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Of the six putative small multidrug resistance (SMR) family proteins of Pseudomonas aeruginosa, a protein
encoded by the PA4990 gene (emrEy,.) shows the highest identity to the well-characterized EmrE efflux trans-
porter of Escherichia coli. Reverse transcription-PCR confirmed the expression of emrEy,, in the wild-type
strain of P. aeruginosa. Using isogenic emrEy, ., mexAB-oprM, and/or mexB deletion mutants, the contributions
of the EmrE protein and the MexAB-OprM efflux system to drug resistance in P. aeruginosa were assessed by
a drug susceptibility test carried out in a low-ionic-strength medium, Difco nutrient broth. We found that
EmrE,,. contributed to intrinsic resistance not only to ethidium bromide and acriflavine but also to amino-
glycosides. In this low-ionic-strength medium, MexAB-OprM was also shown to contribute to aminoglycoside
resistance, presumably via active efflux. Aminoglycoside resistance caused by these two pumps could not be
demonstrated in high-ionic-strength media, such as Luria broth or Mueller-Hinton broth. The EmrE-depen-

dent efflux of ethidium bromide was confirmed by a continuous fluorescence assay.

Pseudomoas aeruginosa is a major opportunistic human
pathogen that displays high-level multiple intrinsic resistance
to a variety of structurally unrelated antimicrobial agents (10,
11, 25, 30). It is now known that this multidrug resistance
phenotype of P. aeruginosa results from the presence of broad-
specificity drug efflux systems and low-permeability outer
membrane (20, 25). To date, antimicrobial efflux systems in
bacteria have been grouped into five (super)families (28), al-
though the efflux of most of the clinically relevant agents seems
to occur in P. aeruginosa through drug-proton antiporters of
the resistance-nodulation-division (RND) family (25).

The MexAB-OprM system, which is the major, constitutively
expressed, multidrug efflux pump and the first discovered
member of RND family exporter in P. aeruginosa, is known to
pump out mostly lipophilic and amphiphilic drugs (11). In
contrast, another RND pump complex, MexXY, together with
OprM, was found to pump out aminoglycosides, a group of
highly hydrophilic compounds, and contribute to the intrinsic
resistance of P. aeruginosa to these agents (1). Interestingly,
MexXY were originally identified as exporters of fluoroquino-
lones, erythromycin, and ethidium bromide (16), typical am-
phiphilic substrates of MexAB-OprM (11). This suggests that
there is no fundamental difference between the RND pumps
for amphiphilic compounds and those for hydrophilic com-
pounds and that the efflux of the latter class of compounds by
MexAB-OprM should be examined.

In addition to the RND efflux family, the small multidrug
resistance (SMR) family is also a drug resistance determinant
(6, 24). A well-characterized member of this family is the
EmrE protein of Escherichia coli (EmrEg.,) (29), which con-
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tributes to resistance of the organism to multiple toxic com-
pounds, particularly lipophilic cations such as ethidium bro-
mide and methyl viologen (24). The SMR transporters
function as drug-proton antiport systems and display four
transmembrane segments within ca. 110 amino acid residues
(6, 29). The P. aeruginosa genome sequences reveal the pres-
ence of several putative SMR transporters, that is, homologues
of EmrEg_, (30; http://www.pseudomonas.com). Of these ho-
mologues, the PA4990 gene encodes a protein with the highest
identity to EmrEg., (we tentatively designate this P. aeruginosa
SMR protein EmrE;, . here). Interestingly, a plasmid (inte-
gron)-borne emrE homolog, gacG, was identified on a 36-kb
plasmid that was isolated from a clinical strain of P. aeruginosa
(7). The chromosomally encoded EmrEg,. protein was re-
cently expressed in E. coli and purified and reconstituted into
proteoliposomes, where the protein was shown to pump out
toxic compounds such as methyl viologen (21). Still, the role of
EmrE;,. in the intrinsic resistance to antimicrobial agents,
especially aminoglycosides (since these are also cationic com-
pounds), remains unknown. We evaluate here the contribu-
tions of MexAB-OprM and EmrE;,. in intrinsic drug resis-
tance in P. aeruginosa, with emphasis on aminoglycosides. We
show that the both MexAB-OprM and EmrE;,. play impor-
tant roles in the intrinsic resistance of P. aeruginosa to amino-
glycosides and cationic dyes.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains and
plasmids used in the present study are listed in Table 1. Bacteria were grown at
37°C in Luria-Bertani (LB) broth and agar. In some cases, Difco nutrient broth
(NB) and Difco Mueller-Hinton broth (MHB) were also used. Divalent cation
contents of NB was reported as 0.29 mM Mg?* and 0.03 mM Ca®* (15). The
particular batch of MHB we used contained 0.20 mM Mg?* and 0.10 mM Ca>*
according to the manufacturer. LB medium is estimated (31) to contain 0.34 mM
Mg>* and 0.06 mM Ca®* if we assume that Difco tryptone contains levels of
these ions similar to Difco peptone. The conductivities of NB, MHB, and LB



