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Abstract
We previously described the cloning of genes related to drug resistance from Klebsiella
pneumoniaeMGH78578. Of these, we identified a putative gene encoding a MATE-type

multidrug efflux pump, and named it ketM. Escherichia coli KAM32 possessing ketM on a

plasmid showed increased minimum inhibitory concentrations for norfloxacin, ciprofloxacin,

cefotaxime, acriflavine, Hoechst 33342, and 4',6-diamidino-2-phenyl indole (DAPI). The ac-

tive efflux of DAPI was observed in E. coli KAM32 possessing ketM on a plasmid. The ex-

pression of mRNA for ketM was observed in K. pneumoniae cells, and we subsequently

disrupted ketM in K. pneumoniae ATCC10031. However, no significant changes were ob-

served in drug resistance levels between the parental strain ATCC10031 and ketM disrup-

tant, SKYM. Therefore, we concluded that KetM was a multidrug efflux pump, that did not

significantly contribute to intrinsic resistance to antimicrobial chemicals in K. pneumoniae.
MATE-type transporters are considered to be secondary transporters; therefore, we investi-

gated the coupling cations of KetM. DAPI efflux by KetM was observed when lactate was

added to produce a proton motive force, indicating that KetM effluxed substrates using a

proton motive force. However, the weak efflux of DAPI by KetM was also noted when NaCl

was added to the assay mixture without lactate. This result suggests that KetM may utilize

proton and sodium motive forces.

Introduction
Bacterial drug efflux pumps have generally been classified into five families: the resistance nod-
ulation cell division (RND) family, major facilitator superfamily (MFS), small multidrug resis-
tance (SMR) family, ATP-binding cassette (ABC) family, and multidrug and toxic compound
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extrusion (MATE) family. Of these, proteins of the MATE family have been detected in Bacte-
ria, Archaea, and Eukarya kingdoms [1].

MATE-type pumps were phylogenetically classified into three clusters by Brown et al [1].
NorM from Vibrio parahaemolyticus [2, 3], NorM from Vibrio cholerae [4], and YdhE from
E. coli [2, 5] have been categorized into cluster 1 [1]. The antiport of substrates coupled with
Na+ has often been reported as one of the characteristics of MATE-type transporters in cluster
1 [6]. NorM from V. parahaemolyticus, which was the first MATE-type transporter to be dis-
covered, exhibited ethidium efflux activity using the electrochemical potential of Na+ [3]. Drug
efflux activity coupled with Na+ was subsequently reported in YdhE from E. coli, VmrA from
V. parahaemolyticus [7], and VcmA and VcrM from V. cholera non-O1 [8, 9]. PdrM, which we
recently reported, also displayed sodium-driven drug efflux ability and was the first multidrug
efflux pump coupled with Na+ to be identified in Gram-positive bacteria [10]. The efflux activi-
ty of substrates coupled with protons has been reported in AbeM from Acinetobacter bauman-
nii [11], EmmdR from Enterobacter cloacae [12], PmpM from Pseudomonas aeruginosa [13],
and PfMATE from Pyrococcus furiosus [14], which belong to cluster 1 in the MATE family.

Eukaryotic proteins in the MATE family from animal, plants, fungi, or yeast have been cate-
gorized into cluster 2 [1]. A phylogenetic analysis revealed that TT12 from Arabidopsis thali-
ana [15] and MATE transporters from mammals [16–18] belonged to this cluster [19, 20].
Previous studies reported that several transporters in this cluster antiported their substrates
with protons [18, 19, 21, 22].

Proteins similar to DinF in E. coli have been included in cluster 3. Activity that elevated drug
resistance was detected in the DinF homologues of several bacteria (e. g. MepA from S. aureus
[23], VmrA from V. parahaemolyticus [7], and DinF from Ralstonia solanacearum [24]). Brown
et al also demonstrated that virulence to a tomato cultivar was decreased in a dinF-disrupted
mutant from R. solanacearum [24]. However, DinF from E. coli and most DinF homologues
that we have investigated did not significantly change resistance levels to antimicrobial agents
(our unpublished data and reference 10) [10]. DinF from E. coli was identified several decades
ago and is known to be induced in response to DNA damage and belongs to the LexA-
dependent SOS regulons [25, 26]. A previous study showed that DinF protectively functioned
against oxidative stress and bile salts [27]. However, the physiological role of DinF remains un-
known, even in E. coli.

In the present study, we characterized three MATE-type transporters from K. pneumoniae.
One was categorized into cluster 1 and the others were categorized into cluster 3. One of these
transporters exhibited DAPI efflux activity that was accelerated by sodium and potassium.

Materials and Methods

Bacterial strains, plasmids, and media
The bacterial strains and plasmids used in this study are listed in Table 1. K. pneumoniae
MGH78578 was kindly provided by Dr. Michael McClelland of the Sidney Kimmel Cancer
Center in San Diego, CA, USA. K. pneumoniae ATCC10031 was purchased from the American
Type Culture Collection. E. coli KAM32 (ΔacrB, ΔydhE) [7] was a drug-hypersusceptible strain.
K. pneumoniae and E. coli were grown aerobically in L medium (1% polypeptone, 0.5% yeast
extract, and 0.5% NaCl, pH 7.0) at 37°C. Cells were grown at 37°C under aerobic conditions in
L medium, except for the measurement of the minimum inhibitory concentration (MIC). A
total of 100 μg/mL ampicillin or 20 μg/mL chloramphenicol was added to L medium when
needed. The growth of cells was monitored turbidimetrically at 650 nm. L-agar plates con-
tained 1.5% agar.
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Gene cloning
We previously described gene cloning procedures [28]. Candidates belonging to groups 3, 4,
and 14 were from our previous study [28] and included the ketM gene.

PCR cloning of putative MATE efflux pump genes
The coding region of ketM (ACCESSION YP_001335662.1), dinF (ACCESSION YP_
001338054.1), or yeeO (ACCESSION YP_001338054.1) was amplified by PCR to construct
pDEM2, pDEM2a, pDEM3, and pDEM4, respectively. pDEM2a carried ketM, the start codon
of which was modified into ATG although the original start codon for ketM was GTG.

The primers used in this study were listed in Table 2. The conditions for PCR were 1 min at
95°C, 30 sec at 53°C, 1 min 30 sec at 68°C and repeated for 35 cycles. KOD-Plus DNA polymer-
ase (TOYOBO Co. LTD., Osaka, Japan) was used for DNA amplification. The primers,
ketMgtg-F and ketM-R were used to amplify the ketM coding region, dinF-F and dinF-R were
used to amplify dinF, yeeO-F and yeeO-R were used to amplify yeeO, and ketM-F and ketM-R
were used to amplify start-codon-changed ketM (Table 2). After being digested with Sac I and
subjected to gel purification, each DNA fragment was ligated to pSTV28, which had been pre-
digested by the same enzyme. After cloning, the absence of PCR-introduced errors in ORFs
was confirmed by DNA sequencing.

MIC determination
The MICs of various antimicrobial agents were determined as described previously [29]. The
same experiment was repeated at least five times and the most reproducible values were shown
in Tables 3–6.

Table 1. Bacterial strains and plasmids used in this study.

