aeruginosa strains used in this study

Strain(s) Genotype or derivation Source
PAO1 Prototroph
CORI1, COR2, COR3 Type A NfxB mutants of PAO1 This study
COR4, CORS, COR6 Type B NfxB mutants of PAO1 This study
PAOY69 proC130 D. Haas
PAO1816 (FP5") his-9004 H. Matsumoto
PAO4031 arg-9040 catA1 his-9015 ilv-9023 met-9020 mtu-9001 nad-9003 nar-9011 pro-9031 H. Matsumoto
KG2500 Spontaneous rifampin-resistant mutant of PAO4031 This laboratory

TCO01, TCO02, TCO03, TC04, TCOS, TCO6

ilv* pro* nfxB transconjugants of KG2500

This study

described by Laemmli (11). Samples for SDS-PAGE were treated with 2%
SDS-5% 2-mercaptoethanol at 100°C for 5 min and then subjected to electro-
phoresis. After electrophoresis, the gels were stained with Coomassie brilliant
blue or subjected to immunoblot analysis with a monoclonal antibody to OprJ as
described previously (8). The amount of OprJ was determined with a scanning
densitometer (CS-910; Shimadzu Corporation, Kyoto, Japan).

Genetic techniques. Plasmid DNA was prepared by the boiling method de-
scribed by Maniatis et al. (13). Transformation of P. aeruginosa was performed as
described previously (8). pME294 and pNF111 transformants were selected on
Mueller-Hinton II agar containing 400 g of carbenicillin per ml. Phage G101-
mediated transduction and plasmid FP5-mediated conjugation were performed
as described by Matsumoto et al. (17).

RESULTS

Isolation and characterization of cefpirome-ofloxacin-resis-
tant mutants of PAO1. Fifty-eight cefpirome-ofloxacin-resis-
tant P. aeruginosa PAO1 mutants were isolated, and their sus-
ceptibilities to 12 representative agents, listed in Table 2, were
determined. These mutants were grouped into two types,
based on their susceptibilities to meropenem. One type of
mutant (27 strains) was four to eight times more resistant to
meropenem than the parent strain, while the other type (31
strains) showed the same susceptibility to meropenem as the
parent strain. The mutants that were more resistant to mero-
penem than PAO1 showed cross-resistance to ofloxacin, tetra-
cycline, chloramphenicol, and the B-lactams (except imi-
penem), like NalB mutants (15). Cell-free lysate of G101
phage was prepared from three representative mutants of this
type and used for transduction to a recipient, PAO969
(proC130). The drug resistance and proC in these mutants were

cotransducible at a frequency of 24%, suggesting that these
mutants have mutations at the nalB locus, as described previ-
ously (15, 26). The other mutants, whose susceptibilities to
meropenem were comparable to that of PAO1, showed a sus-
ceptibility pattern similar to that of NfxB mutants isolated
previously (7, 16, 24). They were grouped into type A and type
B, based on the degrees of changes in their susceptibilities to
agents other than meropenem. The susceptibilities of repre-
sentative type A strains COR1, COR2, and COR3 and type B
strains COR4, CORS, and CORG6 are shown in the upper part
of Table 2. Type A mutants were eightfold more resistant to
cefpirome and ofloxacin than was the parent strain. In contrast,
type B mutants were more resistant to tetracycline and chlor-
amphenicol, as well as ofloxacin and cefpirome, than was
PAO]1, and they were fourfold more susceptible to carbenicil-
lin, imipenem, moxalactam, aztreonam, and kanamycin than
was PAO1. Moreover, type B mutants were fourfold more
resistant to ofloxacin than type A mutants were. In general, the
changes in susceptibility of type B mutants were greater than
those of type A mutants. Among the isolated mutants, there
were also a few exceptional strains that showed susceptibilities
to these agents that were intermediate between the suscepti-
bilities of type A and B mutants (data not shown). To deter-
mine the gene responsible for resistance in type A and B
mutants, the six representative strains were transformed with
either plasmid pNF111 containing the wild-type nfxB gene or
pPME294 (vector). The susceptibilities of the transformants are
given in the middle part of Table 2. When pNF111 was intro-

