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Disruption of the PA2491 gene in a mini-Tn5-fet insertion mutant of a clinical isolate of Pseudomonas
aeruginosa increased expression of the mexEF-oprN multidrug efflux genes and decreased production of outer
membrane protein OprD, concomitant with enhanced resistance to chloramphenicol, quinolones, and imi-
penem, which was reminiscent of previously described nfxC mutants. PA2491 encodes a probable oxidoreduc-
tase previously shown to be positively regulated by the MexT positive regulator of mexEF-oprN expression (T.
Kohler, S. F. Epp, L. K. Curty, and J. C. Pechére, J. Bacteriol. 181:6300-6305, 1999). Spontaneous multidrug-
resistant mutants of the P. aeruginosa clinical isolate hyperexpressing mexEF-oprN and showing reduced
production of OprD were readily selected in vitro, and all of them were shown to carry mutations in PA2491,
highlighting the probable significance of such mutations as determinants of MexEF-OprN-mediated multidrug

resistance in vivo.

Three-component multidrug efflux systems of the resistance-
nodulation-division (RND) family are prevalent in gram-neg-
ative bacteria, in which they contribute significantly to intrinsic
and acquired resistance to a range of clinically important an-
timicrobial agents (i.e., antibiotics and biocides) (48). In
Pseudomonas aeruginosa, an opportunistic human pathogen
characterized by an innate resistance to multiple antimicrobial
agents (19), seven tripartite RND family efflux systems have
been described to date (MexAB-OprM [17, 35, 50, 51],
MexCD-Opr]J [49], MexEF-OprN [32], MexXY-OprM |2, 45,
70], MexJK-OprM [9], and, most recently, MexHI-OpmD [1,
58] and MexVW-OprM [38]), although only the constitutively
expressed MexAB-OprM system (37, 51) and the drug-induc-
ible MexXY-OprM system (43) have been shown to contribute
to intrinsic resistance. Expression of many of the other systems
results from mutations in regulatory, often repressor genes
(e.g., mutations in the nfxB [49] and mexL [9] repressor genes
in mutants hyperexpressing MexCD-OprJ and MexJK, respec-
tively), and indeed, stable hyperexpression of MexAB-OprM
and MexXY also results from mutations in repressor genes
(i.e., mexR [25, 52, 54, 64, 73] and mexZ [40, 69], respectively).

The MexEF-OprN system is apparently quiescent in wild-
type cells, at least under the usual laboratory growth conditions
(32), but it is expressed in nfxC-type multidrug-resistant strains
isolated in vitro (14, 32, 42) and in clinics (15, 24). nfxC mu-
tants display resistance to fluoroquinolones, chloramphenicol,
trimethoprim, and the carbapenem imipenem (14, 32), al-
though resistance to imipenem results not from MexEF-OprN
expression (32) but from the concomitant decrease in outer
membrane protein OprD in these mutants (14, 42). OprD is a
basic amino acid-peptide channel and a primary route of entry
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for carbapenems, such as imipenem, in P. aeruginosa (67, 68),
and it is often absent in imipenem-resistant strains of P. aerugi-
nosa (4, 31). In addition to its role in the export of and resis-
tance to antimicrobials, MexEF-OprN also promotes resis-
tance (or tolerance) to organic solvents (36), dyes (16), and
biocides, such as triclosan (8). As a result of MexEF-OprN
hyperexpression, nfxC mutants also express reduced levels of
several quorum-sensing (i.e., homoserine lactone)-dependent
extracellular virulence factors (33) and are attenuated for vir-
ulence (10), apparently as a result of MexEF-OprN-mediated
export of a molecule(s) necessary for homoserine lactone pro-
duction (33).