Strains and
Plasmids

Reference

K. pneumoniae

MGH78578 multidrug-resistant strain, used for the genome project

ATCC10031 ATCC collection, the parental strain of SKY2 and SKYM 33

SKY2 deletion mutant of acrAB from ATCC10031 29

SKYM deletion mutant of ketM from ATCC10031 This study

E. coli

TG1 parental strain

KAM32 deletion mutant of acrB and ydhE, cloning host 7

Plasmids

pSTV28 vector Takara Bio, Inc.,
Japan

pBluescript II SK(-) vector

pDSH8 pBluescript II SK(-) derivative, possessing functionally cloned
ketM

This study

pNTV3 pSTV28 derivative carrying functionally cloned ketM This study

pDEM2 pSTV28 derivative carrying PCR-cloned ketM with an original
start codon sequence (GTG)

This study

pDEM2a pSTV28 derivative carrying PCR-cloned ketM, whose start
codon was modified to ATG

This study

pDEM3 pSTV28 derivative carrying PCR-cloned dinF This study

pDEM4 pSTV28 derivative carrying PCR-cloned yeeO This study

doi:10.1371/journal.pone.0121619.t001
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Energy starvation and loading fluorescent substance
E. coli KAM32 harboring the recombinant plasmid was grown in L medium containing 100 μg/
mL ampicillin at 37°C until OD650�0.7. Cells were harvested and washed twice with modified
Tanaka buffer (34 mM KH2PO4, 64 mM K2HPO4, 20 mM (NH4)2SO4, 0.3 mMMgSO4, 1 μM
FeSO4, 1 μMZnCl2, 0.01 mM CaCl2, pH 7.0) added at a final concentration of 2 mMMgSO4

[30]. Cells were resuspended in this buffer containing 4',6-diamidino-2-phenyl indole (DAPI,
final concentration: 5 μM). Cells were incubated at 37°C for 2.5 hr in the presence of 5 mM
2,4-dinitrophenol (DNP) in order to load DAPI.

DAPI efflux assay
The efflux of DAPI was performed as previously described [10]. Energy-starved and DAPI-
loaded cells were washed three times with 0.1 M 3-morpholinopropanesulfonic acid (MOPS)-
tetramethylammonium hydroxide (TMAH) (pH 7.0) containing 2 mMMgSO4 and 5 μM
DAPI, and were then resuspended in the same buffer to make the cell suspension OD650�0.4.
Fluorometric measurements were performed at 37°C with a Hitachi F-2000 fluorescence spec-
trometer. Excitation and emission wavelengths were 332 nm and 462 nm, respectively. After
being preincubated at 37°C for 4 min, lactate-TMAH (pH 7.0) (final concentration 20 mM)
and salt were added to the assay mixture.

RNA preparation and reverse transcriptase-polymerase chain reaction
(RT-PCR) analysis
K. pneumoniae cells were harvested during the exponential phase of growth. Total cellular
RNA was isolated from these cells using the Qiagen RNeasy Mini Kit (Qiagen Inc., USA). The

Table 2. Primers used in this study.

Primers Sequences purpose

ketM 1 TAAGATGCACGCAGAAACGG ketM gene disruption

ketM 2 GAAGCAGCTCCAGCCTACACAGCACGACCATGATCAGCAC ketM gene disruption

ketM 3 CTAAGGAGGATATTCATATGGCTGACCGATATGATTGTGC ketM gene disruption

ketM 4 TTTCGAACAATGGACCTGGG ketM gene disruption

ketM FRT Fw GTGCTGATCATGGTCGTGCTGTGTAGGCTGGAGCTGCTTC ketM gene disruption

ketM FRT Re GCACAATCATATCGGTCAGCCATATGAATATCCTCCTTAG ketM gene disruption

ketM RT-F2 TTGGCAGAGAAGGCGGTTGG RT-PCR

ketMRT-R3 CATGACCATCCCGGGCTTG RT-PCR

dinF RT-F TGGCGTCTTGCCCTCCCTATG RT-PCR

dinF RT-R CATGAAGAGGAAACTGGTGGCC RT-PCR

yeeO RT-F GCTGTACTGGCGCGAAATCAG RT-PCR

yeeO RT-R TTTTCCCAGCCAGCTGACAAGG RT-PCR

uncB-F GTCTGCTGTTCCTTGCCATG RT-PCR

uncB-R AGGTCCATCAGGTTCATCAG RT-PCR

ketM-F ATAAGAGCTCTTCGAAGGTGTTCACATG ketM gene cloning

ketMgtg-F ATAAGAGCTCTTCGAAGGTGTTCACGTG ketM gene cloning

ketM-R AAAAGCCCGCCGGAGGAGCTCGCTTAGACAAG ketM gene cloning

dinF-F GCGACGTGAGCTCTCAATCGAAGGTTCAAACATG dinF gene cloning

dinF-R CGGCAATGAGCTCAGATAACTAACTAAA dinF gene cloning

yeeO-F ATATCCAGAGCTCAAGAAGGTTTTGAAAT yeeO gene cloning

yeeO-R GAATTATTCTTCACTGAGCTCAAAAAATG yeeO gene cloning

doi:10.1371/journal.pone.0121619.t002
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Table 3. Minimum inhibitory concentrations of various chemicals in E. coli cells transformed with functionally cloned ketM.

MIC (μg/mL)

Antimicrobial Agents Host cell: E. coli KAM32

pBluescript II(SK-) pDSH8 pSTV28 pNTV3

Kanamycin 1 1 1 1

Streptomycin 2 2 2 2

Erythromycin 2 2 2 2

Tetracycline 0.25 0.25 0.25 0.25

Ciprofloxacin <0.004 0.008 0.004 0.008

Nalidixic acid 1 1 1 1

Norfloxacin 0.016 0.125 0.016 0.063

Ofloxacin 0.016 0.016 0.016 0.016

Ampicillin >2048 >2048 1 1

Aztreonam 0.125 0.125 0.06 0.06

Carbenicillin >128 >128 4 4

Cefotaxime 0.016 0.03 0.016 0.008

Imipenem 0.125 0.125 0.125 0.125

Acriflavine 2 4 2 4

Chloramphenicol 0.5 0.5 64 64

DAPI 0.125 8 0.125 8

CTAB 16 16 16 16

Ethidium Br 2 2 2 2

Hoechst 33342 0.5 1 0.5 1

Rhodamine 6G 8 8 8 8

SDS 128 128 128 128

DAPI, 4',6-diamidino-2-phenyl indole; CTAB, hexadecyltrimethyl ammonium bromide; SDS, sodium dodecyl sulfate.

doi:10.1371/journal.pone.0121619.t003

Table 4. Minimum inhibitory concentrations of various chemicals in Klebsiella strains.

MIC (μg/mL)

Antimicrobial Agents MGH78578 ATCC10031 NCTC9632 SKYM

Kanamycin 2048 2 2 1

Ciprofloxacin 2 <0.008 0.03 0.008

Norfloxacin 8 0.06 0.125 0.06

Ampicillin >1024 64 64 64

Aztreonam >16 0.125 0.03 0.06

Cefotaxime 16 0.008 0.004 0.008

Acriflavine 512 8 64 8

DAPI >128 >128 >128 >128

Ethidium Br 1024 32 256 32

Hoechst 33342 32 4 16 4

DAPI, 4',6-diamidino-2-phenyl indole

doi:10.1371/journal.pone.0121619.t004
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cell lysate was treated with a QIAshredder column before loading onto the RNeasy column.
An RNase-Free DNase (Qiagen Inc., USA) treatment was performed according to the manu-
facturer's protocol. Extracted total RNA was applied to RT-PCR with the QIAGEN One-
Step RT-PCR Kit (Qiagen Inc., USA). The primers used for RT-PCR are listed in Table 2.
PCR without the reverse-transcriptase reaction was performed to confirm the absence of de-
tectable DNA contamination in the extracted RNA solution. RT-PCR was repeated five times
with independently prepared template RNA and a set of reproducible result was shown in
the result.

