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many other countries (14). This microorganism requires Na⫹
for its growth (2). Energy metabolism and energy coupling in
membranes of this microorganism are unique (20). Cells of
V. parahaemolyticus possess a primary respiratory Na⫹ pump
(24) and Na⫹-coupled membrane processes, such as an Na⫹/
solute symporter (21, 22, 24) and an Na⫹-driven flagellar motor (1). We thought that Na⫹/drug antiporters might exist in
this marine organism.
If an Na⫹/drug antiporter were to exist, it would be anticipated that (i) Na⫹ would stimulate drug efflux from cells, (ii)
an artificially imposed Na⫹ gradient would elicit drug flux, and
(iii) an artificially imposed drug gradient would elicit Na⫹ flux.
Previously, we cloned and sequenced a gene encoding the
multidrug efflux protein, NorM, from the chromosome of V.
parahaemolyticus (15). The norM gene was expressed in an
Escherichia coli mutant, KAM3, which lacks the major drug
efflux pump AcrAB, and NorM was characterized (15). Based
on its structural features, it was apparent that NorM is a
unique transporter, as it shows no sequence similarity to any
other known transporters, although it possesses 12 hydrophobic domains, a characteristic of the MF family (15). In this
study we investigated whether the NorM multidrug efflux
pump of V. parahaemolyticus is an Na⫹/drug antiporter.

Drug resistance, especially multidrug resistance, is presently
a serious problem in hospitals. Drug efflux from cells is one of
the major mechanisms of drug resistance in both prokaryotes
and eukaryotes (11, 12, 15, 18, 26). Many drug efflux systems
are known to exist in the biological world, and these transporters can be divided into four families: the major facilitator (MF)
family, the small multidrug resistance (SMR) family, the resistance nodulation cell division (RND) family, and the ATP
binding cassette family (4, 6, 17). Membrane transporters of
the MF family possess 12 to 14 transmembrane domains.
Transporters of the SMR family are rather small and usually
possess four transmembrane domains. Transporters of the
RND family require multiple components to function effectively. An electrochemical potential of H⫹ across cell membranes seems to be the driving force for drug efflux by members
of the MF, SMR, and RND families of transporters (13, 18, 28,
29). ATP is utilized as the energy donor in members of the
ATP binding cassette family of multidrug efflux pumps (3, 26).
The electrochemical potential of H⫹ across cell membranes
is established mainly by the respiratory chain in aerobic or
facultative anaerobic bacteria. The electrochemical potential
of H⫹ across the membrane is converted to that of Na⫹ by
Na⫹/H⫹ antiporters (25, 27). Both of the electrochemical potentials of H⫹ and Na⫹ across cell membranes can be utilized
to drive solute uptake in bacterial cells. Solutes are taken up
into cells by an H⫹/substrate symport mechanism or an Na⫹/
substrate symport mechanism (19). An electrochemical potential of H⫹ is also utilized to drive extrusion of substrate from
cells. Most multidrug efflux pumps in bacteria are driven by
H⫹, which is a mechanism for H⫹/drug antiport (18). However, no Na⫹-driven extrusion system for drugs, i.e., no Na⫹/
drug antiporter, has been reported for bacterial cell membranes. Although an Na⫹/Ca2⫹ exchanger (16) and an Na⫹/
urea antiporter (9) have been reported for animal cells, no
Na⫹/drug antiporter has been reported for animal cells.
Vibrio parahaemolyticus, a slightly halophilic marine bacterium, is one of the major causes of food poisoning in Japan and

