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KmrA Multidrug Efflux Pump from Klebsiella pneumoniae
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We cloned a gene responsible for multidrug resistance from the chromosomal DNA of Klebsiella pneumoniae
MGH78578 that showed multidrug resistance. We designated the gene kmrA. The deduced amino acid sequence
of KmrA was similar to that of SmvA that is responsible for methyl viologen-resistance in Salmonella enterica sv.
Typhi and Typhimurium. Introduction of the cloned kmrA gene into drug-hypersensitive Escherichia coli
KAM32 cells made them resistant to acriflavine, 4’,6-diamidino-2-phenylindole (DAPI), Hoechst 33342,
tetraphenylphosphonium chloride (TPPCI), methyl viologen and ethidium bromide. We observed elevated en-
ergy-dependent efflux of ethidium in E. coli cells carrying the kmrA gene compared with control cells. We also
cloned the smvA gene from S. enterica sv. Typhimurium LT2 and investigated the resistance pattern for several
drugs. The pattern was similar between KmrA from K. pneumoniae and SmvA from S. enterica.
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Klebsiella pneumoniae is one of the major causes of respi-
ratory infection. It causes nosocomial infections in immuno-
compromised hosts."” Recent studies indicate that an increas-
ing percentage of Klebsiella strains are becoming resistant to
multiple antimicrobial agents.? In particular, infection with
K. pneumoniae that are resistant against the B-lactams and
fluoroquinolones are especially severe clinical problems. Fur-
thermore, such resistant K. pneumoniae are often resistant
against other multiple antimicrobial agents of unrelated
structures. Multidrug efflux pumps are often involved in such
multiple resistances. Multidrug efflux pumps in Escherichia
coli, a bacterium closely related to K. pneumoniae, are well
analyzed and characterized.> ™ It has been reported that 38
genes or operons for multidrug efflux pumps would be pres-
ent in the chromosome of E. coli.”) In fact, 19 of them have
been reported to be involved in drug resistance.*'” Thirty-
four genes or operons that code for multidrug efflux pumps
have been suggested in the chromosome of Pseudomonas
aeruginosa.'V) Disruption of genes for multidrug efflux
pumps resulted in a great decrease in the resistance against
multiple antimicrobial agents in E. coli'*'® and P aerugi-
nosa."*'> These results support the idea that multidrug efflux
pumps are very important for the bacterial escape from the
toxicity of many antimicrobial agents. So far, multidrug ef-
flux pumps have not been well investigated for K. pneumo-
niae. Only two multidrug efflux pumps, AcrAB and QacE
(including AQacE), have been reported with K. pneumoniae
(A. Domenech-Sanchez, S. Alberti, L. Martinez-Martinez,
A. Pascual, I. Gar-cia, and V. J. Benedi, Abstr. 41st Intersci.
Conf. Antimicrob. Agents Chemother. abstr. C1-2018, p.
104, 2001).'9 Recently, the sequencing of the whole genome
of K. pneumoniae strain MGH78578 was completed
(http://genomeold.wustl.edu/projects/bacterial/kpneumo-
niae/). Based on the sequences, we estimated that there
would be more than 30 genes or operons for multidrug efflux
pumps in the chromosome of K. pneumoniae. We have been
trying to clone many of such genes or operons, and in fact
cloned more than 10 genes or operons responsible for mul-
tidrug resistance.'” We found that one of the genes, desig-
nated kmrA, coded for a multidrug efflux pump. Here we
characterized the KmrA pump. We also cloned a gene for its
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homologue from Salmonella enterica, and characterized the
pump.

MATERIALS AND METHODS

Bacterial Strains and Medium K. pneumoniae
MGH78578 and S. enterica sv. Typhimurium LT2 were used
as sources of chromosomal DNA. E. coli KAM32 lacking
acrB and ydhE"® was used as a host. Cells were grown in L
medium (1% polypeptone, 0.5% yeast extract and 0.5%
NaCl, pH 7.0) under aerobic conditions at 37 °C.