TABLE 2. Susceptibilities of P. aeruginosa PAO1, its cefpirome-ofloxacin-resistant mutants and transformants, KG2500, and

its nfxB transconjugants to various antimicrobial agents

MIC (pg/ml)*

Strain(s) Phenotype
CPR MEPM CFS CBPC IPM MOX AZT OFLX TC Cp GM KM
PAOL1 1.56 0.39 1.56 25 1.56 6.25 3.13 0.39 12.5 50 1.56 50
COR1-COR3 A 12.5 0.39 0.78-1.56 12.5-25 0.78 3.13 1.56 313 12.5-25 50 1.56 25
COR4-COR6 B 12.5 0.39 0.78 6.25 0.39 1.56 0.78 12.5 50 200 0.39-0.78 12.5
COR1-COR3 A ND ND ND ND 0.78 ND ND 3.13-6.25 25 50-100 1.56-3.13 >200
(PME2%4)
COR1-COR3 ND ND ND ND 1.56 ND ND 0.78  12.5-25 25 3.13 >200
(pNF111)
COR4-COR6 B ND ND ND ND 0.39 ND ND 12.5 50 200  0.78-1.56 >200
(pME294)
COR4-COR6 ND ND ND ND 1.56 ND ND 0.78 12.5 25 3.13 >200
(pNF111)
KG2500 6.25 0.78 6.25 100 1.56 12.5 12.5 0.39 25 100 1.56 100
TCO01-TCO03 A 12,5  0.39-0.78 1.56 12.5-25 0.78 3.13-6.25 1.56-3.13 3.13 25-50 100 1.56 50-100
TC04-TC06 B 25 0.39 1.56 6.25 0.20-0.39 1.56 0.78  6.25-12.5 50-100 200 0.78 25

“ Abbreviations: CPR, cefpirome; MEPM, meropenem; CFS, cefsulodin; CBPC, carbenicillin; IPM, imipenem; MOX, moxalactam; AZT, aztreonam; OFLX,
ofloxacin; TC, tetracycline; CP, chloramphenicol; GM, gentamicin; KM, kanamycin; ND, not determined.
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FIG. 1. Outer membrane proteins of P. aeruginosa PAO1 (lane 1) and its
NfxB mutants, COR1 through CORG6 (lanes 2 through 7), in an SDS-polyacryl-
amide gel stained with Coomassie brilliant blue (A) and immunoblots with a
monoclonal antibody to OprJ (B). The numbers on the left are molecular weights
in thousands.

duced into mutants COR1 through CORG®6, the susceptibilities
to imipenem, ofloxacin, tetracycline, chloramphenicol, and
gentamicin reverted to those of parent strain PAO1. In con-
trast, introduction of the vector pME294 did not alter the
susceptibilities to these compounds significantly. The MICs of
kanamycin, which is another marker for both plasmids, against
these transformants were increased to >200 wg/ml, showing
that these strains possess the plasmid. These results demon-
strate that both type A and B mutants are NfxB mutants.

Outer membrane protein profiles of NfxB mutants. Figure
1A shows outer membrane protein profiles of each of three
representative strains of, respectively, type A and B NfxB mu-
tants and that of their parent strain, PAO1. The amounts of all
proteins except OprJ, an outer membrane protein with an
apparent molecular weight of 54,000, were almost the same
among the tested strains. Immunoblot analysis with a mono-
clonal antibody to OprJ (8) showed that both types of mutants
produced OprlJ, although no band was observed for PAO1
(Fig. 1B). Analysis by densitometry showed that type B NfxB
mutants produced fourfold to sevenfold greater amounts of
Op1J than type A NfxB mutants did.