28 LI ET AL.

ANTIMICROB. AGENTS CHEMOTHER.

TABLE 1. P. aeruginosa strains and plasmids used in this study

P. aeruginosu_strain Description Source or
or plasmid ’ reference
P. aeruginosa
PAO1 Prototroph 10
HN1112 Spontaneous streptomycin-resistant (rpsL) derivative of PAO1 This study
HNI1113 HNI1112 AemrE This study
K1119 PAO1 AmexAB-oprM 9
HN1114 Spontaneous streptomycin-resistant (rpsL) derivative of K1119 This study
HNI1115 HN1113 AmexAB-oprM This study
K1589 Spontaneous streptomycin-resistant (rpsL) derivative of PAO1 made AmexR AmexB K. Poole
HNI1116 K1589 AemrE This study
Plasmids
pEX18Tc Broad-host-range gene replacement vector; sacB, tetracycline resistant 4
pXZL1307 pEX18Tc::AemrE This study
pELCTO04 pK18mob sacB::(Q0Hg" and AmexAB-oprM, kanamycin and HgCl, resistant 9
pBluescript II SK(+) Cloning vector, ampicillin resistant Stratagene
pXZL1582 pBluescript IT SK(+)::emrEp,, This study

medium, which reflects the ionic strength, were equivalent to 13, 102, and 112
mM NacCl, respectively, when measured with the conductivity meter (Radiome-
ter, Copenhagen, Denmark). In the ethidium bromide accumulation experi-
ments, M63 minimal medium [13.6 g of KH,PO,, 2 g of (NH,),SO,, and 0.5 mg
of FeSO, per liter; pH 7.0] supplemented with glucose (0.2%) and MgSO,
(10 mM) was used.

Plasmids were maintained in E. coli with appropriate selection [pEX18Tc,
10 pg of tetracycline per ml; pECLTO04, 50 wg of kanamycin per ml or 15 pg of
HgCl, per ml; and pBluescript IT SK(+), 100 pg of ampicillin per ml]. Sponta-
neous streptomycin-resistant (rpsL) derivatives of P. aeruginosa strains PAO1
and K1119 (a AmexAB-oprM derivative of PAO1) were selected by plating cells
on LB agar containing streptomycin (1,000 pg/ml for PAO1 and 500 wg/ml for
K1119).

Antimicrobial susceptibility assay. Susceptibility testing was carried out by
twofold serial dilution in NB with an inoculum of 5 X 10° cells/ml. Growth was
scored after an overnight incubation at 37°C.

Cloning of the emrEy,, gene. The genomic DNA of P. aeruginosa was extracted
as described previously (12). The intact P. aeruginosa PA4990 gene (emrEp,.)
was amplified by PCR from the genomic DNA of strain PAO1 by using
the primers paemre7xz (5'-ATTAGGATCCAGCCGAGGTTACGCATCA-
3’; complementary to 767 to 786 bp upstream of the start codon; the BamHI site
is underlined) and paemre6xz ((5'-ACGTAAGCTTCGCCTTGACCATCACC
ATGT-3'; complementary to the sequence 746 to 765 bp downstream from the
emrE stop codon; the HindIII site is underlined). The PCR mixture contained 50
ng of P. aeruginosa chromosomal DNA, 40 pmol of each primer, 0.2 mM con-
centrations of each deoxynucleoside triphosphate, 2 mM MgSO,, 10% (vol/vol)
dimethyl sufoxide, and 2 U of Vent DNA polymerase in 1X Thermo reaction
buffer (New England Biolabs, Beverly, Mass.). The reaction was heated for 3 min
at 94°C; then processed for 30 cycles of 40 s at 94°C, 40 s at 56°C, and 1 min at
72°C; and finally finished with 8 min at 72°C. The PCR product was purified by
using QiaQuick PCR purification kit (Qiagen, Inc.), digested with BamHI and
HindIIl, and then cloned into pBluescript SK(+) digested by the same enzymes.
The recombinant plasmid pXLZ1582 was transformed into an E. coli triple efflux
deletion strain (AacrAB AacrEF AemrE) constructed from a AacrAB AacrEF
strain AG100AX (17) by the use of vector pKO3 (13) carrying a 246-bp in-frame
deletion in the emrEg,, gene.