Unlike the majority of RND-type efflux systems in P. aerugi-
nosa, which are negatively regulated by linked repressor genes,
MexEF-OprN expression is positively regulated by the product
of the linked mexT gene, a LysR family regulator of mexEF-
oprN expression that is also responsible for the decrease in
OprD expression seen in nfxC strains (34, 47). Preliminary
studies have indicated that MexT control of OprD occurs at
the level of transcription (34, 47), although posttranscriptional
control of OprD by MexT has also been suggested (34). Ex-
pression of mexEF-oprN in P. aeruginosa typically results from
mutations in mexT that, surprisingly, revert or suppress inac-
tivating mutations that appear to be common in many so-called
wild-type P. aeruginosa PAO strains (33, 41). Still, in strains
carrying wild-type mexT, a mutation(s) in other, as-yet-uniden-
tified genes appears to be important for mexEF-oprN hyperex-
pression (41). In the present report, mutations in PA2491, a
gene immediately upstream of mexT, are shown to enhance
mexEF-oprN expression and decreased OprD production, pro-
viding a multidrug resistance profile indistinguishable from
that of previously described nfxC mutants.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains and plasmids
used in this study are listed in Table 1. Bacterial cells were cultivated in Luria
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid Relevant characteristics Reference
E. coli strains
DH5a $80d lacZAM15 endAl recAl hsdR17 (ry my ") supE44 thi-1 gyrA96 relAl1 F~ 3
A(lacZYA-argF)U169
S17-1 thi pro hsdR recA Tra™ 60
Sm10(\pir) thi-1 thr leu tonA lacY supE recA::RP4-2-Tc:Mu; Km" N 44
P. aeruginosa strains
K2153 Clinical isolate 61
K2313 PA2491::mini-Tn5-tet derivative of K2153 This study
K2316 K2313 AmexT This study
K2317 Spontaneous PA2491 mutant (Tyr127Stop) of K2153 selected with 500 pg of This study
chloramphenicol per ml
K2318 Spontaneous PA2491 mutant (Val333Gly) of K2153 selected with 500 g of This study
chloramphenicol per ml
K2319 Spontaneous PA2491 mutant (91-bp deletion, AT402-G492) of K2153 selected with This study
500 pg of chloramphenicol per ml
K2320 Spontaneous PA2491 mutant (Ser124Arg) of K2153 selected with 500 g of This study
chloramphenicol per ml
PAO-Geneva Prototroph (carries wild-type mexT gene) 41
Plasmids
pUCP18 Broad-host-range cloning vector; Ap" Cb" 57
pSN2491 pUCP18::PA2491 This study
pK18MobSacB Broad-host-range gene replacement vector; sacB Km" 60
pMLS002 pK18MobSacB::AmexT This study
pUT::mini-Tn5-tet mini-Tn5-fet delivery vector; Ap" Tc' 12

broth (L-broth) (Miller’s Luria broth base [Difco] with 2 g of NaCl per liter of
H,0) and on Luria agar (L-agar) (L-broth containing 1.5% [wt/vol] agar) sup-
plemented with antibiotics, as necessary, at 37°C. Plasmid pUCP18 and its de-
rivatives were maintained with 100 pg of ampicillin per ml in Escherichia coli and
with 100 to 400 ug of carbenicillin per ml in P. aeruginosa. Plasmid pUT-mini-
Tn5-tet was maintained in E. coli with either ampicillin (100 pg per ml) or
tetracycline (10 pg/ml), while plasmid pK18MobSacB and its derivatives were
maintained in E. coli with 50 pg of kanamycin per ml.

Transposon mutagenesis. The pan-aminoglycoside-resistant P. aeruginosa
clinical isolate K2153 was mutagenized with mini-Tn5-tet (12) following mobili-
zation of mini-Tn5-tet-carrying plasmid pUT from E. coli SM10 (Apir) as de-
scribed previously (7), with some modifications. Briefly, 600 wl of log-phase
donor cells and 300 pl of unshaken stationary-phase recipient cells were mixed
in a microcentrifuge tube, centrifuged, and resuspended in 100 pl of L-broth
before they were spotted in the center of an L-agar plate. Following incubation
at 37°C for 2.5 h, bacteria were recovered from the plate in 1 ml of L-broth, and
insertion mutants of P. aeruginosa K2153 carrying mini-Tn5-fet in the chromo-
some were then selected on L-agar plates containing 64 pg of tetracycline per ml
(to select mini-Tn5-tet) and 0.5 pg of imipenem per ml (to counterselect donor
E. coli). Mini-Tn5-tet insertion mutants showing increased susceptibility to ami-
noglycosides were subsequently identified by first screening on plates containing
paromomycin (512 pg/ml; the MIC for K2153 is 1,024 ug/ml), and the mutants
that were not able to grow were examined for increased susceptibility to specti-
nomycin, kanamycin, and gentamicin (as well as paromomycin) by performing
liquid MIC assays (see below). The mini-Tn5-tet-disrupted genes from pan-
aminoglycoside-susceptible mutant derivatives of K2153 were recovered follow-
ing digestion of genomic DNA with Pstl (which does not cut within the trans-
poson) and shotgun-cloning into PstI-restricted pK18MobSacB. Transformants
of E. coli DH5« carrying pK18MobSacB with inserts of mini-Tn5-fet and flanking
chromosomal DNA were selected on Luria-Bertani agar containing tetracycline
(10 pg/ml) and kanamycin (50 pg/ml). Chromosomal DNA flanking the mini-
Tn5-tet element was sequenced by using primers mini-Tn5-Tc-Right (5'-TGCG
TCGCGGTGCATGGAGC-3") and mini-Tn5-Te-Left (5'-GACGATGAGCGC
ATTGTTAG-3"), which are specific to regions 400 to 500 bp upstream of the
ends of the element. Once the flanking DNA sequences were obtained, disrupted
genes were identified by BLASTN (http:/www.ncbi.nlm.nih.gov/BLASTY/)
searches of the available genome sequence (http://www.pseudomonas.com) (65).