Construction of K. pneumoniae SKYM
We previously described the method to disrupt a gene on the genome in K. pneumoniae [29,
31]. DNA fragments were amplified with the following primers: ketM 1, ketM 2, ketM 3, ketM

Table 5. Minimum inhibitory concentrations of various chemicals in E. coli cells transformed with PCR cloned MATE transporters.

MIC (μg/mL)

Antimicrobial Agents Host cell: E. coli KAM32

pSTV28 (control) pDEM2 (KetM) pDEM2a (KetMATG) pDEM3 (DinF) pDEM4 (YeeO)

Kanamycin 0.5~1 1 0.5~1 0.5~1 0.5~1

Ciprofloxacin 0.004 0.004 0.004 0.004 0.004

Norfloxacin 0.03 0.03 0.03~0.06 0.03 0.03

Aztreonam 0.06~0.1 0.06 0.125 0.06 0.125

Cefotaxime 0.016 0.016 0.016 0.016 0.016

Acriflavine 2 2 4 2 2

DAPI 0.25 1 2 0.25 0.25

Ethidium Br 4 4 4 4 4

Hoechst 33342 0.5 0.5 0.5 0.5 0.5

DAPI, 4',6-diamidino-2-phenyl indole

doi:10.1371/journal.pone.0121619.t005

Table 6. Minimum inhibitory concentrations of various chemicals in K. pneumoniae cells carrying putative MATE-type transporter genes on a
plasmid.

MIC (μg/mL)

Antimicrobial Agents Host cell: K. pneumoniae SKYM

pSTV28 (control) pDEM2 (KetM) pDEM2a (KetMATG) pDEM3 (DinF) pDEM4 (YeeO)

Kanamycin 1 2 2 2 1

Ciprofloxacin 0.008 0.016 0.008 0.016 0.008

Norfloxacin 0.03~0.06 0.125 0.06 0.125 0.06

Ampicillin 64 64 64 64 64

Aztreonam 0.125 0.06 0.06 0.06 0.06

Cefotaxime 0.008 0.008 0.008 0.008 0.008

Acriflavine 8 8 8 8 8

DAPI >128 >128 >128 >128 >128

Ethidium Br 32 32 32 32 32

Hoechst 33342 2~4 4 2 4 4

DAPI, 4',6-diamidino-2-phenyl indole

doi:10.1371/journal.pone.0121619.t006
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4, ketM FRT Fw, and ketM FRT Re (Table 2). pKD4 was used as a template for amplification
with the primers ketM FRT Fw and ketM FRT Re. Chromosomal DNA from K. pneumoniae
ATCC10031 was used as a template for amplification with the other sets of primers. A PCR re-
action was then performed with the three kinds of PCR fragments to produce a fusion
fragment.

Computer-based analysis
Alignment and phylogenetic analyses of MATE-type proteins were performed with Clustal W
(version 2.1 in DDBJ). Information on the proteins used for phylogenetic analyses were listed
in S1 Table.

Results

Gene cloning
We previously reported the cloning of genes that elevated the resistance levels of host cells
against antimicrobial compounds, and these genes were classified into seventeen groups based
on the vector plasmids used for gene cloning, digestion pattern of restriction enzymes, and
conferred drug resistance [28]. The partially determined DNA sequence of the insert of the hy-
brid plasmids categorized as groups 3, 4, and 14 were compared with the genome database for
K. pneumoniaeMGH78578 (http://www.ncbi.nlm.nih.gov/genome/815?project_id=57619),
and we found that all cloned DNA fragments in groups 3, 4, and 14 possessed a common gene
(ACCESSION YP_001335662.1, KPN_02001) encoding a predicted efflux pump classified into
MATE family. We chose pDSH8 and pNTV3 for subsequent experiments because these plas-
mids possessed the shortest insert of the hybrid plasmids in groups 3, 4, and 14. The vector of
pDSH8 was pBluescript II SK(-) while that of pNTV3 was pSTV28. The insert lengths of
pDSH8 and pNTV3 were 2.5 kbp and 2.8 kbp, respectively, and these inserts did not include
intact ORFs, except for the predicted MATE-type efflux pump gene. We designated the possi-
ble MATE-type efflux pump gene as ketM.

ketM encoded a protein similar to NorM from V. parahaemolyticus (ACCESSION
AB010463.1). A comparison with the primary structure of KetM showed 85% identity and 96%
similarity to YdhE (ACCESSION AAB47941.1) from E. coli, 56% identity and 86% similarity
to NorM from V. parahaemolyticus, 54% identity and 86% similarity to VcmA (ACCESSION
Q9KRU4.2) from V. cholerae, and 44% identity and 81% similarity to HmrM (ACCESSION
P45272.1) fromHaemophilus influenzae using the software, Genetyx Version 7.0.8. These pro-
teins, which were homologous to KetM, were typical multidrug efflux pumps in the MATE
family, and KetM was also thought to be a multidrug efflux pump in this family of cluster 1.
Therefore, KetM was presumed to be categorized into cluster 1 in the MATE family.

Drug susceptibility testing
The MICs of various antibiotics were measured in E. coli KAM32 transformed with the plasmid
carrying ketM (Table 3). The MIC of norfloxacin in E. coli KAM32/pDSH8 was eight-fold
higher than that of KAM32/pBluescript II SK(-). The MIC of norfloxacin in E. coli KAM32/
pNTV3 was four-fold higher than that of KAM32/pSTV28. In both strains carrying ketM, the
MIC of DAPI was 64-fold higher than that of the control cells and the MICs of Hoechst 33342
and acriflavine increased two-fold. Therefore, ketM increased the resistance of the host cells to
several antimicrobial chemicals with different structures. We speculated that these differences
in MICs to several chemicals between KAM32/pDSH8 and KAM32/pNTV3 may be attributed
to differences in the copy numbers of the plasmids in a host cell.
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DAPI Efflux Assay
KetM was thought to be a drug efflux pump in the MATE family. Several pumps belonging to
cluster 1 in the MATE family were previously reported to be driven by the electrochemical po-
tential of sodium [3, 7–9]. Meanwhile, AbeM from A. baumannii, which is also a drug efflux
pump belonging to cluster 1 in the MATE family, appeared to be driven by the electrochemi-
cal potential of protons [11]. Therefore, we measured the efflux activity of DAPI in the pres-
ence or absence of sodium. The ionic radius of Li+ is similar to that of Na+ and can be
regarded as an analogue of Na+. K+ is a congener of Na+. K+ also plays an important role in
the formation of ΔC in the proton motive force; therefore, we investigated the effects of LiCl
and KCl on DAPI efflux in addition to NaCl. Rb+ has been a utilized in a crystal structure
analysis for MATE-type transporters [32]. However, we assumed that Na+ was unsuitable for
a crystal structure analysis and used Rb+ instead. Therefore, we did not investigate the effects
of RbCl on KetM.

Energy-starved KAM32/pDSH8 showed stronger efflux activity than that of the control
cells when the energy source was added (Fig. 1). This result indicated that DAPI was effluxed
in an energy-dependent manner and the electrochemical potential of protons played a role in
this efflux activity. The addition of NaCl stimulated the efflux of DAPI by KetM (Fig. 1). This
was also observed with the addition of KCl or LiCl (Figs 1 and 2). The addition of KCl in partic-
ular strongly activated the efflux of DAPI.