Gene Cloning and Sub-cloning We previously reported
the construction of many recombinant plasmids that carried
DNA fragments from the chromosome of K. pneumoniae
MGH?78578 and which conferred elevated resistance against
multiple antimicrobial agents in the drug-hypersusceptible E.
coli KAM32 strain.!” One of these plasmids (belonging to
group 4 described in ref. 17), which conferred elevated
resistance against ethidium bromide, norfloxacin, 4’',6-di-
amidino-2-phenylindole (DAPI), Hoechst 33342, tetra-
phenylphosphonium chloride (TPPCI), was designated as
pESK13. A 1.83 kbp Kpnl fragment from pESK13 was sub-
cloned using plasmid pSTV28 (TaKaRa. Co) as a vector, and
a resulting hybrid plasmid was designated as pNTV224. The
pNTV224 plasmid conferred multidrug resistance to E. coli
KAM32. We determined nucleotide sequence of both ends of
the DNA insert by the dideoxy chain termination method,'?
and compared the sequence with the available genome
sequence of K. pneumoniae MGH78578 (http://genomeold.
wustl.edu/projects/bacterial/kpneumoniae/). We found that
there was one open reading frame in the region of the DNA
insert of pPNTV224, which was responsible for the multidrug
resistance, and designated it as kmrA4 (klebsiella multidrug
resistance). The kmrA gene was located in the opposite direc-
tion from the /ac promoter in pNTV224. Thus, kmrA is ex-
pressed from its original promoter.

We cloned the smvA gene of S. enterica by the PCR
method.?® The primer pairs used were; 5'-TCATATTG-
GTACCACATTAGCCAATGCGCG-3" and 5'-TCAGGTAC-
CAAGAGGTTGAGGAAATGGAC-3'. The primers were
designed such that the amplified DNA fragment contained
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the promoter region and the smvA gene. Genomic DNA pre-
pared from S. enterica sv. Typhimurium LT2 was used as the
template. The PCR conditions were as follows: initial denat-
uration for 4 min at 95 °C followed by 35 cycles of 1 min at
95°C, 1min at 59°C, 2min 30s at 68 °C. The amplified
PCR fragment was digested with endonuclease Kpnl and lig-
ated to the Kpnl site of the vector pSTV28. E. coli KAM32
was used as the host, and the transformants were selected
on L plates containing 20 pg/ml of chloramphenicol, 0.1
mMm isopropyl-B-p-thiogalactopyranoside and 100 pg/ml of
5-bromo-4-chloro-3-indolyl-f-galactopyranoside at 37°C.
Twelve white colonies were picked up, and three of them
were found to harbor recombinant plasmid carrying the smvA4
gene. We designated one of the recombinant plasmids as
PSMVA3.

Drug Susceptibility Testing The minimum inhibitory
concentrations (MICs) of various antimicrobial agents were
determined in Mueller—Hinton broth (Difco, Sparks, U.S.A.)
by the two-fold dilution method.?" Cells in the test medium
(10° cells/ml) were incubated at 37°C for 24h, and the
growth was subsequently judged by eye inspection.

Ethidium Transport Assay E. coli cells harboring each
plasmid were grown in L broth supplemented with 40 mm
potassium lactate until the exponential phase of growth was
reached. The harvested cells were washed with modified
Tanaka medium (Na™ salts of the original medium were re-
placed with K™ salts)*” and suspended in the same medium.
Potassium lactate (final concentration, 40 mm) was added to
the cell suspension, and the cell suspension was kept at 37 °C
for Smin with stirring. Ethidium bromide was added at 20
um to the cell suspension to initiate the assay. Carbonyl
cyanide m-chlorophenylhydrazone (CCCP) was added at 100
um where indicated. The fluorescence change in the assay
mixture was monitored with excitation and emission wave-
lengths of 500 nm and 580 nm, respectively.