MATERIALS AND METHODS
Bacterial strains and plasmids. E. coli KAM3 (15) and HIT-1 (8) and V. parahaemolyticus AQ3334 (24) were used in this study. Plasmid pMVP36 is a derivative of pBR322 and carries the norM gene, encoding the NorM multidrug efflux
protein, derived from V. parahaemolyticus AQ3334 (15).
Stimulation of energy-dependent ethidium efflux from cells by Naⴙ. E. coli
KAM3 and KAM3/pMVP36 cells were grown separately in L medium (10)
supplemented with 40 mM potassium lactate to the late, exponential phase of
growth under aerobic conditions at 37°C. The cells were then harvested, washed
with a minimal medium (23) (Na⫹ salts were replaced with K⫹ salts), and
suspended in the same medium. Cells were incubated in the minimal medium
supplemented with 25 M ethidium bromide and 40 M CCCP (carbonylcyanide-m-chlorophenylhydrazone) at 37°C for 60 min to load ethidium bromide
into the cells. Cells were washed three times with a solution containing 100 mM
morpholinepropanesulfonic acid (MOPS)–tetramethylammonium hydroxide
(pH 7.0), 2 mM MgSO4, and 25 M ethidium bromide; resuspended in the same
buffer (approximately 0.25 mg of protein/ml); and subjected to fluorescence
measurement at an excitation wavelength of 500 nm and an emission wavelength
of 580 nm. After preincubation at 37°C for 5 min, 10 mM lactate-tetramethylammonium hydroxide (pH 7.0) was added to initiate respiration. Then NaCl,
LiCl, or KCl (final concentration, 10 mM) was added to the assay mixture.
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NorM of Vibrio parahaemolyticus apparently is a new type of multidrug efflux protein, with no significant sequence similarity to any known transport proteins. Based on the following experimental results, we conclude
that NorM is an Naⴙ-driven Naⴙ/drug antiporter. (i) Energy-dependent ethidium efflux from cells possessing
NorM was observed in the presence of Naⴙ but not of Kⴙ. (ii) An artificially imposed, inwardly directed Naⴙ
gradient elicited ethidium efflux from cells. (iii) The addition of ethidium to cells loaded with Naⴙ elicited Naⴙ
efflux. Thus, NorM is an Naⴙ/drug antiporting multidrug efflux pump, the first to be found in the biological world.
Judging from the similarity of the NorM sequence to those of putative proteins in sequence databases, it seems
that Naⴙ/drug antiporters are present not only in V. parahaemolyticus but also in a wide range of other organisms.
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Ethidium efflux from cells induced by inwardly directed artificial Naⴙ gradient. E. coli KAM3 and KAM3/pMVP36 cells were grown as described above.
Cells were harvested at the late-exponential phase of growth and washed twice
with 100 mM potassium phosphate buffer (pH 7.0). To load cells with ethidium,
the cells were incubated in 100 mM potassium phosphate (pH 7.0) supplemented
with 20 M ethidium bromide, 5 mM 2,4-dinitrophenol, and 5 mM KCN for 60
min at 37°C. The cells were then collected by centrifugation, washed twice with
100 mM potassium phosphate (pH 7.0) supplemented with 20 M ethidium
bromide and 2 mM KCN, and suspended in the same medium (approximately 50
mg of protein/ml). These cells were then subjected to fluorescence measurements. Ethidium efflux from cells was initiated by 100-fold dilution of the cell
suspension into 100 mM sodium phosphate (pH 7.0) at 25°C.
Efflux of Naⴙ induced by addition of ethidium to cell suspension. E. coli
HIT-1/pMVP36 cells were grown in a minimal medium (23) (Na⫹ salts were
replaced with K⫹ salts) supplemented with 40 mM glycerol at 37°C under aerobic
conditions. Cells were harvested at the late-exponential phase of growth, washed
twice with a solution containing 100 mM MOPS–tetramethylammonium hydroxide (pH 7.0) and 2 mM MgSO4, and resuspended in the same buffer. A portion
(0.5 ml) of this suspension was diluted with 2.5 ml of the same buffer (approximately 25 mg of protein/ml). NaCl was added to yield a final concentration of
100 M. Cells were incubated at 25°C in a plastic vessel with rapid stirring, and
water-saturated N2 gas was introduced continuously to maintain anaerobic con-

ditions. An Na⫹-electrode (Radiometer, Copenhagen, Denmark) and a reference electrode were put into the vessel. Calibration was carried out by the
addition of known amounts of NaCl. An anaerobic solution of serine was added
(final concentration, 100 M) to induce Na⫹ uptake into cells. Thereafter an
anaerobic solution of ethidium bromide was added to the assay mixture (final
concentration, 200 M). Changes in the Na⫹ concentration of the assay medium
were monitored with an Na⫹ electrode.
Efflux of Naⴙ induced by addition of ethidium to cell suspension of V. parahaemolyticus. V. parahaemolyticus AQ3334 cells were grown in a minimal medium
(20) supplemented with 40 mM potassium lactate and 1% polypeptone under
aerobic conditions at 37°C. Cells were harvested at the late-exponential phase of
growth, washed twice with a buffer solution containing 200 mM MOPS–tetramethylammonium hydroxide (pH 7.5) and 5 mM MgSO4, and resuspended in the
same buffer (approximately 15 mg of protein/ml). NaCl was added to yield a final
concentration of 100 M. Uptake and efflux of Na⫹ was monitored with an Na⫹
electrode as described above.

