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The activity of the NhaA Na1/H1 antiporter of Vibrio parahaemolyticus is inhibited by amiloride. We found
an amino acid sequence in the NhaA that was identical to a putative amiloride binding domain of the Na1/H1

exchanger in mammalian cells. We constructed mutant NhaAs that had amino acid substitutions in the
putative amiloride binding domain by site-directed mutagenesis. These include V62L (Val62 replaced by Leu),
F63Y, F64Y, and L65F. Most mutant NhaAs showed decreased sensitivity for amiloride. Among these, the F64Y
mutant NhaA showed the least amiloride sensitivity, with a Ki value 7 to 10 times greater than that in the wild
type. Thus, the sequence between residues V62 and L65 in NhaA, especially F64, is very important for the
inhibitory effect of amiloride on the antiporter.

The Na1/H1 antiporter is a membrane transport system
which mediates the antiport (exchange) of Na1 and H1 across
cell membranes and is widely distributed from bacterial cells to
mammalian cells. The driving force for the Na1/H1 antiporter
in bacterial cells is an electrochemical potential of H1 across
the membranes which is established mainly by the function of
the respiratory chain. The driving force for the antiporter in
mammalian cells (usually called exchanger) is an electrochem-
ical potential of Na1 which is established by the function of
Na1,K1-ATPase. In Escherichia coli, in which the Na1/H1

antiporter is best characterized, the antiporter is known to
have various biological roles, such as (i) the establishment of
an electrochemical potential of Na1 across the cell membrane,
which is the driving force for Na1/solute symporters (3, 7, 10,
24, 25); (ii) the extrusion of toxic Na1 (when it is present at a
high concentration) and Li1 (8, 16); and (iii) intracellular pH
regulation under alkaline conditions (20). Thus, this antiporter
plays a central role in Na1 circulation in bacterial cell mem-
branes (20). So far, three Na1/H1 antiport systems (NhaA,
NhaB, and ChaA) (9, 11, 17, 21) are known to exist in E. coli
cell membranes. Of these three systems, the NhaA system has
the strongest activity (8, 20).

It has been reported that the diuretic drug amiloride inhibits
the Na1/H1 exchanger in mammalian cells by competing with
Na1 (1, 23). However, the inhibitory action of amiloride on the
Na1/H1 antiporter in E. coli was controversial (15, 20). Re-
cently it has been reported that amiloride gave no significant
inhibitory effect on purified E. coli NhaA (21) and that amilo-
ride was a potent inhibitor of purified (or highly enriched) E.
coli NhaB (18). We reported previously that amiloride inhib-
ited an Na1/H1 antiporter (NhaA) in the marine bacterium
Vibrio parahaemolyticus (14). Kinetic analysis of the NhaA of
V. parahaemolyticus produced in E. coli cells indicated that
amiloride inhibited the Na1/H1 antiporter by competing with
Na1 (13). In mammalian cells, amiloride-resistant Na1/H1

exchangers have been reported, and the amiloride binding
domain in the exchanger has been deduced (4, 6, 27). We have
cloned and sequenced the nhaA gene encoding the NhaA

antiporter in V. parahaemolyticus (13). We found in the NhaA
of V. parahaemolyticus a sequence (VFFL) which was identical
to the sequence of the putative amiloride binding domain in
the mammalian Na1/H1 exchanger (13). The amino acid se-
quence around this region showed high homology with the
Na1/H1 antiporters of other organisms such as E. coli and
Haemophilus influenzae, etc. (5, 11, 21). To evaluate the in-
volvement of this domain (the VFFL region) in amiloride
action and in antiport activity of the V. parahaemolyticus
NhaA, we constructed mutant NhaA antiporters and charac-
terized them.

The E. coli mutant KNabc lacks all of the three major
Na1/H1 antiporters (NhaA, NhaB, and ChaA) (16). Thus,
with this mutant it was easier to analyze properties of the
Na1/H1 antiporter produced from the cloned antiporter gene.
Plasmid pTIS216 carries the wild-type nhaA gene of V. para-
haemolyticus (13). Cells of KNabc/pTIS216 were grown in
L(K) medium (1% polypeptone, 0.5% yeast extract, 85 mM
KCl [pH 7.0]). Membrane vesicles were prepared from the
cells as described previously (13), and Na1/H1 (Li1/H1) an-
tiport activity was measured by the quinacrine fluorescence
quenching method (13). As we reported previously, amiloride
strongly inhibited activity of the V. parahaemolyticus NhaA
Na1/H1 antiporter (13). We observed strong inhibition by
amiloride of the NhaA Na1/H1 antiporter produced in E. coli
KNabc (Fig. 1). Amiloride inhibited the activity in a manner
that elevated the Km value for Na1, with little effect on the
Vmax of the transport, i.e., demonstrating competitive inhibi-
tion (Fig. 1A). A similar effect of amiloride was observed when
Li1 instead of Na1 was added as the transport substrate (Fig.
1B). Judging from these results, it seems that amiloride com-
petes with Na1 (and Li1) for the binding site in the antiporter.