Reverse Transcription (RT)-Polymerase Chain Reac-
tion (PCR) Analysis Cells of K. pneumoniae were har-
vested at the exponential phase of growth. Total cellular
RNA was extracted from the cells using the Qiagen RNeasy
Mini Kit (Qiagen Inc., U.S.A.). Cell lysate was passed
through the QIAshredder column before being applied onto
the RNeasy column. Samples loaded to the RNeasy column
were treated with RNase-Free DNase (Qiagen Inc., U.S.A.),
according to the manufacturer’s protocol. A 1ng sample of
total RNA was used as the template for RT-PCR with the
OneStep RT-PCR Kit (Qiagen Inc., U.S.A.) according to the
manufacturer’s protocol. Primers used for kmrd were 5'-
TATTCCGGTGGCGATTGACGC-3’" and 5'-ATTGCTCT-
GCTGCGCCGTTG-3'. After amplification, the reaction
product was analyzed by Agarose X (3% w/v) (Wako Pure
Chemicals) gel electrophoresis.

RESULTS AND DISCUSSION

Changes in MICs of Drugs Due to KmrA or SmvA
We measured the MICs of various antimicrobial agents in E.
coli cells carrying or not-carrying the kmrA gene. As shown
in Table 1, E. coli KAM32/pNTV224 carrying the kmrA
gene showed elevated MICs of kanamycin, norfloxacin, acri-
flavine, ethidium bromide, methylviologen, tetraphenylphos-
phonium chloride (TPPCI), and so on, compared with control
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Table 1. MICs of Various Antimicrobial Agents
MICs (ug/ml)

Am;‘g;rt‘s’b‘al E. coli KAM32/ E. coli KAM32/  E. coli KAM32/

pSTV28 PNTV224 PSMVA3

(control) (carrying kmrA)  (carrying smvA)
Kanamycin 1 4 1
Gentamicin 0.25 1 0.25
Erythromycin 4 8 8
Tetracycline 0.5 0.5 2
Nalidixic acid 1 1 1
Norfloxacin 0.03 0.25 0.125
Ofloxacin 0.015 0.03 0.03
Cefmetazole 0.5 0.5 1
Acriflavine 4 128 128
Benzalkonium Cl 4 4 8
CTAB 8 32 32
EtBr 4 64 256
Hoechst 33342 0.5 4 4
Methylene blue 64 64 64
Methyl viologen 64 >1024 >1024
Quinacrine 64 64 64
Rhodamine 6G 8 8 8
TPPCl 8 512 512

E. coli KAM32/pSTV28. Thus, it seems that the kmrA gene
codes for a multidrug efflux pump with high extrusion activ-
ity and wide substrate specificity. Previously we reported that
K. pneumoniae MGH78578 showed much higher MICs of
many antimicrobial agents compared with the ATCC10031
strain.'” We cloned many other genes responsible for mul-
tidrug resistance from the chromosomal DNA of
MGH78578'7 in addition to kmrA. Thus, it seems that other
multidrug efflux pumps including AcrAB are also responsi-
ble for multidrug resistance in MGH78578.

We found several proteins and putative proteins that
showed sequence similarity with KmrA in the Swiss-Prot
database, as described below. SmvA of S. enterica sv. Ty-
phimurium showed the highest identity and similarity with
KmrA. It has been reported that SmvA is involved in resist-
ance against methyl viologen® and acriflavine.”” We cloned
the smvA gene, introduced it into cells of the drug-hypersus-
ceptible E. coli KAM32 host, and measured the MICs of var-
ious antimicrobial agents. E. coli KAM32/pSMVA3 (carry-
ing smvA) showed elevated MICs of tetracycline, norfloxacin,
acriflavine, ethidium bromide, methyl viologen, TPPCI and
so on, compared with E. coli KAM32/pSTV28 (control)
(Table 1). Thus, SmvA made the drug-hypersusceptible cells
much more resistant against multiple antimicrobial agents.
The substrate specificities in KmrA and SmvA were similar,
although some differences were observed. For example,
kanamycin and gentamicin were substrates for KmrA, but
not for SmvA; and tetracycline was a substrate for SmvA,
but not for KmrA.