RESULTS
ⴙ

Effect of Na on drug efflux via NorM system. Cells of E. coli
KAM3 or KAM3/pMVP36 (pMVP36 carries the norM gene

FIG. 2. Ethidium efflux from cells elicited by an inwardly directed artificial Na⫹ gradient. Energy-starved and ethidium-loaded cells of E. coli KAM3 and KAM3/
pMVP36 were suspended (approximately 50 mg of protein/ml) in 100 mM potassium phosphate buffer (pH 7.0) containing 2 mM KCN and 20 M ethidium bromide.
An inwardly directed chemical gradient of Na⫹ was imposed by a 100-fold dilution of the cell suspension into the assay medium indicated below at the time point
indicated by the arrow. The assay medium contained either 100 mM potassium phosphate (pH 7.0), 2 mM KCN, and 20 M ethidium bromide (curve a) or 100 mM
sodium phosphate (pH 7.0), 2 mM KCN, and 20 M ethidium bromide (curve b). The assay was performed at 25°C. (A) E. coli KAM3 cells; (B) E. coli KAM3/pMVP36
cells.
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FIG. 1. Effect of monovalent cations on energy-dependent ethidium efflux via NorM. Energy-starved and ethidium-loaded cells of E. coli KAM3 and KAM3/
pMVP36 were incubated in a buffer containing 100 mM MOPS–tetramethylammonium hydroxide (pH 7.0), 2 mM MgSO4, and 25 M ethidium bromide. After
incubation for 5 min at 37°C, 10 mM lactate–tetramethylammonium hydroxide (pH 7.0) was added to the assay mixture to initiate respiration (first arrow with Lac).
At the time point indicated by the second arrow (with Salt), either KCl (curve a), NaCl (curve b), or LiCl (curve c) was added to the assay mixture (final concentration,
10 mM). (A) E. coli KAM3 cells; (B) E. coli KAM3/pMVP36 cells.
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from V. parahaemolyticus) were first loaded with ethidium, a
fluorescent substrate for the NorM system (15), under deenergized conditions. Thereafter, an energy donor lactate, a
respiratory substrate, was added to initiate drug efflux. In addition, either NaCl, LiCl, or KCl was added to test its effect on
drug efflux. Addition of lactate to energy-starved cells of E. coli
KAM3 did not cause significant ethidium efflux, and further
addition of either KCl, NaCl, or LiCl had no effect (Fig. 1A).
Similarly, addition of lactate to energy-starved cells of E. coli
KAM3/pMVP36 caused no significant ethidium efflux. However, further addition of NaCl (10 mM) resulted in considerable efflux of ethidium from cells (Fig. 1B, curve b). Addition
of LiCl (10 mM) elicited some ethidium efflux (Fig. 1B, curve
c). Addition of KCl (10 mM) (Fig. 1B, curve a) caused no
ethidium efflux. Thus, ethidium efflux via the NorM system was
stimulated by Na⫹ or Li⫹.
Ethidium efflux elicited by artificially imposed Naⴙ gradient. Ethidium was preloaded into energy-starved cells, and no
energy source was added in the experiment. No significant
ethidium efflux from cells was observed with E. coli KAM3
when an inwardly directed Na⫹ gradient was imposed (Fig.
2A). However, we observed significant ethidium efflux from
KAM3/pMVP36 cells when an inwardly directed Na⫹ gradient
was imposed (Fig. 2B). Imposition of an increasing Na⫹ gradient increased the initial velocity of ethidium efflux (data not
shown).
Naⴙ efflux caused by drug influx. We first prepared Na⫹loaded cells. We demonstrated previously that imposition of a
chemical gradient of substrate, which is taken up with Na⫹ via
a symport mechanism, elicited Na⫹ uptake and resulted in
accumulation of Na⫹ in cells (7). In the current experiment,
we utilized serine as the substrate and E. coli HIT-1/pMVP36
cells as the test cells. Wild-type E. coli possesses an Na⫹/serine
symporter (7). E. coli HIT-1 cells lack one of the major Na⫹/
H⫹ antiporters (8). Therefore, the activity of Na⫹ efflux or
Na⫹ leakage through the antiporter in this strain is weak. The
strain is thus suitable for measurement of Na⫹ flux via another