DNA methods. Standard protocols were used for restriction endonuclease
digestion, ligation, transformation of electrocompetent E. coli, plasmid isolation,
and agarose gel electrophoresis, as described by Sambrook and Russell (55).
Genomic DNA was extracted from P. aeruginosa by using the protocol of Barcak

et al. (5). Oligonucleotide synthesis and nucleotide sequencing were carried out
by Cortec DNA Services Inc.

Cloning of PA2491 (mexS). PA2491 was amplified from P. aeruginosa K2153
chromosomal DNA by using primers PA2491-F (5'-CGGCGAATTCCGGATA
CAGTCACAACCCATGAG-3'; EcoRI site underlined) and PA2491-R (5'-AA
GCTTCAAGCTTCGGTCAACGATCTGTGGATCTG-3'; duplicate HindIII
sites underlined) in a PCR mixture (50 pl) that included 10 ng of chromosomal
DNA, each primer at a concentration of 0.6 uM, 1X ThermoPol buffer (New
England Biolabs), each deoxynucleoside triphosphate at a concentration of 0.2
mM, and 2 U of Vent DNA polymerase (New England Biolabs). Amplification
of PA2491 was achieved by incubation for 1 min at 95°C, followed by 30 cycles
of 0.5 min at 95°C, 0.5 min at 60°C, and 1 min at 72°C and a final 7-min
elongation at 72°C. The PA2491 PCR product was subsequently purified with a
QIAGEN PCR purification kit, digested with EcoRI and HindIII, and cloned
into EcoRI-HindIII-restricted pUCP18 to generate pSN2491, in which the
PA2491 coding region was downstream of and in the same orientation as the
resident lac promoter of pUCP18. Nucleotide sequencing with universal pUC
primers confirmed the absence of mutations in pSN2491-borne PA2491.

Construction of a AmexT mutant of P. aeruginosa. To introduce an in-frame
deletion of the mexT gene into P. aeruginosa, a deletion construct was first
prepared in plasmid pK18MobSacB by cloning PCR-amplified 1-kb DNA frag-
ments corresponding to the regions upstream and downstream of the mexT
sequences to be deleted. Sequences 5’ to the deletion were amplified by using
primers MexTUp-F (5'-GAATTCGAATTCGTAGAACTGCAGGTGCTTC-
3’; tandem EcoRI sites underlined) and MexTUp-R (5'-GGATCCGGATCCC
AGGTCGTTTCGGTTCATG-3'; tandem BamHI sites underlined). Sequences
3’ to the deletion were amplified by using primers MexTDown-F (5'-GGATCC
GGATCCCGAACTGTCGATGGCTTGG-3'; tandem BamHI sites underlined)
and MexTDown-R (5'-AAGCTTAAGCTTGACGTACTTGAGGAACACG-3';
tandem HindIII sites underlined). The 50-wl PCR mixture was formulated as
described above, and PCR was performed by using the same parameters as those
outlined for amplification of PA2491. The PCR products (purified with a
QIAGEN PCR purification kit) were subsequently digested with EcoRI and
BamHI or BamHI and HindIIl, as appropriate, and separately cloned into
appropriately restricted pK18MobSacB, yielding plasmids pMSMexTUp (5’ up-
stream fragment) and pMSMexTDown (3’ downstream fragment). Following
nucleotide sequencing to confirm the absence of mutations in the cloned DNAs,
the 3’ downstream fragment was excised from pMSMexTDown by digestion
with BamHI and HindIIl and was cloned into EcoRI-BamHI-restricted
pMSMexTUp, yielding pMLS002. The latter plasmid carried an in-frame dele-
tion of the mexT gene, as confirmed by nucleotide sequencing. The pMLS002
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TABLE 2. Influence of PA2491 mutations on antibiotic susceptibility of P. aeruginosa

MIC (ug/ml) of:

. PA2491
rain
Sure status® Paromomycin Streptomycin Spectinomycin Gentamicin Kanamycin Chloramphenicol Imipenem Nalidixic acid Norfloxacin
K2153 WwT 1,024 128 1,024 8 256 128 4 256 <1
K2313 Null 128 16 256 4 64 1,024 8 2,048 8
K2313/pUCP18 Null — — 256 4 64 1,024 8 2,048 8
K2313/pSN2491 WT — — 1,024 8 256 256 4 512 4
K2316 Null — — 1,024 8 256 64 4 256 <1
K2317 Tyr127Stop” — — 512 4 64 2,048 8 2,048 8
K2318 Val333Gly — — 512 4 64 2,048 8 2,048 4
K2319 Truncated® — — 512 4 64 2,048 8 2,048 8
K2320 Ser124Arg — — 512 4 64 2,048 8 2,048 8

“The PA2491 product is wild type (WT), absent (null), truncated, or mutated (mutation indicated).
® This mutation was found in four of seven chloramphenicol-selected multidrug-resistant derivatives of K2153.