Construction of AemrE mutants. To delete emrEp, . (PA4990) in P. aeruginosa,
a gene replacement suicide vector pEX18Tc (4) carrying an emrEp,, deletion
(pXZL1307) was constructed as follows. Two PCRs were performed to amplify
sequences upstream (1.3 kb) and downstream (0.85 kb) from the emrEyp,. gene
by using the P. aeruginosa PAO1 genomic DNA (see above) as a template. The
upstream fragment was amplified with the primers paemre3xz (5'-ACTGGAG
CTCGGACCTGCTCGCCGAACAAT-3'; complementary to the sequence
from 1,268 to 1,288 bp upstream from the emrE start codon; the Sacl site is
underlined) and paemredxz (5'-ACGATCTAGAGGCGAGGTAGAGATAGT
TGG-3'; complementary to the sequence 5 to 24 bp downstream from the emrE
start codon; the Xbal site is underlined), whereas the downstream fragment was
amplified with primers, paemre5xz (5'-ACGATCTAGAAGCCTGGTGGCGA
TGTTCGT-3'; complementary to the sequence 81 to 100 bp upstream from the

emrE stop codon; the Xbal site is underlined) and paemre6xz (see above). PCR
mixtures were formulated and processed as described above. The PCR products
were purified, digested with appropriate restriction enzymes, and cloned into the
Sacl-HindIlI-digested pEX18Tc via a three-piece ligation. The resultant plasmid,
pXZL1307, was introduced into E. coli S17-1 by transformation and mobilized
into P. aeruginosa strains HN1112 and K1589 via conjugation (12). Transconju-
gants carrying pXZL1307 in the chromosome were selected on LB agar contain-
ing tetracycline (25 wg/ml for HN1112 and 10 pg/ml for K1589) and streptomycin
(1,000 pg/ml; for counterselection). They were then streaked onto LB agar
containing 10% (wt/vol) sucrose, and sucrose-resistant colonies arising after
overnight incubation at 37°C were screened for the presence of the emrE dele-
tion by using PCR.

Construction of AmexAB-oprM mutants. To obtain a AemrE AmexAB-oprM
double-knockout mutants, gene replacement vector pELCT04 was used to con-
struct mexAB-oprM deletion mutants of strain HN1113 as described previously
(9). The mutants carrying a mexAB-oprM deletion were identified by their drug
hypersusceptibility phenotype.

RT-PCR. Total bacterial RNA was isolated from LB medium-grown, log-
phase or overnight stationary-phase cultures (1 to 2 ml) of P. aeruginosa PAO1
by using the Promega SV total RNA isolation system (Promega, Madison, Wis.).
After treatment of the RNA samples with RNase-free DNase (Promega; 2 U of
enzyme/pg RNA for 60 min at 37°C), the DNase was inactivated at 65°C for 20
min. A 0.1-pg sample of DNase-treated RNA was used as a template for reverse
transcription-PCR (RT-PCR) with the Promega access RT-PCR system accord-
ing to the protocol supplied by the manufacturer. A pair of primers specific for
and internal to emrE (paemre8xz, 5'-CCGCCATGACCAACTATCTC-3' [for-
ward]; and paemre9xz, 5'-GCTGGCCGTAGACGAACATC-3" [reverse]) was
used to amplify mRNA as a measure of emrEp,. expression. As a control, the
mRNA of the constitutively expressed rpsL gene was amplified and quantitated
by RT-PCR with the primers rpslixz (5'-GCAACTATCAACCAGGCTG-3’
[forward]) and rpsl2xz (5'-GCTGTGCTCTTGCAGGTTGTG-3' [reverse]). A
total of 50 pmol of each primer was used per reaction (final volume, 50 pl), which
involved a 45-min incubation at 48°C, followed by 2 min at 94°C; 40 cycles of 40 s
at 94°C, 40 s at 56°C, and 30 s at 68°C; and a final step at 8 min at 68°C. RT-PCR
products were analyzed by agarose (1.7% [wt/vol]) gel electrophoresis for the
expected RT-PCR products (emrE, 249 bp; rpsL, 220 bp). To control for DNA
contamination of RNA samples, non-RT reactions (i.e., PCRs) were carried out.
In no instance was a product obtained in the absence of a RT reaction.