We then investigated the dependency of the efflux of DAPI on salt concentrations (Fig. 2).
DAPI efflux in E. coli KAM32/pDSH8 was accelerated by increases in NaCl concentrations,
and reached a plateau at 50 mM NaCl. The similar result was obtained with KCl or LiCl.

These results indicated that KetM was an energy-dependent DAPI efflux pump. A proton
motive force has been shown to drive the efflux activity of DAPI by KetM and KetM may efflux
not only DAPI, but also other chemicals whose MICs were increased in ketM-carrying cells.

It was difficult to detect H+/norfloxacin antiport activity with our assay system, which used
reverted membrane vesicles. An eight-fold increase in the MIC of norfloxacin was too weak to
detect antiport activity. The results of MICs identified DAPI the best substrate to characterize
the coupling cation of KetM. However, the fluorescence of DAPI itself disturbed the detection
of fluorescence by the indicator for H+ movement.

Fig 1. DAPI efflux activity was enhanced by NaCl and KCl. Lactate-TMAH (pH7.0) was added at a final concentration of 20 mM at the arrow point of lac.
Panel A shows the results obtained with E. coli KAM32/pDSH8 and panel B shows those with E. coli KAM32/pBluescript II SK (-) as a control. A total of 20
mM NaCl (a) or 20 mM KCl (b) was added at the arrow point of the salt. Experiments were repeated four times and a representative of typical data was
shown here.

doi:10.1371/journal.pone.0121619.g001
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Fig 2. Salt concentration-dependent accelerations in DAPI efflux. Lactate-TMAH (pH7.0) was added at a final concentration of 20 mM at the arrow point
of lac. Panels A, C, and E show the results obtained with E. coli KAM32/pDSH8 and panels B, D, and F were with E. coli KAM32/pBluescript II SK (-) as a
control. NaCl was added in panels A and B, KCl was added in panels C and D, and LiCl was added in panels E and F, respectively, at the arrow point of the
salt. The final concentrations of the salt were 1 mM (a), 5 mM (b), 10 mM (c), and 50 mM (d). The experiment for NaCl and KCl was repeated three times and
while that for LiCl was repeated twice. A representative of typical data was shown here.

doi:10.1371/journal.pone.0121619.g002
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Chloride did not appear to be important because a substitution with the sulfate ion instead
of chloride did not change a DAPI efflux activity by KetM (Fig. 3).

Measurement of MIC in the presence of NaCl or KCl
The efflux activity of DAPI by ketM was accelerated in the presence of Na+ or K+ (Fig. 1). We
then investigated whether the MICs of norfloxacin, ciprofloxacin, DAPI, and kanamycin
were increased in E. coli KAM32 carrying ketM in the presence or absence of 50 mMNaCl or
50 mM KCl. No significant changes were observed in the MICs of norfloxacin and ciprofloxa-
cin in E. coli strains with the addition of the salts (S2 Table). The MICs of DAPI and kanamycin
slightly increased (two-fold) with the addition of these salts in E. coli KAM32 carrying ketM
(S2 Table). However, this slight increase in the MIC was also observed in E. coli KAM32 as the
control (S2 Table), which suggested that the increase in the MIC in the presence of NaCl or
KCl was not caused by KetM. Therefore, the acceleration of DAPI efflux activity by Na+ or K+

may not have been sufficiently effective to elevate the MICs of antibiotics.

Contribution of KetM to intrinsic drug resistance
The expression of mRNA was investigated in the three K. pneumoniae strains. K. pneumoniae
MGH78578 is a highly drug-resistant strain that exhibits resistance to multiple antibiotics and
antimicrobial chemicals. K. pneumoniae ATCC10031 possesses a nonsense mutation in acrB

Fig 3. DAPI efflux was accelerated by cations. Lactate-TMAH (pH7.0) was added at a final concentration of 20 mM at the arrow point of lactate. A total of
20 mM Na2SO4 was added at the arrow point of the salt in curve a while 20 mM K2SO4 was added in curve b. The cells used for the assay were E. coli
KAM32/pDSH8. The experiment was repeated twice and a representative of typical data was shown here.

doi:10.1371/journal.pone.0121619.g003
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and its drug resistant levels were found to be markedly weaker than those of K. pneumoniae
MGH78578 [33]. The measurement of MICs revealed that K. pneumoniae NCTC9632 had the
intermediate drug-resistant levels of K. pneumoniaeMGH78578 and ATCC10031 (Table 4).
The expression of ketMmRNA was detected in all three strains (Fig. 4A); however, the expres-
sion levels of KetM did not parallel drug-resistant levels (Table 4).

We disrupted ketM on the genome of K. pneumoniae ATCC10031 because the expression
of its mRNA was detected. We designated this ketM-disrupted strain K. pneumoniae SKYM
and tested its drug-resistant levels (Table 4). However, no significant changes were observed in
any of the MICs tested between K. pneumoniae SKYM and the parental strain, ATCC10031.
Therefore, the contribution to intrinsic drug resistance by KetM may be negligible in K. pneu-
moniae, at least under the conditions we used to measure MICs.

Putative MATE efflux pumps in K. pneumonaieMGH78578
We identified three genes—dinF (KPN_04432), yeeO (KPN_02447), and ketM—that met the
criteria of the MATE family by searching the K. pneumoniae genome database with compari-
sons to KetM and DinF from E. coli. We cloned these genes including ketM by PCR down-
stream of the lac promoter, and measured the MICs of several antibiotics in E. coli KAM32 and
K. pneumoniae SKYM transformed with the cloned gene (Tables 5 and 6). The start codon of
ketM was originally GTG while those of the other two genes were ATG, and we constructed
two kinds of plasmids carrying ketM with GTG or ATG as the start codon.

Fig 4. mRNA expression of deducedMATE-type transporter genes in K. pneumoniae.Gene expression was investigated by RT-PCR. Panel A: ketM,
Panel B: dinF, Panel C: yeeO, and Panel D: uncB. The amplification of uncBwas used as a standard control. Amplification was performed without a reverse-
transcriptase reaction for samples in the RT (-) lanes. The experiment was repeated more than five times and the most reproducible result was shown. Lane
1: MGH78578, Lane 2: ATCC10031, Lane 3: NCTC9632, Lane 4: SKYM

doi:10.1371/journal.pone.0121619.g004
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E. coli carrying ketM cloned by PCR also elevated resistance against DAPI even if the start
codon was GTG or ATG (Table 5). pDEM2a carrying ketM with ATG as the start codon exhib-
ited slightly stronger resistance to several chemicals than pDEM2. Functionally cloned ketM in-
creased MICs more than PCR-cloned ketM. This result did not change when MICs were
measured in the presence of IPTG.

The MICs of ciprofloxacin and norfloxacin were slightly increased by pNTV3 and pDEM2a
in K. pneumoniae SKYM (Table 6). DAPI was considered to be a good substrate for KetM in E.
coli KAM32, but the increase in the MIC for DAPI was not observed in K. pneumoniae SKYM.
The MIC of DAPI may have originally been too high in K. pneumoniae SKYM to detect any
MIC changes. Any notable change in this MIC was not observed when E. coli KAM32 and K.
pneumoniae SKYM were transformed with pDEM3 or pDEM4. However, mRNA expression
for yeeO and dinF were detected in K. pneumoniae under laboratory growth conditions
(Fig. 4). This was similar to that observed for spr1756 and spr1877, which we previously de-
scribed as MATE-type proteins in S. pneumoniae R6 [10]. The mRNA expression of these
genes was detected in Streptococcus pneumoniae R6, whereas their artificial expression in Bacil-
lus subtilis as a host cell did not cause MIC changes. Tocci et al reported that spr1756 was relat-
ed to moxifloxacin resistance in S. pneumoniae R6, which was very weak [34]. We speculated
that the main roles of yeeO and dinF also differed from the expulsion of
antimicrobial chemicals.