Several site-directed mutants of the NhaA (V62L, i.e., V62
replaced with L; F63Y; F64Y; and L65F) were constructed
with synthetic oligonucleotides by the method of Tomic et al.
(22). The nucleotide sequence of each of the mutated nhaA
genes was confirmed by sequencing (19). We measured both
the Na1/H1 antiport activity and the Li1/H1 antiport activity
of each of the mutant antiporters (V62L, F63Y, F64Y, and
L65F) in addition to that of the wild-type antiporter. The
wild-type NhaA antiporter of V. parahaemolyticus showed pH-
dependent activity; i.e., activity was much higher at pH 8.5 than
at pH 7.0 (13, 14). All of the mutant antiporters showed pH

* Corresponding author. Mailing address: Department of Microbi-
ology, Faculty of Pharmaceutical Sciences, Okayama University, Tsu-
shima, Okayama, 700 Japan. Phone: 81-86-251-7957. Fax: 81-86-251-
7957. E-mail: tsuchiya@pheasant.pharm.okayama-u.ac.jp.

7600



profiles that were similar to that of the wild type (data not
shown). Thus, it seems that these residues (V62, F63, F64, and
L65) are not involved in pH sensing. By kinetic analysis we
obtained roughly comparable values for both Km and Vmax,
using Na1 or Li1 with both the wild-type and the mutant
antiporters, although the F64Y antiporter showed a signifi-
cantly higher Km value and a lower Vmax value than did the
others when Li1 was used as the substrate (Table 1). Thus,
amino acid substitutions in the putative amiloride binding do-
main did not significantly affect the Na1/H1 antiport activity as
measured by the fluorescence quenching method. However,
the F64Y mutant antiporter showed a Ki value seven times
higher than that of the wild-type antiporter when Na1 was
used as the substrate, and the F63Y mutant antiporter showed
a Ki value two times higher (Table 1), indicating that affinity for
amiloride decreased in these mutant antiporters. When Li1

was used as the substrate, we observed a Ki value for amiloride
with the F64Y antiporter that was 10 times higher. Thus, there
was an extensive decrease in the affinity of amiloride in the
F64Y mutant when Li1 was used as the substrate.

Since Li1/H1 antiport activity was significantly lower in the
F64Y mutant than in the other mutants (Table 1), we mea-
sured the effect of Li1 (and Na1) on the growth of E. coli
KNabc/pTIS216(F64Y) cells. The cells showed significantly
slower growth in the presence of 0.4 M LiCl than did cells

possessing either wild-type or mutant antiporters (data not
shown). This finding supports the idea that the Li1 extrusion
activity of the F64Y mutant antiporter is very low. Thus, it
seems that F64 is also very important for Li1 transport. No
significant difference in growth in the presence of 0.4 to 0.7 M
NaCl was observed between cells possessing the wild-type
NhaA and cells possessing the mutant NhaA (data not shown),
although the Na1/H1 antiport activity of the F64Y mutant was
somewhat lower than that of the others (Table 1).

After the mutant gene was constructed and expressed, it was
necessary to determine whether the mutant protein was
present at a level comparable to that in wild-type cells. A
Western blot analysis was performed to measure the level of
these four mutant NhaAs in cell membranes. A decapep-
tide corresponding to the C terminus of the MelB protein
(PVGAVSDVKA) (26) was connected to the C terminus of
the wild-type NhaA protein of V. parahaemolyticus by gene
fusion. A DNA fragment carrying the 39 portion of the result-
ing hybrid gene (0.94 kbp) was cut out and ligated to the
corresponding site of each mutant gene. Thus, each mutant
NhaA possessing the decapeptide derived from MelB at the C
terminus was obtained. The sequences of the constructed hy-
brid genes were confirmed by sequencing (19). Consequently,
a series of NhaA-MelB fusions were obtained. Membrane pro-
teins from KNabc cells harboring each plasmid carrying the
fused gene were separated by sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis (12% polyacrylamide gel), and the
samples were electrophoretically transferred to polyvinylidene
fluoride (GV type; Millipore). Antiserum against the decapep-
tide of the C terminus of MelB of E. coli (2) was used to detect
NhaA-MelB fusion proteins. The complex of the NhaA-MelB
and the antibody was visualized with the ABC kit (VEC-
TASTAIN; Vector Co.) as suggested by the manufacturer. The
antibody bound to the original MelB protein (2). We did not
detect any bands with membrane proteins from KNabc (Fig. 2,
lane 1), but we did detect a band (about 30 kDa) which cor-
responds to the NhaA-MelB fusion protein, with membrane
proteins from KNabc/pTIS216 (Fig. 2, lane 2). We observed
bands of similar density for each mutant antiporter protein
that was fused with the MelB decapeptide (Fig. 2, lanes 3 to 6).
These results indicate that the change in the mutant antiport-
ers is not due to a change in the quantity of mutant NhaAs in
the membranes. We confirmed that each of the fusion proteins
showed Na1/H1 and Li1/H1 antiport activities comparable to
those observed with the corresponding mutant NhaA (data not
shown).