Ethidium accumulation assay. Bacterial cells were cultivated overnight at
37°C in M63-glucose medium or LB broth and subsequently diluted 50-fold into
M63 medium or LB broth, respectively. After growth to late exponential phase
(i.e., an optical density at 600 nm [ODy] of ca. 0.8 to 1.0 for M63 cultures or of
ca. 1.2 to 1.5 for LB cultures), cells were harvested at 5,000 X g for 10 min at
room temperature, washed once with 50 mM sodium phosphate buffer (pH 7.2)
containing 100 mM NaCl and 0.1% (vol/vol) glycerol (23), and resuspended in
the same buffer at a cell ODg, of 0.5 to 1. The accumulation of ethidium
bromide by P. aeruginosa cells was monitored with a Shimadzu RF-5301PC
spectrofluorometer (Shimadzu Scientific Instruments, Inc., Columbia, Md.) at
room temperature. The final concentration of ethidium bromide used was 5 pM,
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FIG. 1. Multiple alignment of EmrE of E. coli and its SMR homologues in P. aeruginosa. Residues conserved in all proteins are highlighted in
black, whereas those conserved in 75 and 50% of the indicated proteins are highlighted in dark and light gray, respectively. The P. aeruginosa SMR
proteins are given by their gene names as indicated. All of the proteins are predicated as strong hydrophobic proteins with four transmembrane
segments (TMS 1 to 4). The four transmembrane segments of the PA4990 protein (EmrEp,.) are highlighted, whereas other proteins possess
similar transmembrane-spanning regions. A conserved, charged glutamyl residue in TMS 1 is indicated by an arrow. Numbers at the right show

the position of the last residue in each line within the protein sequences.

and bacterial cells were used at an ODgq, of 0.1 or 0.2. The excitation and
emission wavelengths were 520 and 590 nm, respectively, with slit widths at 5 nm
for excitation and 10 nm for emission. In some cases, cells were pretreated with
a proton conductor, CCCP (carbonyl cyanide m-chlorophenylhydrazone), at 100
to 400 wM before the addition of ethidium bromide.

RESULTS

SMR proteins in P. aeruginosa. A BLAST search of the
P. aeruginosa genome with the well-characterized EmrE_,
protein (b0543; GenBank accession number AE000160) re-
vealed the presence of six genes coding for homologous pro-
teins in P. aeruginosa (Fig. 1). This result is certainly not sur-
prising since, for example, E. coli and Bacillus subtilis have at
least five and seven SMR proteins, respectively (5, 6). Com-
pared with EmrE_,, the six putative P. aeruginosa proteins
share amino acid identities of 24 to 46% (Fig. 1 and data not
shown), and the program TMpred (http://www.ch.embnet.org)
predicted all as integral membrane proteins, each with four
transmembrane segments. All of these putative SMR proteins
contain, in their first transmembrane segments, a conserved
glutamic acid residue that functions as a part of the ligand-
binding domain in EmrE_, and thus mediates the coupling of
proton influx to toxicant extrusion (19, 29). To date, some of
the chromosomally encoded E. coli SMR proteins, including
EmrE and SugE, were shown to provide drug resistance in
intact cells (3, 22), although the latter (initially known as a
suppressor of groEL mutations) had to be overexpressed on a

plasmid to reveal its export function (3). In the present study,
we examined the function of EmrE,,. encoded by the PA4990
gene, which showed the highest identity to EmrEg_,.

Role of EmrE,,. in the intrinsic resistance in P. aeruginosa.
Initial examination of the upstream sequence of the emrEp,.
gene by neural network prediction method (http://www.fruitfly
.org/seq_tools/promoter.html) identified a strong candidate
promoter sequence between 10 and 50 bp upstream of the
emrE start codon with a possible transcript starting from 10 bp
upstream from the PA4990 gene, suggesting that the emrE
gene is likely expressed in P. aeruginosa. Indeed, RT-PCR with
emrEp, -specific primers demonstrated emrEp,. expression in
uninduced wild-type P. aeruginosa (Fig. 2). With the constitu-
tively expressed rpsL gene as control, it was found that emrEp, .
expression was increased in the stationary phase of growth
(Fig. 2).