Ethidium Efflux Activity We tested the efflux activities
of both KmrA and SmvA by measuring changes in the intra-
cellular accumulation levels of ethidium under energized and
deenergized conditions. We observed a lower intracellular
level of ethidium (higher ethidium efflux activity) with cells
of E. coli KAM32/pNTV224 possessing KmrA than with
cells of E. coli KAM32/pSTV28 (control) under energized
conditions (Fig. 1A). The intracellular ethidium levels
reached the same plateau after the addition of a proton con-
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ductor CCCP in the two types of cells. We also observed a
lower intracellular level of ethidium (higher ethidium efflux
activity) with cells of E. coli KAM32/pSMVA3 possessing
SmvA than with cells of E. coli KAM32/pSTV28 (control)
under energized conditions (Fig. 1B). Again, the intracellular
ethidium levels reached the same plateau after the addition of
CCCP in the two types of cells. Thus, we conclude that both
KmrA and SmvA are energy-dependent drug efflux pumps.

Family of the Transporter Judging from the nucleotide
sequence (http://genomeold.wustl.edu/projects/bacterial/kp-
neumoniae/), it seems that KmrA consists of 499 amino acid
residues. The hydropathy pattern of KmrA suggests the pres-
ence of 14 hydrophobic regions that seem to be transmem-
brane domains. A Blast search® revealed that KmrA showed
sequence similarity not only with SmvA but also with QacB
of Staphylococcus aureus and EmrB of E. coli and other pu-
tative pumps belonging to the major facilitator (MF) super-
family®® (Table 2). Their sequence identities and similarities
were 75% and 94% with SmvA, 33% and 75% with QacB,
and 24% and 66% with EmrB, respectively. Thus, it is clear
that KmrA belongs to the multidrug efflux pumps of the MF
superfamily.’¥ Proteins or hypothetical proteins that showed
sequence similarity with KmrA are widely distributed in both
Gram-negative and Gram-positive bacteria (Swiss-Prot data-
base) including FErwinia, Pseudomonas, Streptococcus,
Streptomyces, Mycobacterium, Nocardia and Corynebac-
terium. Among these bacterial genera, it seemed that many
similar proteins (or hypothetical proteins) are present in
Streptomyces (data not shown). Bacteria belonging to Strep-
tomyces produce many antibiotics. Thus, KmrA-like proteins
in Streptomyces might be related to extrusion systems for an-
tibiotics.
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Fig. 1. Transport of Ethidium in Cells

Cells were incubated in a medium, and ethidium transport was monitored continu-
ously by measuring the fluorescence intensity of ethidium. Ethidium bromide (EtBr)
(final concentration, 20 um) was added to the assay mixture to initiate the assay at the
time point indicated by the first downward arrow, and CCCP (final concentration, 100
um) was added at the time point indicated by the second downward arrow to de-ener-
gize the cells. Panel A, E. coli KAM32/pSTV28 (a) and E. coli KAM32/pNTV224 (b);
Panel B, E. coli KAM32/pSTV28 (a) and E. coli KAM32/pSMVAS3 (b).

Table 2. Sequence Identity and Similarity of KmrA with Others
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Expression of kmrA in K. pneumoniae We investigated
whether kmrA is expressed in cells of K. pneumoniae
MGH?78578 by the RT-PCR method. We observed a band
corresponding to kmrA (data not shown). No corresponding
band was detected in an RT-negative control sample. Thus, it
is clear that kmrd is expressed constitutively in the
MGH78578 strain, and it is likely that KmrA is a functional
multidrug efflux pump in cells of K. preumoniae
MKG78578. We tested whether drugs that are substrates for
KmrA enhance the expression of kmrA. However, enhanced
expression was not observed when cells were grown in the
presence of sub-MIC levels of drugs (data not shown).
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