¢ Truncated owing to a 91-bp deletion in the PA2491 gene.
¢ _ not determined.

vector was then introduced into E. coli S17-1 and mobilized into P. aeruginosa
strain K2313 as described previously (61), and transconjugants carrying the
plasmid in the chromosome were selected on L-agar plates containing kanamycin
(1,000 pg/ml) and chloramphenicol (15 pg/ml; to counterselect E. coli). Kana-
mycin-resistant colonies were streaked onto L-agar plates containing 10% (wt/
vol) sucrose, and sucrose-resistant colonies were screened for the presence of
the mexT deletion by PCR with primers MexT-F (5'-CATGAACCGAAACGA
CCTG-3') and MexT-R (5'-GACGTACTTGAGGAACACG-3") and the pa-
rameters described above.

Amplification and sequencing of mexT. The mexT gene of P. aeruginosa PAO-
Geneva was amplified by PCR by using primers mexT-F1 (5'-GGTTGTGACT
GTATCCGCCC-3") and mexT-R1 (5'-TGGAATAAGCCGCACACCC-3") in a
reaction mixture that was formulated as described previously (72) and subjected
to heating at 94°C for 3 min, followed by 30 cycles of 0.5 min at 94°C, 0.5 min at
58°C, and 1 min at 72°C and then incubation for 10 min at 72°C. However,
amplification of mexT from clinical isolate K2153 with these PCR primers re-
peatedly failed to generate a fragment of the expected size that could be se-
quenced. Thus, the gene was amplified from K2153 in two overlapping parts, with
primers mexT-F1 and mexT-R2 (5'-CCAGCAGGTTCGGCATCAATAG-3’)
amplifying the 5’ portion of the gene and primers mexT-F2 (5'-ATGAGTCGC
GCCAGCGAG-3') and mexT-R3 (5-AGGAGAAGTGGGATGACTGT-3')
amplifying the 3’ portion of the gene. The reaction mixtures were formulated and
treated as described above, except that the annealing temperatures used were
57°C (mexT-F1-mexT-R2 reaction) and 53°C (mexT-F2-metT-R3 reaction).
PCR products were purified and sequenced by using the corresponding PCR
primers.

Antimicrobial susceptibility testing. The antimicrobial susceptibilities of
strains were assessed in microtiter trays by using a twofold serial dilution tech-
nique (27). Briefly, 50-p.1 aliquots of log-phase cells grown in L-broth were added
to an equal volume of L-broth containing serial twofold dilutions of antibiotic to
obtain a final cell concentration of 2.75 X 10° cells/ml. Following incubation at
37°C for 18 h, growth was assessed visually, and the MIC was defined as the
lowest concentration of antibiotic that inhibited visible growth.

RT-PCR. RNA isolation from overnight cultures of P. aeruginosa and subse-
quent reverse transcription (RT)-PCR to assess expression of rpsL, mexE, and
mexT were carried out as described previously (61) by using the primer pairs
rpsLF and rpsLR (61), mexEF (5'-GTCATCGAACAACCGCTG-3") and
mexER (5'GTCGAAGTAGGCGTAGACC-3'), and mexTF (5'-CATGAACC
GAAACGACCTG-3") and mexTR (5'-CGAAGATTTCCTGGGCTCG-3'), re-
spectively. Strains carrying pUCP18 and its derivatives were cultured in the
presence of carbenicillin.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblot-
ting. P. aeruginosa strains were screened for OprD production by using an
OprD-specific antiserum (23) following Western immunoblotting of electro-
phoretically separated cell envelopes by using established procedures (62).

Selection of spontaneous PA2491 mutants. One hundred microliters of a 1/10
dilution of an overnight L-broth culture of P. aeruginosa K2153 was plated onto
L-agar plates containing 500 wg of chloramphenicol per ml. After 48 h of
incubation at 37°C, 50 representative chloramphenicol-resistant colonies were
screened for a resistance profile characteristic of a MexEF-OprN-hyperexpress-
ing strain (i.e., growth on elevated levels of nalidixic acid [512 pwg/ml], norfloxacin
[4 pg/ml], and imipenem [4 pwg/ml]). Strikingly, all spontaneous chloramphenicol-

resistant K2153 derivatives showed reduced susceptibility to nalidixic acid, nor-
floxacin, and imipenem, and seven of these derivatives were randomly selected
for further study. To assess the presence of PA2491 mutations in these organ-
isms, the PA2491 gene was amplified from the chromosomes of strain K2153 and
these mutants by using primers PA2491-F and PA2491-R as described above and
was sequenced with the same primers.