The cloned emrEp,. gene was indeed effective in producing
ethidium bromide resistance in E. coli. Thus, when pXZI1.1582
containing this gene (see Materials and Methods) was intro-
duced into a AacrAB AacrEF AemrE strain of E. coli, the
ethidium bromide MIC increased eightfold in comparison with
the same strain containing the vector only (0.25 versus 2 g/
ml).

To assess the role of the EmrE,,. protein in antimicrobial
resistance, we constructed a AemrE mutant carrying 189-bp
in-frame deletion by using a gene replacement vector as de-
scribed in Materials and Methods (Fig. 3). As shown in the first
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FIG. 2. emrEp,, expression in P. aeruginosa PAO1 (HN1112) as
measured by RT-PCR of RNA isolated from exponential-phase (lane
2) and stationary-phase (lane 3) cultures. RT-PCR with primers spe-
cific for the rpsL gene was included as controls (lanes 4 [exponential
phase] and 5 [stationary phase]). DNA size markers (100-bp ladder) is
shown on lane 1.

two rows of Table 2, the strain containing the emrEp,. deletion,
HN1113, displayed hypersusceptibility to ethidium bromide
and acriflavine (fourfold decrease in the MIC compared to
those of the parental strain HN1112), two basic dyes known to
be the substrates of EmrEg ., (24). Interestingly, when tested
in NB, the AemrEp,. mutant strain was also hypersusceptible
to several aminoglycosides (gentamicin, kanamycin, and neo-
mycin) that are also cationic antimicrobials (two- to fourfold
decrease in the MICs; Table 2). Because the differences were
small, we repeated the MIC determination at least three times,
with consistent results. It should also be noted that no differ-
ence in MIC was observed when high-ionic-strength media,
MHB and LB medium, were used (Table 2, values in paren-
theses). We are not aware of any previous report indicating
that the aminoglycoside susceptibility was affected by the loss
of EmrE homologs. There was no alteration, however, in re-
sistance of the emrE mutant to methyl viologen (Table 2) and
many other antimicrobial agents listed in footnote a of Table 2.

Roles of EmrE,,. and MexAB-OprM in intrinsic drug re-
sistance. The MexAB-OprM multidrug efflux system plays a
dominant role in the intrinsic multidrug resistance of P. aerugi-
nosa as a constitutively expressed pump with a very wide sub-
strate specificity (11, 25). As described in the introduction
above, we cannot completely disregard the possibility that
MexAB-OprM may also contribute to the resistance to cationic
agents, including hydrophilic aminoglycosides. To compare the
role of EmrE;, . with that of MexAB-OprM, we constructed a
double mutant, HN1115 (AmexAB-oprM AemrE). The deletion
of mexAB-oprM in this strain abolishes at least the function of
the two multidrug efflux systems, MexAB-OprM and MexXY-
OprM (1, 12), and possibly also others (see below) since OprM
may function with other uncharacterized efflux systems (25).
Because of this complication, we constructed another double
mutant strain, HN1116 (AmexB AemrE), carrying an in-frame
mexB deletion. This mutation does not affect OprM expression
(R. Srikumar and K. Poole, unpublished data), and strains
K1589 and HN1116 are expected to indicate the contribution
of MexAB-OprM system (alone) and EmrE;,. to intrinsic re-
sistance.
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As expected, mutant K1589 (AmexB) became highly suscep-
tible to a variety of antibiotics such as to fusidic acid (8-fold
decrease in MIC), phosphonomycin (2-fold decrease in MIC),
trimethoprim (2-fold decrease in MIC), B-lactams (8-, 16-,
>8-, 8-, 4-, and 2-fold decreases in MIC for azlocillin, carben-
icillin, cloxacillin, cefsulodin, cefuroxime, and ceftriaxone, re-
spectively), the fluoroquinolones norfloxacin and ciprofloxacin
(both 2-fold decreases in MIC), novobiocin (4-fold decrease in
MIC), chloramphenicol (2-fold decrease in MIC), tetracycline
(2-fold decrease in MIC), sodium dodecyl sulfate (4-fold de-
crease in MIC), and triclosan (>2-fold decrease in MIC) (not
shown), and the dyes ethidium bromide and acriflavine (Table
2). It was also somewhat surprising that the MICs of all ami-
noglycosides were decreased (two- to fourfold) in this strain
compared to the parent strain HN1112 when the MIC was
determined in NB (Table 2). Aminoglycoside MICs were
unchanged in MHB and LB medium, an observation con-
sistent with our previous data (11). The additional deletion of
EmrE;,. in HN1116 further decreased MICs of dyes and sev-
eral aminoglycosides in comparison with K1589, mostly in NB
(Table 2).