Transfer of gene nfxB by conjugation. To elucidate the va-
riety of mutations in gene nfxB, we attempted to transfer the
resistance gene from each type of NfxB mutant to another
strain by conjugation. First, we carried out conjugations with
PAO1816 (FP5™) as the donor strain to introduce plasmid FP5
into each of the three representative strains of, respectively,
type A and B NfxB mutants. Selection was made for mercury
resistance (18), and the NfxB mutants carrying FP5 were ob-
tained. Subsequently, we crossed KG2500 and each of the six
representative NfxB mutants (FP5") and selection was made
for pro-9031*-ilv-9023™ to obtain the transconjugants that in-
herited the mutant nfxB gene. Transconjugants were isolated
on minimal medium plates containing 20 mM sodium glu-
conate; 1 mM each arginine, histidine, methionine, and nico-
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TABLE 3. Susceptibilities of PAO1 and its type B NfxB mutants to
various antimicrobial agents

MIC (pg/ml)

Antimicrobial agent

PAO1 COR4-COR6
Piperacillin 6.25 3.13
Sulbenicillin 25 3.13
Cefoperazone 6.25 3.13
Ceftazidime 1.56 0.78
ME-1228 1.56 1.56
Cefepime 3.13 12.5
Cefclidin 0.39 1.56
Cefozopran 0.78 6.25-12.5
Cefoselis 1.56 6.25
Cefluprenam 1.56 3.13
Panipenem 6.25 1.56
Biapenem 0.39 0.05
BO-2727 0.39 0.20
Streptomycin 50 12.5-25
Erythromycin 400 3,200
Polymyxin B 0.78 0.78
Novobiocin 1,600 800
Coumermycin 12.5 12.5
Rifampin 125 25

tinamide; and 300 pg of rifampin per ml. The recombinants
obtained in crosses between KG2500 and each of the mutants
CORI (FP5™") through COR6 (FP5™") were designated transcon-
jugants TCO1 through TCO06, respectively. The susceptibilities of
each transconjugant and recipient strain KG2500 are shown in
the lower part of Table 2. Each transconjugant showed almost
the same susceptibility pattern as its donor strain. The
transconjugants made with KG2500 and type B mutants pro-
duced 3 to 12 times greater amounts of OprJ than did those
made with KG2500 and type A mutants. No band was observed
for KG2500 in immunoblot analysis. Thus, each type of
transconjugant showed almost the same phenotypes as the
corresponding donor strain.

Susceptibilities of cefpirome-ofloxacin-resistant mutants to
various antimicrobial agents. To determine further the sus-
ceptibility pattern of NfxB mutants, we examined the suscep-
tibilities of PAO1 and both types of NfxB mutants to all of the
antimicrobial agents listed in Materials and Methods. Table 3
shows the susceptibilities of the representative type B NfxB
mutants. Type B NfxB mutants were 4 to 16 times more resis-
tant to cefepime, cefclidin, cefozopran, and cefoselis, as well as
cefpirome, than PAO1 was. In contrast, type B NfxB mutants
were four to eight times more susceptible to sulbenicillin, pa-
nipenem, and biapenem, as well as carbenicillin and imipenem,
than PAO1 was. Furthermore, type B NfxB mutants showed
decreases in susceptibility to erythromycin, compared with that
of PAO1. Type A NfxB mutants showed susceptibilities to all
of the tested agents that were intermediate between the sus-
ceptibilities of PAO1 and type B NfxB mutants (data not
shown).

DISCUSSION

Okazaki and Hirai cloned both wild and mutant nfxB genes
and determined their nucleotide sequences (23). They re-
ported that nfxB had a region homologous to that of helix-
turn-helix DNA-binding domains of bacterial regulator pro-
teins such as Lacl, DeoR, CytR, and AsnC, and they proposed
that the NfxB protein negatively regulates the production of a
54-kDa outer membrane protein, OprJ. In this study, we iso-
lated various NfxB mutants that showed different levels of



912 MASUDA ET AL.

changes in antibiotic susceptibility and production of Oprl].
Transconjugants obtained with the NfxB mutants as the donor
strains showed almost the same phenotypes as the correspond-
ing donor strains. These results suggest that various isolated
NfxB mutants have different mutations in the nfxB gene. These
mutated gene products may show various affinities for the
promoter region, for which the wild-type NfxB suppressor
shows high affinity, and cause various levels of expression of
OprJ (and other genes involved in susceptibility).