Discussion
In the present study, we characterized three MATE-type transporters from K. pneumoniae.
One of the transporters, KetM elevated resistance to several antimicrobials and showed DAPI
efflux activity. Therefore, it was considered to be a MATE-type multidrug efflux pump. Howev-
er, cells transformed with dinF and yeeO deduced to encode the MATE-type transporter from
K. pneumoniaeMGH78578 did not exhibit increased drug resistance. Therefore, DinF and
YeeO may have transported chemical compounds that were not investigated in the
present study.

Resistance to both norfloxacin and DAPI was increased in E. coli KAM32 transformed with
ketM. NorM from V. parahaemolyticus was very similar to KetM. However, more substrate
specificity and higher increases in drug-resistant levels were observed when norM from V.
parahaemolyticus was introduced into E. coli KAM32 [2]. YdhE from E. coli was also markedly
similar to KetM but did not cause marked increases in drug resistance that were observed with
norM from V. parahaemolyticus [2, 35]. This slight increase in drug resistance by YdhE was
not attributed to the problems associated with promoter recognition or translation efficiency
because the host cell was the same E. coli as the cloned ydhE. K. pneumoniae and E. coli, belong-
ing to Enterobacteriaceae, may not strongly depend on MATE-type transporters for self-de-
fense against antimicrobials. This prospect appeared to be supported by K. pneumoniae SKYM
and E. coli KAM32 not showing any changes to drug sensitivity [7].

A comparison of the primary structure of KetM identified that this protein belonged to clus-
ter 1 of MATE-type multidrug efflux pumps. NorM from V. parahaemolyticus [2, 3], which
was the first MATE-type transporter discovered, has been categorized into cluster 1 [1].
MATE-type multidrug efflux pumps are thought to utilize Na+ or H+ as a coupling cation and
more MATE-type transporters coupling with Na+ have been reported than transporters cou-
pling with H+ in cluster 1. The transport of DAPI by KetM was facilitated by the addition of
NaCl. Previous studies showed that the activity of transporters coupling with Na+ were acceler-
ated in the presence of NaCl [36, 37]; therefore, we expected to detect the movement of Na+ by
KetM with the addition of norfloxacin. We, however, could not detect it (S1 Fig).
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KetM was able to efflux DAPI without Na+ (Figs 1, 2, and 3), and Na+ did not appear to be
indispensable for this efflux activity. This characteristic differed from that of NorM from V.
parahaemolyticus [3].

To complicate matters further, DAPI transport activity was enhanced by the addition of
Na+, K+, or Li+ in the presence of an energy source (lactate) (Fig. 2). We assumed that the accel-
eration with Na+ and that with the other two kinds of cations should be considered separately
because the addition of only NaCl without lactate facilitated the efflux of DAPI by KetM. On
one hand, the addition of only KCl or LiCl without lactate could not transport DAPI (Fig. 5).
These results suggested that a proton motive force may be indispensable for facilitating sub-
strate transport for K+ and Li+, whereas Na+ itself could transport the substrate of KetM.
NorM from V. cholerae is considered to be a MATE-type transporter that utilizes the electro-
chemical potential of Na+. However, van Veen et al recently reported that NorM from V. cho-
lerae also utilized a proton motive force to transport ethidium [38]. The efflux of ethidium by
NorM from V. cholerae was facilitated in the presence of Na+ and this transporter could only
efflux ethidium with the addition of glucose. The phenomenon observed with KetM appeared
to be similar to that with NorM from V. cholerae. Therefore, we suggested that the utilization
of cations (H+ and Na+) by KetM may resemble that by NorM from V. cholerae.

We compared the primary structure of KetM from K. pneumoniae to those of NorM from
V. parahaemolyticus and V. cholerae, and searched for common amino acid residues between
NorM from V. cholerae and KetM from K. pneumoniae only. Nineteen amino acid residues
were detected in this search, of which five amino acid residues were predicted to be structurally
different from those of NorM from V. parahaemolyticus. Their positions were Glu225, Leu235,
Gln339, Leu342, and Ala456 in KetM (Fig. 6). According to the 3D structure of NorM from
V. cholerae (PDB: 3MKU), it was presumed that Glu225 was located in a loop between trans-
membrane domain (TM) 6 and TM7 in KetM. Leu235 was presumed to be in the end of TM7.
Gln339 and Leu342 were presumed to be located in the end, close to the periplasm, in TM9.
Ala456 was located in the C-terminal on the cytosol side. The loop between TM6 and TM7 was
located on cytosol side and appeared to wrap around the outside of TM3 and TM4 (PDB:
3MKU), predicted to be the lateral TMs in NorM from V. cholerae.

KetM was unsuitable for investigating whether these amino acid residues were related to the
utilization of a proton motive force for substrate transport for several reasons: DAPI, the best

Fig 5. DAPI efflux activity when the salt was added prior to lactate. A total of 20 mM NaCl (a) or 20 mM KCl (b) was added prior to lactate-TMAH at the
arrow point of the salt. The same volume of H2O was added as a control (c). Lactate-TMAH (pH7.0) was added at a final concentration of 20 mM at the arrow
point of lactate. The experiment was repeated twice and a representative of typical data was shown here.

doi:10.1371/journal.pone.0121619.g005
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Fig 6. Alignment of NorM from V. parahaemolyticus, NorM from V. cholerae, and KetM fromK. pneumoniae. NorM from V. parahaemolyticus
(NorMVp, Accession: BAC59742.1), NorM from V. cholerae (NorMVc, Accession: EKY33397.1), and KetM from K. pneumoniae (KetMKp, Accession:
ABR77432.1) were aligned (Clustal W version 2.1 in DDBJ). The transmembrane (TM) domains deduced from the 3D structure of NorM from V. cholerae are
shown in pink. Amino acid residues that were common between NorM from V. cholerae (NorMVc) and KetM from K. pneumoniae (KetMKp) only, and
deduced to be structurally different from NorM from V. parahaemolyticus (NorMVp) were marked in blue (NorMVc and KetMKp). As a reference, the
corresponding amino acid residues in NorM from V. parahaemolyticuswere marked in red. Asp367 in NorM from V. parahaemolyticus, Asp371 in NorM from
V. parahaemolyticus, and Asp368 in KetM from K. pneumoniaewere marked in green. Asterisks indicate amino acids that were common to all sequences at a
particular position. Colons and dots indicate structurally similar amino acids as calculated by the Clustal W program.

doi:10.1371/journal.pone.0121619.g006
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substrate for KetM, was unsuitable for detecting the movement of H+ accompanied by sub-
strate transport because of the fluorescence of DAPI. The fluorescence of DAPI disturbed the
detection of the fluorescence of the pH indicator. The low solubility of DAPI in H2O was also
problematic for measuring Na+ movement by KetM in our assay system, and MIC increases by
norfloxacin were too low to detect H+ or Na+ movement. Furthermore, there were no options
for substrates. Therefore, NorM from V. cholerae or V. parahaemolyticus was considered ap-
propriate for identifying the amino acid residues that were important for cation recognition.