HN1114, deleted not only for MexAB but also for OprM,
showed in general MICs identical to those found in K1589.
However, there were notable exceptions in which HN1114 was
more susceptible than K1589: examples in which the differ-
ences were >2-fold included norfloxacin (0.025 versus 0.2 g/
ml), ciprofloxacin (0.013 versus 0.05 pg/ml), enoxacin (0.032
versus 0.25 pg/ml), chloramphenicol (0.5 versus 2 pg/ml), tet-
racycline (0.125 versus 1 pg/ml), and trimethoprim (1 versus 16
pg/ml). It is likely that other efflux system(s) that also utilize
OprM as the outer membrane channel are being expressed
constitutively and are extruding these agents. In any case, the
additional deletion of EmrEp,, in HN1115 decreased the
MIC:s of ethidium bromide, acriflavine, and some aminoglyco-
sides further from the values found in HN1114 (Table 2).

FIG. 3. Confirmation of emrEp,, deletion by PCR amplification of
the emrE gene of P. aeruginosa strains with genomic DNA as templates
and primer pair paemrelxz and paemre6xz. Strain designations are
indicated above the lanes, and DNA size markers are shown at the left
(lane 1).
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TABLE 2. MICs of various agents for P. aeruginosa producing different combinations of EmrEp,. and MexAB-OprM*

MIC (pg/ml)®
Strain (genotype)

EtBr AF MV AMK GEN KAN NEO TOB NAL PMB
HN1112 (wild type) 256 32 8 0.06(2,8) 0.128(0.5,4) 4(64,128) 0.25(16,64)  0.064 (0.5, 2) 32025
HN1113 (AemrEp,.) 64 8§ 8 0.06(2,4) 0.064(0.5,4) 2 (64, 128) 0.064 (16, 64) 0.064 (0.5, 2) 16 0.25
HN1114 (AmexAB-oprM) 64 8§ 8 0.03(2,2) 0.016(0.25,0.5) 2(64,128) 0.128(8,16) 0.032(0.5,0.5) 4 0125
HNI1115 (AmexAB-oprM AemrEy,.) 32 4 8 0.03(1,2) 0.016(0.25,0.5) 1(32,128) 0.032(8,8) 0.016 (0.25, 0.5) 4 0.125
K1589 (AmexR AmexB) 32 16 8 0.03(1,2) 0.032(0.25,2) 2(64,128) 0.128 (16,32) 0.032(0.5,1) 8§ 025
HN1116 (AmexR AmexB AemrEy,.) 16 4 8 0.03(1,2) 0.016(0.25,2) 1(64,128) 0.064 (8,16)  0.016 (0.25,1) 4 0.125

“ MIC values were determined in NB, except the values in parentheses. In addition to the agents listed here, the MICs of the following agents were determined, and
some results for the following agents are mentioned in the text: spectinomycin, azlocillin, carbenicillin, cloxacillin, cefsulodin, cefuroxime, ceftriaxone, norfloxacin,
ciprofloxacin, enoxacin, novobiocin, chloramphenicol, erythromycin, fusidic acid, tetracycline, trimethoprim, phosphonomycin, rifampin, vancomycin, sodium dodecyl
sulfate, and triclosan. Abbreviations: EtBr, ethidium bromide; AF, acriflavine; MV, methyl viologen; AMK, amikacin; GEN, gentamicin; KAN, kanamycin; NEO,

neomycin; TOB, tobramycin; NAL, nalidixic acid; PMB, polymyxin B.

® Values in parentheses are MIC values obtained in MHB and LB medium as follows: MHB MIC, LB medium MIC.