RESULTS

Mutations in PA2491 promote mexEF-oprN expression and
multidrug resistance. Clinical P. aeruginosa isolate K2153 dis-
plays a pan-aminoglycoside-resistant phenotype owing, at least
in part, to enhanced expression of the mexXY multidrug efflux
genes (61). In an attempt to identify the gene(s) required for
MexXY-dependent aminoglycoside resistance in this strain,
K2153 was mutagenized with mini-Tn5-fet, mutants showing
enhanced aminoglycoside susceptibility were recovered, and
the disrupted genes were identified. One such mutant, K2313,
showed increased susceptibility to several aminoglycosides but
also showed a marked increase in resistance to chloramphen-
icol, quinolones, and imipenem (Table 2), a resistance profile
strikingly reminiscent of nfxC mutants that overproduce
MexEF-OprN (32). By using RT-PCR, expression of mexE (as
a measure of mexEF-oprN expression) was examined in K2313
and compared to the expression in the parent strain, K2153. As
shown in Fig. 1A, lane 2, the mexE levels in K2313 were clearly
greater than the levels in K2153, in which mexE was barely
detectable (Fig. 1A, lane 1). Recovery and sequencing of chro-
mosomal DNA flanking the transposon insert in K2313 re-
sulted in identification of PA2491 as the disrupted gene in this
mutant. Intriguingly, PA2491 occurs upstream of and is appar-
ently transcribed divergently from mexT, and it is predicted to
encode a polypeptide with substantial homology to Zn**-de-
pendent oxidoreductases/dehydrogenases (see COGO0604,
COG1064, COG2130, COG1063, COG1062, and pfam0017 at
http://ww.ncbi.nlm.nih.gov), including amino acid dehydroge-
nases associated with amino acid metabolism (COG1063). In-
troduction of the PA2491 gene cloned from K2153 (on plasmid
pSN2491) into this strain reversed both the enhanced mexE
(mexEF-oprN) expression (Fig. 1A, compare lanes 3 and 4) and
multidrug resistance (Table 2), which is consistent with the
hypothesis that PA2491 disruption in K2313 is responsible for
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FIG. 1. Expression of mexE (A), mexT (B), and rpsL (C) in P.
aeruginosa as assessed by RT-PCR. Lane 1, strain K2153 (PA24917);
lane 2, K2313 (PA24917); lane 3, K2313/pUCP18 (PA24917); lane 4,
K2313/pSN2491 (PA24917"); lane 5, K2316 (K2313 AmexT); lane 6,
K2153 (PA24917); lane 7, K2317 (PA2491~, Tyr127Stop); lane 8,
K2318 (PA24917, Val333Gly); lane 9, K2319 (PA2491~, 91-bp dele-
tion); lane 10, K2320 (PA24917, Ser124Arg) (genotypes are indicated
in parentheses). The PCR portions of the reactions were carried out
for 28 cycles (top panel) and 29 cycles (bottom panel) for mexE (A),
for 29 cycles (top panel) and 30 cycles (bottom panel) for mexT (B),
and for 18 cycles (top panel) and 19 cycles (bottom panel) for rpsL (C).
The rpsL reaction served as an internal control that ensured that equal
amounts of RNA were employed in all of the RT-PCRs.

the multidrug resistance and efflux gene expression seen in
K2313.

nfxC strains expressing mexEF-oprN, including strains with
documented mexT mutations, display reduced OprD produc-
tion that is, in fact, responsible for the imipenem resistance of
these mutants (32, 34). It was of interest, therefore, to see if the
imipenem resistance resulting from the PA2491 disruption in
K2313 was similarly due to decreased OprD production. By
using antibodies specific to OprD, OprD levels were assessed
in the PA2491 mutant K2313 and its K2153 parent strain, and
the results clearly show that there was a modest but definite
decline in OprD levels in K2313 (Fig. 2, lanes 1 and 2). More-
over, the cloned PA2491 gene on plasmid pSN2491 increased
OprD levels in K2313 (Fig. 2, compare lanes 3 and 4), in
parallel with a reduction in the imipenem MIC to wild-type
levels as well (Table 2). As in previously documented nfxC
strains, a mutation in PA2491 simultaneously increased
mexEF-oprN expression and reduced OprD production, pro-
viding the characteristic multidrug resistance of this mutant.