Our results support the idea that the VFF regions in both
the V. parahaemolyticus Na1/H1 antiporter and the mamma-

FIG. 1. Kinetic analysis of inhibition of the Na1/H1 antiporter by amiloride.
Na1/H1 (A) and Li1/H1 (B) antiport activities were measured with membrane
vesicles prepared from cells of KNabc/pTIS216 (wild-type NhaA) at pH 8.5
either in the absence (E) or in the presence (F) of 1 mM amiloride. Arbitrary
unit, percentage of fluorescence dequenching per minute per milligram of pro-
tein.

FIG. 2. Western blot analysis of fusion proteins of wild-type and mutant
NhaA-MelB. Membrane proteins were subjected to polyacrylamide gel electro-
phoresis and analyzed by Western blotting. Lane 1, KNabc; lanes 2 to 6, KNabc/
pTIS216 with the following NhaA-MelB decapeptide: wild type (lane 2) V62L
(lane 3), F63Y (lane 4), F64Y (lane 5), and L65F (lane 6).

TABLE 1. Kinetic parameters for Na1/H1 and Li1/H1 antiports in
wild-type and mutant antiportersa

Substrate Antiporter Km (mM) Vmax
b Ki for amiloride (mM)

Na1 Wild type 2.2 606 0.06
V62L 3.0 568 0.09
F63Y 4.1 493 0.13
F64Y 1.8 402 0.44
L65F 3.3 633 0.10

Li1 Wild type 0.14 488 0.09
V62L 0.15 467 0.09
F63Y 0.28 368 0.22
F64Y 0.47 230 0.92
L65F 0.20 498 0.14

a The results are the averages of three experiments. The standard deviations
were less than 10%.

b Vmax is expressed as percent fluorescence dequenching per minute per mil-
ligram of protein.
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lian Na1/H1 exchanger are important for amiloride inhibition
(perhaps for amiloride binding).

We found a sequence (VFF) which is the same as that of the
putative amiloride binding domain of NhaA in the primary
structure of the E. coli melibiose transporter, a Na1-coupled
symporter (26). We tested the effect of amiloride on the
melibiose transporter. As expected, considerable inhibition of
melibiose transport by amiloride was observed (12). As re-
ported previously (12), the VFF sequence is present in many
Na1-coupled transport proteins. Thus, it is likely that VFF is
one of the motifs involved in Na1 binding and amiloride bind-
ing.

This research was partly supported by a grant from the Ministry of
Education, Science and Culture of Japan. T.K. is a Research Fellow of
the Japan Society for the Promotion of Science.

We thank Thomas H. Wilson (Harvard Medical School) for his
generous gift of anti-MelB (decapeptide) antiserum.

REFERENCES

1. Benos, D. J. 1988. Amiloride: chemistry, kinetics and structure-activity rela-
tionship, p. 121–136. In S. Grinstein (ed.), Na1/H1 exchange. CRC Press,
Boca Raton, Fla.

2. Botfield, M. C., and T. H. Wilson. 1989. Peptide-specific antibody for the
melibiose carrier of Escherichia coli localizes the carboxyl terminus to the
cytoplasmic face of the membrane. J. Biol. Chem. 264:11649–11652.

3. Chen, C. C., T. Tsuchiya, Y. Yamane, J. M. Wood, and T. H. Wilson. 1985.
Na1(Li1)-proline cotransport in Escherichia coli. J. Membr. Biol. 84:157–
164.

4. Counillon, L., A. Franchi, and J. Pouyssegur. 1993. A point mutation of the
Na1/H1 exchanger gene (NHE1) and amplification of the mutated allele
confer amiloride resistance upon chronic acidosis. Proc. Natl. Acad. Sci.
USA 90:4508–4512.