Type B NfxB mutants produced greater amounts of OprJ
and showed larger changes in susceptibility than did type A
NfxB mutants. Revertants obtained from type B NfxB mutants
on agar plates containing carbenicillin showed susceptibilities
comparable to that of PAO1, and they produced undetectable
amounts of OprJ (14). These results suggest that the produc-
tion of OprlJ is associated with changes in the susceptibilities of
NfxB mutants. mexA-mexB-oprM is believed to belong to a
family of active efflux systems in bacteria (12, 22). Gotoh and
Poole have recently observed (5) that OprJ is highly homolo-
gous to OprM. Thus, OprlJ, as well as OprM, may act as a
component of a multiple-drug efflux transporter. However, the
mechanism(s) by which OprJ causes increases in susceptibility
to some antimicrobial agents is unclear. There are several
possibilities. One is that OprJ enhances outer membrane per-
meability to these agents, serving as a porin or interacting with
lipopolysaccharides or phospholipids. Another possibility is
that OprJ causes suppression of some efflux system(s) that
pumps out these agents. Further, another possibility, that mu-
tation of nfxB causes not only induction of OprJ but also
suppression of B-lactamase, cannot be excluded immediately.
However, the finding that NfxB mutants isolated from B-lac-
tamase-deficient strains were also more susceptible to carben-
icillin, imipenem, moxalactam, and aztreonam than their par-
ent strains were (14) rules out the last possibility.

Both type A and B NfxB mutants showed cross-resistance to
cefpirome, cefepime, cefclidin, cefozopran, cefoselis, and cef-
luprenam, although they showed slight increases in suscepti-
bility to cefsulodin, cefoperazone, and ceftazidime and no
changes in susceptibility to ME-1228. These results are consis-
tent with the previous hypothesis that NfxB mutants only show
cross-resistance to cephems that possess a positively charged
substitution at position C-3, a negatively charged carboxyl
group at position C-2, and no additional negative charge in the
substitution at position C-7 (16). The structures of these new
zwitterionic cephems are shown in Fig. 2. Cefsulodin, ceftazi-
dime, and ME-1228 possess an additional negative charge in
the substitution at position C-7, and cefoperazone possesses
only one negatively charged carboxyl group at position C-2. In
addition, carbenicillin, sulbenicillin, moxalactam, and aztreo-
nam possess two negative charges, and increases in the suscep-
tibilities of NfxB mutants to these drugs were greater than
those to the other B-lactams tested, except carbapenems. How-
ever, we cannot explain the changes in the susceptibilities of
NfxB mutants to B-lactams only on the basis of molecular
charge, because carbapenems possess one positive charge and
one negative charge, but NfxB mutants show increases in sus-
ceptibility to some carbapenems, such as imipenem, pan-
ipenem, and biapenem.

The multiple-drug-resistant NalB, NfxB, and NfxC mutants
show a unique pattern of resistance, especially to B-lactams.
NalB mutants show cross-resistance to most 3-lactams, except
some carbapenems. NfxB mutants show cross-resistance to the
new zwitterionic cephems. No NfxC mutants show cross-resis-
tance to B-lactams, except that diminished OprD causes resis-
tance to carbapenems (3). As stated above, each mutant
showed decreased or increased susceptibility to specific 3-lac-
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FIG. 2. Structures of new zwitterionic cephems to which NfxB mutants
showed cross-resistance.

tams, although these mutants showed cross-resistance to struc-
turally diverse antimicrobial agents. This is very interesting, but
the reason is unclear. In previous studies, when oprM was
inactivated by a mutation, P. aeruginosa became hypersuscep-
tible to many antimicrobial agents (4, 25). These results sug-
gest that OprM is involved in the intrinsic resistance of P.
aeruginosa. Wild-type strains PAO1 and KG2500 produced
undetectable amounts of OprJ in immunoblot analysis, in
agreement with a previous report (8), although wild-type
strains produce small amounts of OprM (4). Therefore, OprJ
may not play an important role in the intrinsic resistance of P.
aeruginosa. However, the different specificities of agents to
which susceptibilities were affected by nalB, nfxB, and nfxC
mutations may be useful in clarifying the function of OprM and
OprJ in multiple-drug resistance.
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