| — —— | — —

1 2 3 4 5 6 7 8 9

FIG. 2. Immunoblot detection of OprD. Lane 1, clinical isolate
K2153 (PA24917); lane 2, K2313 (PA24917); lane 3, K2313/pUCP18
(PA24917); lane 4, K2313/pSN2491 (PA2491%); lane 5, K2316 (K2313
AmexT); lane 6, K2317 (PA2491~, Tyr127Stop); lane 7, K2318
(PA2491°, Val333Gly); lane 8, K2319 (PA2491~, 91-bp deletion); lane
9, K2320 (PA24917, Ser124Arg) (genotypes are indicated in parenthe-
ses).
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MexT is required for mexEF-oprN expression and multidrug
resistance in PA2491 mutants. One possible explanation for
the increased expression of mexEF-oprN and the correspond-
ing multidrug resistance of PA2491::mini-TnS5-fet strain K2313
is that the transposon insertion in PA2491 creates or provides
a promoter that drives downstream mexT expression, with en-
hanced levels of MexT responsible for the increase in mexEF-
oprN expression. To assess this possibility, the levels of expres-
sion of mexT were examined in the parent strain K2153 and in
K2313 by using RT-PCR. As shown in Fig. 1B, lanes 1 and 2,
no increase in mexT expression resulted from transposon dis-
ruption of PA2491 in K2313, and complementation of this
mutant with the cloned PA2491 gene (on plasmid pSN2491)
similarly had no effect on mexT expression (Fig. 1B, compare
lanes 3 and 4) despite its negative impact on mexEF-oprN
expression and resistance (see above). Thus, the impact of a
PA2491 mutation on mexEF-oprN expression is not related to
changes in MexT levels. MexT is, however, required for
mexEF-oprN expression and the resultant multidrug resistance
of K2313, since an in-frame deletion of mexT in this strain
compromised mexEF-oprN expression (Fig. 1A, compare lanes
2 and 5) and resistance (Table 2, compare K2316 and K2313).
This also indicates that unlike the mexT genes of many so-
called wild-type strains, the mexT gene of clinical isolate K2153
must encode a functional activator. Consistent with this, se-
quencing of the mexT gene from this strain revealed the pres-
ence of only six silent mutations (C263T, T383C, G391C,
A475G, G490C, and T511C) compared to the wild-type mexT
gene of P. aeruginosa PAO-Geneva (whose sequence in this
study differed from that published previously by a single C76G
transition that replaced a leucine with a valine in the MexT
protein). As expected, elimination of mexT in the K2316 de-
rivative of K2313 also increased OprD levels (Fig. 2, compare
lanes 2 and 5) concomitant with a decrease in the imipenem
MIC (Table 2), indicating that the OprD decrease that resulted
from the PA2491 disruption in K2313, like the mexEF-oprN
increase, was MexT dependent.

Isolation of spontaneous PA2491 mutants. Previous studies
have shown that chloramphenicol readily selects NfxC-type
mexEF-oprN-hyperexpressing multidrug-resistant mutants in
the lab (26, 33). Thus, an overnight culture of K2153 was
plated onto chloramphenicol-containing plates, and resistant
isolates obtained after 48 h of growth were screened for resis-
tance to quinolones, chloramphenicol, and imipenem, which is
typical of nfxC mutants. All 50 chloramphenicol-resistant de-
rivatives of K2153 chosen at random showed elevated resis-
tance to nalidixic acid, norfloxacin, chloramphenicol, and imi-
penem (Table 2), and seven representative derivatives were
screened for mutations in PA2491. While the PA2491 gene of
K2153 carried multiple (fourteen) mutations relative to the
PA2491 gene of the sequenced P. aeruginosa strain (Www
.pseudomonas.com), all but one mutation (a G-to-A transition
yielding an Asp244Asn substitution in the PA2491 protein)
were silent. All seven of the chloramphenicol-selected multi-
drug-resistant mutants carried additional mutations in
PA2491, including four unique mutations, Tyr127Stop (e.g.,
K2317), Val333Gly (e.g., K2318), Ser124Arg (e.g., K2320), and
a 91-bp deletion from T402 to G492 in the gene (e.g., K2319).
Moreover, these mutations were associated with substantially
increased mexE expression (Fig. 1A, compare lane 6 with lanes
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TABLE 3. PA2491-mexT pairs in other bacteria®

Organism PA2491 homologue

MexT homologue

OprN

MexE homologue homologue

MexF homologue

Pseudomonas syringae  AAO56529 (57/74)"
pv. Tomato
Pseudomonas putida
Azotobacter vinelandii
Burkholderia cepacia

Ralstonia eutropha

CAD59443 (55/75)

ZP_00090326 (60/76)
ZP_ 00218119 (31/59)
ZP_00170295 (29/42)

TtgS (85/90)

AAO56530 (85/91)

ZP_000900325 (77/83)
ZP_ 00218118 (25/61)
ZP_00170294 (21/52)

c c c

TtgD? (34/62) TtgE“ (38/73) TtgF* (31/60)
ZP_00090324 (68/77)

ZP_00090323 (78/86)  —*°
_f _r _f

r r r

“ Microbial genome sequences available from the GenBank database were screened for genes that both encoded protein homologues of PA2491 and occurred
immediately adjacent to genes encoding MexT/LysR-like proteins. These sequences were then further screened for linked efflux genes encoding RND family efflux
systems (e.g., MexEF-OprN), and the PA2491, MexT, and MexEF-OprN homologues discovered are indicated.