pathway(s) (8). Addition of serine to a cell suspension of HIT1/pMVP36 under anaerobic conditions induced uptake of Na⫹
(Fig. 3). When Na⫹ uptake (upward deflection) reached a plateau level, ethidium was added to the same cell suspension. As
anticipated, we observed Na⫹ efflux caused by the addition of
ethidium (Fig. 3). Although HIT-1 control cells showed Na⫹
uptake elicited by serine, we observed no significant Na⫹ efflux
when ethidium was added (data not shown). Furthermore, we
have tested many times whether Na⫹ efflux takes place with
cells possessing NorA or TetA, H⫹/drug antiporters, or other
H⫹-coupled transporters and we have never observed Na⫹
efflux (data not shown).
Naⴙ efflux elicited by ethidium in V. parahaemolyticus. We
added serine to a cell suspension of V. parahaemolyticus under
anaerobic conditions, and Na⫹ uptake was elicited (Fig. 4A
and B). The addition of ethidium to the same cell suspension
caused efflux of Na⫹ (Fig. 4B). This provides solid evidence for
the presence of an Na⫹/ethidium antiporter in V. parahaemolyticus cells.
DISCUSSION
Our experimental results presented here support the idea
that NorM mediates Na⫹/drug antiport. The result that most
strongly supports the idea of Na⫹/drug antiport by NorM is
that influx of ethidium, a substrate for NorM, elicited efflux of
Na⫹. So far we have investigated many Na⫹-coupled transporters and H⫹-coupled transporters. We have never observed
Na⫹ flux elicited secondarily by H⫹-coupled transporters. On
the other hand, we have observed a slight H⫹ flux elicited
secondarily by Na⫹-coupled transporters (data not shown).
This is likely due to the difference in sensitivity between the H⫹

FIG. 4. Na⫹ efflux from V. parahaemolyticus elicited by ethidium influx. Energy-starved cells of V. parahaemolyticus were incubated in a buffer containing
200 mM MOPS–tetramethylammonium hydroxide (pH 7.0), 5 mM MgSO4, and
100 M NaCl. Flux of Na⫹ into and out of cells was measured with an Na⫹
electrode at 25°C. The first arrow indicates the time point when an anaerobic
solution of serine (final concentration, 100 M) was added to the cell suspension
under anaerobic conditions to elicit Na⫹ uptake into cells. At the point indicated
by the second arrow, ethidium bromide (final concentration, 200 M) was added
to the assay mixture. Upward deflection represents the uptake of Na⫹, and
downward deflection represents the efflux of Na⫹.
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FIG. 3. Na⫹ efflux from cells elicited by an inwardly directed ethidium gradient. Energy-starved cells of E. coli HIT-1/pMVP36 were incubated in a buffer
consisting of 100 mM MOPS–tetramethylammonium hydroxide (pH 7.0), 2 mM
MgSO4, and 100 M NaCl. Flux of Na⫹ into and out of cells was measured with
an Na⫹ electrode at 25°C. The first arrow indicates when an anaerobic solution
of serine (final concentration, 100 M) was added to the cell suspension under
anaerobic conditions to elicit Na⫹ uptake into cells. The second arrow indicates
when an anaerobic solution of ethidium bromide (final concentration, 200 M)
was added to the assay mixture. Upward deflection represents the uptake of Na⫹,
and downward deflection represents the efflux of Na⫹.
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electrode and Na⫹ electrode. The former is much more sensitive than the latter. We tested whether H⫹ flux takes place
with NorM. We have never observed H⫹ flux due to the NorM
system (data not shown). On the other hand, we have detected
H⫹ flux due to NorA and TetA (data not shown). Thus, it is
clear that NorM is not an H⫹/drug antiporter.
NorM of V. parahaemolyticus is believed to be a membrane
protein with 456 amino acid residues (15). Very recently we
cloned and sequenced, from chromosomal DNA of V. parahaemolyticus, another gene which seems to encode a multidrug
efflux pump (unpublished data). This system showed a similar
property, requiring Na⫹ for its activity. Therefore, it is likely
that this new system is also an Na⫹/drug antiporter. We found
no sequence similarity between this system and NorM. NorM
shares no sequence similarity with any known multidrug efflux
protein found in a sequence database (SwissProt) (15). It has
been proposed that NorM be classified into a new family of
transporters (5). However, NorM shares a high degree of sequence similarity with uncharacterized putative integral membrane proteins deduced from genomic DNA sequences in a
wide range of archaeabacteria, eubacteria, and eukaryotes (sequences found in the SwissProt, GenBank, EMBL, and DDBJ
databases). One example is YdhE of E. coli (15). Our preliminary result supports the idea that YdhE is also an Na⫹/drug
antiporter (unpublished data). Taken together, these data suggest that Na⫹/drug antiporters are present not only in a marine
bacterium but also in a wide range of other organisms.
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