Ethidium bromide accumulation in intact cells. Susceptibil-
ity data suggested that both the EmrE,. and MexAB-OprM
efflux systems contributed to resistance to cationic dyes and
aminoglycosides. To confirm that the increased resistance
caused by the presence of EmrE;,. was due to active efflux, we
examined the accumulation, i.e., the spontaneous influx minus
the active efflux, of ethidium bromide by intact cells. The cells
were grown in M63-glucose medium, washed, and incubated
with ethidium bromide, and the fluorescence caused by the
entry of ethidium into cells and its binding to DNA was mon-
itored (Fig. 4). Since the strains were isogenic, spontaneous
entry of ethidium can be expected to occur at the same rate,
and the net entry rates observed therefore reflect the magni-
tude (in the negative way) of the active efflux rates. The accu-
mulation was the slowest, and therefore the efflux was most
efficient in the wild-type HN1112 strain, whereas the efflux was
least efficient in the AemrE/AmexAB-oprM double mutant
HN1115. HN1113 with the single AemrE mutation and
HN1114 with the single AmexAB-oprM mutation showed inter-
mediate efflux levels, and the efflux catalyzed by the MexAB-
OprM appeared to be slightly more important than the one
catalyzed by EmrE,,.. Entry was accelerated to nearly the
same level in all strains in the presence of proton conductor
CCCP (Fig. 4). Finally, the emission spectra of cells incubated
in the presence of ethidium bromide confirmed that fluores-
cence came from ethidium-DNA complex (result not shown).

DISCUSSION

In the present study, we showed that the P. aeruginosa ho-
molog of E. coli EmrE, EmrE;,., is constitutively expressed
and plays a major role in the intrinsic resistance of this organ-
ism to cationic dyes ethidium bromide and acriflavine. The
contribution of EmrE here was comparable in magnitude to
that of the MexAB-OprM system (Table 2). These dyes are
well-known substrates of E. coli EmrE (19, 24). (Recently,
these dyes were shown to induce the production of the nor-
mally repressed MexCD-Opr] system, which extrude these
dyes efficiently [18]. This system was thus presumably function-
ing in all of our strains.) In contrast, the deletion of Emrp,. had
no effect on the susceptibility to methyl viologen (Table 2),
another substrate of E. coli EmrE (21, 24). This is consistent
with the report of Ninio et al. (21) that methyl viologen was not
a good substrate for the purified P. aeruginosa EmrEg,..

We also examined the aminoglycoside susceptibility of our
mutants. Because aminoglycoside action is antagonized by high
ionic strength and by high divalent cation concentrations (15,
27), we used NB with a low ionic strength for MIC determi-
nations. The use of this medium is known not only to lower the
aminoglycoside MICs (15) but also to make the contribution of
efflux pumps often more visible, as shown earlier for E. coli
acrD system (27). In this medium, the deletion of emrE, . gene
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FIG. 4. Ethidium bromide accumulation by intact cells of P. aerugi-
nosa monitored in time course by a spectrofluorometer. The isogenic
strains compared are HN1112 (wild type [a and e]), HN1113 (AemrE
[b and f]), HN1114 (AmexAB-oprM [c and g]), and HN1115 (AemrE
AmexAB-oprM [d and h]). Cells were grown in M63 medium, har-
vested, washed, and resuspended in a phosphate buffer as described in
Materials and Methods. Accumulation was followed in cells not
treated by CCCP (panels a to d) or cells pretreated by CCCP (250 uM)
(panels e to h). A no-cell control is included (Buffer). Ethidium bro-
mide was used at a final concentration of 5 M.
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was shown to decrease the MICs of the aminoglycosides,
except that of amikacin, by two- to fourfold (Table 2). No
changes in MICs were observed if LB medium or MHB was
used (Table 2). Although neither Emrg, nor Emrp,. has been
known to play a role in aminoglycoside efflux, a recent report
(5) showed that an overexpression of a pair of SMR-type pump
genes from B. subtilis created a multidrug resistance phenotype
of unusually broad specificity, including resistance to strepto-
mycin (as well as chloramphenicol and tetracycline).

Interestingly, it became clear that in NB the MexAB-OprM
system, which was not known to pump out such hydrophilic
agents as aminoglycosides (10, 11, 26), contributed to amino-
glycoside resistance to about the same, or even a higher, de-
gree as the EmrEg,. transporter (compare KI1589 with
HNT1112 in Table 2). Other RND family pumps, MexY of P.
aeruginosa (1, 16) and AcrD of E. coli (21, 27), apparently
transport both hydrophilic aminoglycosides and amphiphilic or
lipophilic agents such as fluoroquinolones and organic cations.
Thus, the wider specificity of MexAB-OprM system is probably
not too surprising.