Information on crystal structures appears conclusive, and previous findings on crystals con-
taining the Rb+ of NorM from V. cholerae strongly supported NorM from V. cholerae being a
MATE-type transporter that utilizes the electrochemical potential of Na+ [32, 39]. However, a
recent study reported that NorM from V. cholerae also utilized a proton motive force to trans-
port ethidium [38]. They showed that the movement of H+ consequent to the addition of ethid-
ium was lost by the substitution of Asp371 to Asn in NorM from V. cholerae, and suggested
that this amino acid residue may be important for H+ transport [38]. We confirmed that these
amino acid residues were also preserved in AbeM from A. baumannii (ACCESSION
BAD89844.2) and PmpM from P. aeruginosa (ACCESSION AAG04750.1). However, we also
showed that the amino acid residue corresponding to Asp371 in NorM from V. cholerae was
widely preserved in MATE-type transporters driven by Na+ (e. g. Asp367 in NorM from V.

Fig 7. Phylogeny of KetM and MATE-type proteins in cluster 1.MATE-type proteins were analyzed with CLUSTALW (the program used was
ClustalW2.1). Na+-coupling MATE proteins were shown in red and H+-coupling MATE proteins were shown in blue. NorMVc, which is considered to utilize
both Na+ and H+, was shown in pink. KetM and YdhE, the coupling cations of which have not yet been identified, were shown in black. The criteria to
determine cation utilization by each MATE-type transporter was shown in S1 Table. The accession number of each protein was follows; ABR77432.1 (KetM
(K. pneumoniae)), AAB47941.1(YdhE (E. coli)), BAC59742.1 (NorMVp (V. parahaemolyticus)), Q9KRU4.2 (VcmA (V. cholerae non-O1)), EKY33397.1
(NorMVc (V. cholerae non-O1)), AB010463.1 (PdrM (S. pneumoniae)), WP_011011952.1 (PfMATE (Pyrococcus furiosus)), BAB70470.1 (VcrM (V. cholerae
non-O1)), NP_798828.1 (VmrA (V. parahaemolyticus)), BAD98611.1(VcmB (V. cholerae non-O1)), BAD98614.1(VcmN (V. cholerae non-O1)), ADF62863.1
(ECL_03329 (Enterobacter cloacae)), BAD98612.1 (VcmD (V. cholerae non-O1)), BAD98613.1 (VcmH (V. cholerae non-O1)), AAW89139.1 (NorMNg

(Neisseria gonorrhoeae), BAD89844.2 (AbeM (A. baumannii)), AAG04750.1 (PmpM (P. aeruginosa)), and P45272.1 (HmrM (H. influenzae)).

doi:10.1371/journal.pone.0121619.g007
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parahaemolyticus, Asp367 in VcmA from V. cholerae, Asp373 in HmrM fromH. influenzae,
Asp364 in VcrM from V. cholerae, Asp362 in VmrA from V. parahaemolyticus, and Asp370 in
PdrM from Streptococcus pneumoniae). The amino acid residue corresponding to Asp371 in
NorM from V. cholerae was also preserved in KetM from K. pneumoniae (Asp368).

Otsuka et al previously reported that Asp367 in NorM from V. parahaemolyticus was im-
portant for substrate transport based on the findings obtained from the introduction of an arti-
ficial mutation at this site [40]. Based on these findings, we proposed that the importance of
this amino acid residue cannot be limited to only one aspect (e.g. only coupling with Na+ or H+

or only the interaction or recognition of substrates) and may have multiple functions in the
transport of substrates by MATE-type transporters. Otherwise, amino acid residues may play
different roles in various bacteria.

KetM from K. pneumoniae transported DAPI with the addition of only lactate. NorM from
V. cholerae also expelled ethidium with the addition of only glucose. We also observed a similar
ethidium efflux pattern in a deduced MATE-type transporter from a Serratia species (manu-
script in preparation).

Collectively, these findings suggest the existence of three kinds of MATE-type transporters
in bacteria; transporters that only utilize a sodium motive force, those that only utilize a proton
motive force, and those that utilize sodium and proton motive forces. We conducted a phyloge-
netic analysis of MATE-type transporters in cluster 1, and found no correlation between cation
utilization and phylogenetically-close proteins (Fig. 7). Therefore, an evolutionally apparent
branching point to separate MATE-type transporters based on energy utilization did not ap-
pear to exist, and the assembly of partial structures (e.g. a cluster of amino-acid residues) may
determine the cation selectivity of MATE-type transporters.

We could not identify the coupling cations of KetM directly in the present study. However,
we showed that a proton motive force played an important role in the transport of substrates
by KetM from K. pneumoniae.

Supporting Information
S1 Fig. Sodium movement with the addition of norfloxacin in E. coli cells transformed with
ketM.We previously reported the details for this assay (PLoS One. 2013;8(3):e59525.). Briefly,
cells were aerobically cultured in Tanaka medium containing 1% tryptone, 10mMmelibiose,
and 100 μg/ml ampicillin until the late exponential phase of growth at 30°C. These cells were
then washed twice and suspended in 0.1 M 3-morpholinopropanesulfonic acid (MOPS)-
tetramethylammonium hydroxide (TMAH) buffer. In the assay mixture, 0.1 M N-[Tris(hydro-
xymethyl)methyl]glycine (Tricine)-TMAH (pH8.0) containing) containing 33 μMNaCl was
used. The final concentration of Methyl-β-D-thiogalactoside (TMG) was 5 mM while that of
norfloxacin (NFLX) was 20 μM. These reagents were added at each arrow point. The detector
marker drifted upwards when sodium influxed into the cell and moved downwards when sodi-
um was antiported by a secondary added chemical (J Bacteriol. 2000;182(23):6694–6697). Sodi-
um/NFLX antiport activity was not detected in E. coli cells transformed with pDSH8 even
though the experiment to detect the sodium movement in this cell was performed six times.
The sample cells were E. coli KAM32/pBluescript SK(-) (A) and E. coli KAM32/pDSH8 (B).
The calibration control was drawn as the change from 60 nmol NaCl (C).
(TIF)

S1 Table. MATE-type transporters whose cation utilization was investigated.
(DOCX)
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S2 Table. Minimum inhibitory concentrations of various chemicals in the presence of salts
in E. coli cells transformed with ketM.
(DOCX)

Acknowledgments
We thank Gui Feng Gao and Takanori Kishino for their technical assistance.

Author Contributions
Conceived and designed the experiments: WO TK TT. Performed the experiments: WO YM
HDMO. Analyzed the data: WO YMHDMO. Contributed reagents/materials/analysis tools:
WO TK TT. Wrote the paper: WO TK.