® The numbers in parentheses are the percentage of identity/percentage of similarity to PA2491, MexT, MexE, MexF, or OprN.

¢ Insertion-like sequences were reported adjacent to the P. syringae PA2491-mexT homologues, suggestive of a rearrangement of the original neighboring sequences.

@ The tgDEF operon encoding TtgDEF is separated by two genes or open reading frames from the genes encoding the PA2491-MexT homologues CAD59443 and

TtgS.

¢ A gene encoding a probable outer membrane-OprN component was absent.

/No efflux genes were linked to genes encoding the corresponding PA2491-MexT homologues.

7 to 10) and reduced OprD production (Fig. 2, compare lane 1
with lanes 6 to 9), confirming that spontaneous nfxC-like mul-
tidrug-resistant PA2491 mutants are readily selected, at least in
vitro.

Distribution of PA2491-mexT pairs in bacteria. Despite the
presence of numerous oxidoreductase homologues of PA2491
and homologues of MexT and MexEF-OprN in gram-negative
bacteria, very few instances of linked PA2491-mexT-like genes
were found in a search of the GenBank databases. Of five such
instances (all in the Pseudomonadaceae and Burkholderiaceae),
only two were linked to efflux systems of the RND family (in
Pseudomonas putida and Azotobacter vinelandii) (Table 3).
Still, a PA2491-mexT-like pair in Pseudomonas syringae serovar
Tomato encoding predicted products with very high homology
to the PA2491 gene product and MexT (Table 3) was observed
adjacent to a probable membrane protein gene that was, how-
ever, disrupted by an insertion-like element, and so we could
not rule out the possibility that this pair was once linked to an
RND-type efflux gene.

DISCUSSION

MexEF-OprN is typically quiescent in wild-type P. aerugi-
nosa, and its expression and MexEF-OprN-dependent multi-
drug resistance typically occur following mutation (32) (e.g., in
the mexT gene that encodes a positive regulator of mexEF-
oprN expression [34, 47]). Such mutations provide for both
mexEF-oprN expression and the concomitant decline in OprD
levels that characterizes these so-called nfxC mutants (32),
although, surprisingly, all of the documented nfxC mutations
actually revert or suppress inactivating mexT mutations that
appear to be commonplace in wild-type P. aeruginosa PAO
strains (41). While examples of nfxC-like multidrug-resistant
mutants derived from P. aeruginosa strains harboring a wild-
type mexT gene are known (34, 41), the nature of the muta-
tion(s) responsible is unknown, although a mexS designation
has been proposed for them (41). In the present paper, we
report the identity of a possible mexS candidate, PA2491,
whose disruption in a mini-Tn5-fet insertion mutant and in
spontaneous mutants provides multidrug resistance owing to a
concomitant increase in MexEF-OprN and a decrease in
OprD. As such, it represents the first example of a mutation in

a nonregulatory locus that is responsible for increased expres-
sion of a multidrug efflux system in P. aeruginosa and one of
only a few such examples in bacteria (e.g., certain auxotrophic
mutations in E. coli have been linked to increased expression
of the AcrAB components of theAcrAB-TolC multidrug efflux
system in this organism [20]).

PA2491 is a previously identified oxidoreductase/dehydroge-
nase homologue, designated Qrh by Kohler et al. (34), who
reported that it, like mexEF-oprN, was positively regulated by
MexT. Coregulation of an oxidoreductase and an efflux system
might be explained by their having a common role in, for
example, detoxification of cellular metabolites, reminiscent of
glutathione-mediated detoxification and export of exogenous
and endogenous toxic compounds in yeast (59). Moreover, it is
likely that such metabolites, as substrates for PA2491 and
MexEF-OprN, are the effector molecules for the MexT regu-
lator, to which they bind, and stimulate MexT-dependent ac-
tivation of PA2491 and mexEF-oprN expression. Still, the fact
that loss of PA2491 activity specifically activates mexEF-oprN
expression suggests that the constitutively expressed (34)
PA2491 gene has the primary role in detoxification and that
only under circumstances in which the enzyme is unable to
keep up with metabolite production, due either to mutational
loss of PA2491 or perhaps to an excess of metabolite produc-
tion, is MexEF-OprN recruited. The finding that enhanced
mexEF-oprN expression in previously described nfxC mutants
and our newly described PA2491 mutants is coupled with re-
duced production of a basic amino acid-peptide porin, OprD
22), suggests that such metabolites might well be derived from
basic amino acids and peptides, whose reduced uptake in such
mutants would clearly limit the production of downstream
metabolites that might be the substrates for MexEF-OprN and
PA2491. Certainly, there is precedence for bacterial efflux of
amino acids (6, 11, 39, 71) and their metabolites (11), indicat-
ing that under certain circumstances the accumulation of these
compounds within the cell is detrimental to cell health.