There are interesting differences in the respective contribu-
tion of MexAB-OprM and Emrp,. to aminoglycoside resis-
tance. Thus, the presence of the former seems to contribute
strongly to the resistance to amikacin, tobramycin, and genta-
micin, as judged by the two- to fourfold increases in MICs
caused by the presence of MexAB-OprM in the AemrEp,,.
background (compare HN1113 versus HN1116 in Table 2). In
contrast, Emrp,. may be important for resistance to especially
neomycin, because the additional presence of Emrp,. in K1589
increased neomycin MIC in comparison with HN1116, and the
deletion of Emrp,. from the wild type decreased the MIC
fourfold (compare HN1113 versus HN1112, Table 2), whereas
the presence of the functional MexAB-OprM in HN1113 (lack-
ing Emrp,. alone) did not increase neomycin resistance in
comparison with HN1116 (lacking both MexB and Emryp,.)
(Table 2). These data are consistent with the notion that
MexAB-OprM prefers a slightly more lipophilic members of
the aminoglycoside family, whereas Emrp,. prefers strongly
hydrophilic members.

MexAB-OprM system also appeared to affect the resistance
to amikacin, gentamicin, and tobramycin slightly more strongly
in LB medium than in other media. The reason for this differ-
ence is unclear.

The MexAB-OprM system is a tripartite pump that extrudes
the drug molecules directly into the medium. In contrast,
EmrE;,. is a simple pump that transports the drug across the
cytoplasmic membrane into the periplasm. Lee et al. (8)
showed that the presence of these two types of pumps, if they
both act on the same substrate, has a “multiplicative effect” on
resistance. Unfortunately the effect of deletion of Emry,. and
MexAB-OprM on the MIC of dyes and aminoglycosides was
usually too small to test this idea.

SMR proteins are widely distributed in bacteria and medi-
ate drug resistance via active efflux. Our data indicate that
EmrE;,. confers intrinsic drug resistance not only to ethidium
bromide but also to aminoglycosides in P. aeruginosa. We fur-
ther showed that MexAB-OprM makes a significant contribu-
tion to the intrinsic resistance of this organism to aminoglyco-
sides. However, the effect of both of these efflux pumps
became apparent only in a low-ionic-strength medium, NB.

ANTIMICROB. AGENTS CHEMOTHER.

The requirement for low ionic strength for the detection of
aminoglycoside efflux activity leads to a legitimate question as
to the clinical relevance of in aminoglycoside resistance. Hu-
man body fluids are high in ionic strength and in the content of
both Mg?* and Ca®* (2), and it is difficult to imagine that the
efflux by these pumps plays a major role in the intrinsic resis-
tance of this organism under such conditions. However, if
these pumps are overproduced, perhaps they may be able to
increase resistance levels even under such conditions.

The reason why the aminoglycoside efflux activity becomes
visible only in low-ionic-strength media is currently unclear.
This may be because the efflux activities of MexAB-OprM and
Emrp,,. are overshadowed by that of the already known ami-
noglycoside efflux pump, MexXY-OprM, which is apparently
activated by the presence of millimolar concentrations of Mg™"
and Ca”* (14). Although the effect of monovalent cations and
ionic strength was not studied by Mao et al. (14), it is reason-
able to expect that high ionic strength (such as 0.5% NaCl
present in LB medium) would mimic the high concentrations
of divalent cations (see reference 15). Thus, possibly in low-
ionic-strength media such as NB, the MexXY-mediated efflux
is poorly functional, and therefore the weaker efflux activity of
MexAB-OprM and EmrE,;, . becomes detectable. This hypoth-
esis, however, appears to be inconsistent with the observation
that even in LB medium or MHB the additional deletion of
OprM (which would be necessary for MexXY-OprM activity)
did not change the aminoglycoside MICs of mexB strain (com-
pare K1589 and HN1114 in Table 2). Possibly, in our strains
MexXY was not expressed at detectable levels, as seen earlier
(32). In any case, low ionic strength is expected to increase
electrostatic repulsion between highly negatively charged lipo-
polysaccharide molecules and thereby increase the nonspecific
permeability of the outer membrane. The increased influx of
drugs, including aminoglycosides, across the outer membrane
should obscure, rather than reveal, differences caused by the
active efflux. Thus, the observed results cannot be explained
currently in a straightforward manner. In any case, the inter-
action of aminoglycoside efflux system(s) with ionic strength
and divalent cations is an important topic that requires further
study.
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