References
1. Brown MH, Paulsen IT, Skurray RA. The multidrug efflux protein NorM is a prototype of a new family of

transporters. Mol Microbiol. 1999; 31: 394–395. PMID: 9987140

2. Morita Y, Kodama K, Shiota S, Mine T, Kataoka A, Mizushima T, et al. NorM, a putative multidrug efflux
protein, of Vibrio parahaemolyticus and its homolog in Escherichia coli. Antimicrob Agents Chemother.
1998; 42: 1778–1782. PMID: 9661020

3. Morita Y, Kataoka A, Shiota S, Mizushima T, Tsuchiya T. NorM of Vibrio parahaemolyticus is an Na
(+)-driven multidrug efflux pump. J Bacteriol. 2000; 182: 6694–6697. PMID: 11073914

4. Singh AK, Haldar R, Mandal D, Kundu M. Analysis of the topology of Vibrio choleraeNorM and identifi-
cation of amino acid residues involved in norfloxacin resistance. Antimicrob Agents Chemother. 2006;
50: 3717–3723. PMID: 16954325

5. Nishino K, Yamaguchi A. Analysis of a complete library of putative drug transporter genes in Escheri-
chia coli. J Bacteriol. 2001; 183: 5803–5812. PMID: 11566977

6. Kuroda T, Tsuchiya T. Multidrug efflux transporters in the MATE family. Biochim Biophys Acta. 2009;
1794: 763–768. doi: 10.1016/j.bbapap.2008.11.012 PMID: 19100867

7. Chen J, Morita Y, Huda MN, Kuroda T, Mizushima T, Tsuchiya T. VmrA, a member of a novel class of
Na(+)-coupled multidrug efflux pumps from Vibrio parahaemolyticus. J Bacteriol. 2002; 184: 572–576.
PMID: 11751837

8. Huda MN, Morita Y, Kuroda T, Mizushima T, Tsuchiya T. Na+-driven multidrug efflux pump VcmA from
Vibrio cholerae non-O1, a non-halophilic bacterium. FEMSMicrobiol Lett. 2001; 203: 235–239. PMID:
11583854

9. Huda MN, Chen J, Morita Y, Kuroda T, Mizushima T, Tsuchiya T. Gene cloning and characterization of
VcrM, a Na+-coupled multidrug efflux pump, from Vibrio cholerae non-O1. Microbiol Immunol. 2003; 47:
419–427. PMID: 12906102

10. Hashimoto K, OgawaW, Nishioka T, Tsuchiya T, Kuroda T. Functionally cloned pdrM from Streptococ-
cus pneumoniae encodes a Na(+) coupled multidrug efflux pump. PLoS One. 2013; 8: e59525. doi: 10.
1371/journal.pone.0059525 PMID: 23555691

11. Su XZ, Chen J, Mizushima T, Kuroda T, Tsuchiya T. AbeM, an H+-coupled Acinetobacter baumannii
multidrug efflux pump belonging to the MATE family of transporters. Antimicrob Agents Chemother.
2005; 49: 4362–4364. PMID: 16189122

12. He GX, Thorpe C, Walsh D, Crow R, Chen H, Kumar S, et al. EmmdR, a newmember of the MATE fam-
ily of multidrug transporters, extrudes quinolones from Enterobacter cloacae. Arch Microbiol. 2011;
193: 759–765. doi: 10.1007/s00203-011-0738-1 PMID: 21822795

13. He GX, Kuroda T, Mima T, Morita Y, Mizushima T, Tsuchiya T. An H(+)-coupled multidrug efflux pump,
PmpM, a member of the MATE family of transporters, from Pseudomonas aeruginosa. J Bacteriol.
2004; 186: 262–265. PMID: 14679249

14. Tanaka Y, Hipolito CJ, Maturana AD, Ito K, Kuroda T, Higuchi T, et al. Structural basis for the drug ex-
trusion mechanism by a MATEmultidrug transporter. Nature. 2013; 496: 247–251. doi: 10.1038/
nature12014 PMID: 23535598

15. Marinova K, Pourcel L, Weder B, Schwarz M, Barron D, Routaboul JM, et al. The Arabidopsis MATE
transporter TT12 acts as a vacuolar flavonoid/H+-antiporter active in proanthocyanidin-accumulating
cells of the seed coat. Plant Cell. 2007; 19: 2023–2038. PMID: 17601828

MATE-Type Multidrug Efflux Pumps from Klebsiella pneumoniae

PLOSONE | DOI:10.1371/journal.pone.0121619 March 25, 2015 17 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0121619.s003
http://www.ncbi.nlm.nih.gov/pubmed/9987140
http://www.ncbi.nlm.nih.gov/pubmed/9661020
http://www.ncbi.nlm.nih.gov/pubmed/11073914
http://www.ncbi.nlm.nih.gov/pubmed/16954325
http://www.ncbi.nlm.nih.gov/pubmed/11566977
http://dx.doi.org/10.1016/j.bbapap.2008.11.012
http://www.ncbi.nlm.nih.gov/pubmed/19100867
http://www.ncbi.nlm.nih.gov/pubmed/11751837
http://www.ncbi.nlm.nih.gov/pubmed/11583854
http://www.ncbi.nlm.nih.gov/pubmed/12906102
http://dx.doi.org/10.1371/journal.pone.0059525
http://dx.doi.org/10.1371/journal.pone.0059525
http://www.ncbi.nlm.nih.gov/pubmed/23555691
http://www.ncbi.nlm.nih.gov/pubmed/16189122
http://dx.doi.org/10.1007/s00203-011-0738-1
http://www.ncbi.nlm.nih.gov/pubmed/21822795
http://www.ncbi.nlm.nih.gov/pubmed/14679249
http://dx.doi.org/10.1038/nature12014
http://dx.doi.org/10.1038/nature12014
http://www.ncbi.nlm.nih.gov/pubmed/23535598
http://www.ncbi.nlm.nih.gov/pubmed/17601828


16. Hiasa M, Matsumoto T, Komatsu T, Moriyama Y. Wide variety of locations for rodent MATE1, a trans-
porter protein that mediates the final excretion step for toxic organic cations. Am J Physiol Cell Physiol.
2006; 291: C678–686. PMID: 16641166

17. Tsuda M, Terada T, Asaka J, Ueba M, Katsura T, Inui K. Oppositely directed H+ gradient functions as
a driving force of rat H+/organic cation antiporter MATE1. Am J Physiol Renal Physiol. 2007; 292:
F593–598. PMID: 17047166

18. Komatsu T, Hiasa M, Miyaji T, Kanamoto T, Matsumoto T, Otsuka M, et al. Characterization of the
human MATE2 proton-coupled polyspecific organic cation exporter. Int J BiochemCell Biol. 2011; 43:
913–918. doi: 10.1016/j.biocel.2011.03.005 PMID: 21419862

19. Terada T, Inui K. Physiological and pharmacokinetic roles of H+/organic cation antiporters (MATE/
SLC47A). Biochem Pharmacol. 2008; 75: 1689–1696. doi: 10.1016/j.bcp.2007.12.008 PMID:
18262170

20. Omote H, Hiasa M, Matsumoto T, Otsuka M, Moriyama Y. The MATE proteins as fundamental trans-
porters of metabolic and xenobiotic organic cations. Trends Pharmacol Sci. 2006; 27: 587–593. PMID:
16996621

21. Tanihara Y, Masuda S, Sato T, Katsura T, Ogawa O, Inui K. Substrate specificity of MATE1 and
MATE2-K, human multidrug and toxin extrusions/H(+)-organic cation antiporters. Biochem Pharmacol.
2007; 74: 359–371. PMID: 17509534

22. Hiasa M, Matsumoto T, Komatsu T, Omote H, Moriyama Y. Functional characterization of testis-specific
rodent multidrug and toxic compound extrusion 2, a class III MATE-type polyspecific H+/organic cation
exporter. Am J Physiol Cell Physiol. 2007; 293: C1437–1444. PMID: 17715386

23. McAleese F, Petersen P, Ruzin A, Dunman PM, Murphy E, Projan SJ, et al. A novel MATE family efflux
pump contributes to the reduced susceptibility of laboratory-derived Staphylococcus aureusmutants to
tigecycline. Antimicrob Agents Chemother. 2005; 49: 1865–1871. PMID: 15855508