Interestingly, the K2313 PA2491::mini-Tn5-fet insertion mu-
tant was originally selected because of its increased suscepti-
bility to aminoglycosides compared to its MexXY-expressing
parent strain, K2153. In this instance, however, it is probable
that overexpression of MexEF-OprN in K2313 indirectly af-
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fected aminoglycoside resistance as a result of a negative effect
on MexXY expression. MexEF-OprN-overproducing nfxC mu-
tants are also known to be aminoglycoside and B-lactam hy-
persusceptible (14), apparently owing to decreased expression
of MexXY and MexAB-OprM, respectively. In fact, there have
been several reports of increased expression of one RND-type
multidrug efflux system compromising expression of another
system in P. aeruginosa (18, 21, 37, 63).

Whatever the intended functions(s) of PA2491 and MexEF-
OprN, the apparently limited distribution of linked genes en-
coding PA2491-MexT-MexEF-OprN homologues (present in
only a few Pseudomonadaceae) suggests either that they pro-
vide a function unique to these organisms or that they repre-
sent a novel approach to a more common operation that is
addressed by other means in other organisms. It is interesting
that the highly similar PA2491-MexT counterparts in P. putida,
CADS59443 (GenBank) and TtgS, are encoded by genes linked
(two open reading frames away) to an RND family efflux
operon, ttgDEF, which was previously shown to respond and
provide tolerance to organic solvents only (46, 53), although it
is unclear at present whether TtgS has any role in regulating
ttgDEF expression or whether CAD59443 mutants overpro-
duce TtgDEF. Since solvents induce stress response genes in
Pseudomonas and other organisms (30, 56, 66), it is also not
clear whether solvents are the primary inducers of this system
or whether the changes that they induce in the cell ultimately
result in accumulation of substances (related to the MexEF-
OprN substrates?) that are the true inducers and intended
substrates of TtgDEF. Given the substantial similarity in
amino acid sequence and genetic organization of the PA2491-
MexT-MexEF-OprN and CAD59443-TtgS-TtgDEF systems,
one might expect these systems to be functionally related, and
indeed, MexEF-OpN (36), like TtgDEF and, in fact, many
RND family efflux systems (48), has been shown to contribute
to solvent tolerance. Whether these systems respond to and
export related metabolites remains to be seen.

A recent transcriptome analysis of P. aeruginosa after 12 h of
interaction with airway epithelial cells revealed substantial (10-
to 15-fold) increases in expression of both mexEF-oprN and
PA2491, apparently in parallel with increased damage of the
epithelial cells (and release of cell contents?), likely resulting
from prolonged interaction with this organism (13). Possibly
epithelial cell contents generate intracellular pools of metab-
olite substrates for MexEF-OprN and PA2491, either following
uptake of epithelial cell contents (as, e.g., nutrients) or as a
result of physiological changes promoted by exposure to these
cell contents (a stress response?). In any case, these data sug-
gest that P. aeruginosa may well encounter circumstances in
vivo where PA2491 and MexEF-OprN are needed. Also, the
demonstration that mutants overexpressing MexEF-OprN
were readily recovered from an experimental model of rat
pneumonia in the absence of antibiotic selection (28) indicates
that there is some advantage to MexEF-OprN expression in
vivo, independent of antimicrobial export. The recent obser-
vation that mutational loss of the VsqR quorum-sensing and
virulence regulator compromises mexEF-oprN expression in
cells under oxidative stress (i.e., stress due to H,O,) suggests
that this system may normally be induced in response to this
stress (29). mexEF has also been shown to be induced by a
synthetic analogue of a naturally occurring macroalga (sea-
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weed) furanone compound known to adversely affect quorum-
sensing-dependent gene expression in P. aeruginosa (20a).
Nonetheless, mexEF has never been shown to be regulated by
quorum sensing, suggesting that the furanone effect on this
efflux system is related to some other effect of this compound
on P. aeruginosa unrelated to its quorum-sensing antagonist
properties.

While these studies and our demonstration in this study that
PA2491 mutations enhance mexEF-oprN expression clearly in-
dicate that MexEF-OprN has a role other than antimicrobial
export and resistance, the intended function of this efflux sys-
tem and the identity of its natural substrates remain a mystery.
Still, intended transcriptome studies of PA2491 (and nfxC)
mutants may provide some clues.
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