24. Brown DG, Swanson JK, Allen C. Two host-induced Ralstonia solanacearum genes, acrA and dinF, en-
code multidrug efflux pumps and contribute to bacterial wilt virulence. Appl Environ Microbiol. 2007; 73:
2777–2786. PMID: 17337552

25. Kenyon CJ, Walker GC. DNA-damaging agents stimulate gene expression at specific loci in Escheri-
chia coli. Proc Natl Acad Sci U S A. 1980; 77: 2819–2823. PMID: 6771759

26. Peterson KR, Wertman KF, Mount DW, Marinus MG. Viability of Escherichia coli K-12 DNA adenine
methylase (dam) mutants requires increased expression of specific genes in the SOS regulon. Mol
Gen Genet. 1985; 201: 14–19. PMID: 3932821

27. Rodriguez-Beltran J, Rodriguez-Rojas A, Guelfo JR, Couce A, Blazquez J. The Escherichia coli SOS
gene dinF protects against oxidative stress and bile salts. PLoS One. 2012; 7: e34791. doi: 10.1371/
journal.pone.0034791 PMID: 22523558

28. OgawaW, Li DW, Yu P, Begum A, Mizushima T, Kuroda T, et al. Multidrug resistance in Klebsiella
pneumoniaeMGH78578 and cloning of genes responsible for the resistance. Biol Pharm Bull. 2005;
28: 1505–1508. PMID: 16079502

29. OgawaW, Onishi M, Ni R, Tsuchiya T, Kuroda T. Functional study of the novel multidrug efflux pump
KexD from Klebsiella pneumoniae. Gene. 2012; 498: 177–182. doi: 10.1016/j.gene.2012.02.008 PMID:
22391093

30. Tanaka S, Lerner SA, Lin EC. Replacement of a phosphoenolpyruvate-dependent phosphotransferase
by a nicotinamide adenine dinucleotide-linked dehydrogenase for the utilization of mannitol. J Bacteriol.
1967; 93: 642–648. PMID: 4289962

31. Datsenko KA andWanner BL. One-step inactivation of chromosomal genes in Escherichia coli K-12
using PCR products. Proc Natl Acad Sci U S A. 2000; 97: 6640–6645. PMID: 10829079

32. He X, Szewczyk P, Karyakin A, Evin M, HongWX, Zhang Q, et al. Structure of a cation-bound multidrug
and toxic compound extrusion transporter. Nature. 2010; 467: 991–994. doi: 10.1038/nature09408
PMID: 20861838

33. Onishi M, Mizusawa M, Tsuchiya T, Kuroda T, OgawaW. Suppression of stop codon UGA in acrB can
contribute to antibiotic resistance in Klebsiella pneumoniae ATCC10031 Gene. 2014; 534: 313–319.
PMID: 24498649

34. Tocci N, Iannelli F, Bidossi A, Ciusa ML, Decorosi F, Viti C, et al. Functional analysis of pneumococcal
drug efflux pumps associates the MATE DinF transporter with quinolone susceptibility. Antimicrob
Agents Chemother. 2013; 57: 248–253. doi: 10.1128/AAC.01298-12 PMID: 23114782

35. Long F, Rouquette-Loughlin C, Shafer WM, Yu EW. Functional cloning and characterization of the mul-
tidrug efflux pumps NorM from Neisseria gonorrhoeae and YdhE from Escherichia coli. Antimicrob
Agents Chemother. 2008; 52: 3052–3060. doi: 10.1128/AAC.00475-08 PMID: 18591276

MATE-Type Multidrug Efflux Pumps from Klebsiella pneumoniae

PLOSONE | DOI:10.1371/journal.pone.0121619 March 25, 2015 18 / 19

http://www.ncbi.nlm.nih.gov/pubmed/16641166
http://www.ncbi.nlm.nih.gov/pubmed/17047166
http://dx.doi.org/10.1016/j.biocel.2011.03.005
http://www.ncbi.nlm.nih.gov/pubmed/21419862
http://dx.doi.org/10.1016/j.bcp.2007.12.008
http://www.ncbi.nlm.nih.gov/pubmed/18262170
http://www.ncbi.nlm.nih.gov/pubmed/16996621
http://www.ncbi.nlm.nih.gov/pubmed/17509534
http://www.ncbi.nlm.nih.gov/pubmed/17715386
http://www.ncbi.nlm.nih.gov/pubmed/15855508
http://www.ncbi.nlm.nih.gov/pubmed/17337552
http://www.ncbi.nlm.nih.gov/pubmed/6771759
http://www.ncbi.nlm.nih.gov/pubmed/3932821
http://dx.doi.org/10.1371/journal.pone.0034791
http://dx.doi.org/10.1371/journal.pone.0034791
http://www.ncbi.nlm.nih.gov/pubmed/22523558
http://www.ncbi.nlm.nih.gov/pubmed/16079502
http://dx.doi.org/10.1016/j.gene.2012.02.008
http://www.ncbi.nlm.nih.gov/pubmed/22391093
http://www.ncbi.nlm.nih.gov/pubmed/4289962
http://www.ncbi.nlm.nih.gov/pubmed/10829079
http://dx.doi.org/10.1038/nature09408
http://www.ncbi.nlm.nih.gov/pubmed/20861838
http://www.ncbi.nlm.nih.gov/pubmed/24498649
http://dx.doi.org/10.1128/AAC.01298-12
http://www.ncbi.nlm.nih.gov/pubmed/23114782
http://dx.doi.org/10.1128/AAC.00475-08
http://www.ncbi.nlm.nih.gov/pubmed/18591276


36. OgawaW, Kim YM, Mizushima T, Tsuchiya T. Cloning and expression of the gene for the Na+-coupled
serine transporter from Escherichia coli and characteristics of the transporter. J Bacteriol. 1998; 180:
6749–6752. PMID: 9852024

37. van der Rest ME, Molenaar D, KoningsWN. Mechanism of Na(+)-dependent citrate transport in Klebsi-
ella pneumoniae. J Bacteriol. 1992; 174: 4893–4898. PMID: 1629151

38. Jin Y, Nair A, van Veen HW. Multidrug Transport Protein NorM from Vibrio cholerae Simultaneously
Couples to Sodium- and Proton-Motive Force. J Biol Chem. 2014; 289: 14624–14632. doi: 10.1074/jbc.
M113.546770 PMID: 24711447

39. Song J, Ji C, Zhang JZ. Insights on Na(+) binding and conformational dynamics in multidrug and toxic
compound extrusion transporter NorM. Proteins. 2013; 82: 240–249. doi: 10.1002/prot.24368 PMID:
23873591

40. Otsuka M, YasudaM, Morita Y, Otsuka C, Tsuchiya T, Omote H, et al. Identification of essential amino
acid residues of the NorM Na+/multidrug antiporter in Vibrio parahaemolyticus. J Bacteriol. 2005; 187:
1552–1558. PMID: 15716425

MATE-Type Multidrug Efflux Pumps from Klebsiella pneumoniae

PLOSONE | DOI:10.1371/journal.pone.0121619 March 25, 2015 19 / 19

http://www.ncbi.nlm.nih.gov/pubmed/9852024
http://www.ncbi.nlm.nih.gov/pubmed/1629151
http://dx.doi.org/10.1074/jbc.M113.546770
http://dx.doi.org/10.1074/jbc.M113.546770
http://www.ncbi.nlm.nih.gov/pubmed/24711447
http://dx.doi.org/10.1002/prot.24368
http://www.ncbi.nlm.nih.gov/pubmed/23873591
http://www.ncbi.nlm.nih.gov/pubmed/15716425