5. Fleischmann, R. D., M. D. Adams, O. White, R. A. Clayton, E. F. Kirkness,
A. R. Kerlavage, C. J. Bult, J.-F. Tomb, B. A. Dougherty, J. M. Merrick, K.
McKenney, G. Sutton, W. FitzHugh, C. Fields, J. D. Gocayne, J. Scott, R.
Shirley, L.-I. Liu, A. Glodek, J. M. Kelley, J. F. Weidman, C. A. Phillips, T.
Spriggs, E. Hedblom, M. D. Cotton, T. R. Utterback, M. C. Hanna, D. T.
Nguyen, D. M. Saudek, R. C. Brandon, L. D. Fine, J. L. Fritchman, J. L.
Fuhrmann, N. S. M. Geoghagen, C. L. Gnehm, L. A. McDonald, K. V. Small,
C. M. Fraser, H. O. Smith, and J. C. Venter. 1995. Whole-genome random
sequencing and assembly of Haemophilus influenzae Rd. Science 269:496–
512.

6. Franchi, A., E. J. Cragoe, Jr., and J. Pouyssegur. 1986. Isolation and prop-
erties of fibroblast mutants overexpressing an altered Na1/H1 antiporter.
J. Biol. Chem. 261:14614–14620.

7. Hama, H., T. Shimamoto, M. Tsuda, and T. Tsuchiya. 1987. Properties of a
Na1-coupled serine-threonine transport system in Escherichia coli. Biochim.
Biophys. Acta 905:231–239.

8. Inaba, K., T. Kuroda, T. Shimamoto, T. Kayahara, M. Tsuda, and T. Tsu-
chiya. 1994. Lithium toxicity and Na1(Li1)/H1 antiporter in Escherichia coli.
Biol. Pharm. Bull. 17:395–398.

9. Ivey, D. M., A. A. Guffanti, J. Zemsky, E. Pinner, R. Karpel, E. Padan, S.

Schuldiner, and T. A. Krulwich. 1993. Cloning and characterization of a
putative Ca21/H1 antiporter gene from Escherichia coli upon functional
complementation of Na1/H1 antiporter-deficient strains by the overex-
pressed gene. J. Biol. Chem. 268:11296–11303.

10. Jackowski, S., and J. H. Alix. 1990. Cloning, sequence, and expression of the
pantothenate permease (panF) gene of Escherichia coli. J. Bacteriol. 172:
3842–3848.

11. Karpel, R., Y. Olami, D. Taglicht, S. Schuldiner, and E. Padan. 1988.
Sequencing of the gene ant which affects the Na1/H1 antiporter activity in
Escherichia coli. J. Biol. Chem. 263:10408–10414.

12. Kim, Y.-M., Y. Tachibana, T. Shimamoto, T. Shimamoto, and T. Tsuchiya.
1997. Inhibition of melibiose transporter by amiloride in Escherichia coli.
Biochem. Biophys. Res. Commun. 233:147–149.

13. Kuroda, T., T. Shimamoto, K. Inaba, M. Tsuda, and T. Tsuchiya. 1994.
Properties and sequence of the NhaA Na1/H1 antiporter of Vibrio parahae-
molyticus. J. Biochem. 116:1030–1038.

14. Kuroda, T., T. Shimamoto, K. Inaba, T. Kayahara, M. Tsuda, and T. Tsu-
chiya. 1994. Properties of the Na1/H1 antiporter in Vibrio parahaemo-
lyticus. J. Biochem. 115:1162–1165.

15. Mochizuki-Oda, N., and F. Oosawa. 1985. Amiloride-sensitive Na1-H1 an-
tiporter in Escherichia coli. J. Bacteriol. 163:395–397.

16. Nozaki, K., K. Inaba, T. Kuroda, M. Tsuda, and T. Tsuchiya. 1996. Cloning
and sequencing of the gene for Na1/H1 antiporter of Vibrio parahaemolyti-
cus. Biochem. Biophys. Res. Commun. 222:774–779.

17. Pinner, E., E. Padan, and S. Schuldiner. 1992. Cloning, sequencing, and
expression of the nhaB gene, encoding a Na1/H1 antiporter in Escherichia
coli. J. Biol. Chem. 267:11064–11068.

18. Pinner, E., S. Schuldiner, and E. Padan. 1995. Amiloride and harmaline are
potent inhibitors of NhaB, a Na1/H1 antiporter from Escherichia coli. FEBS
Lett. 365:18–22.

19. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequencing with
chain-terminating inhibitors. Proc. Natl. Acad. Sci. USA 74:5463–5467.

20. Schuldiner, S., and E. Padan. 1993. Molecular analysis of the role of
Na1/H1 antiporters in bacterial cell physiology. Int. Rev. Cytol. 173:229–
266.

21. Taglicht, D., E. Padan, and S. Schuldiner. 1991. Overproduction and puri-
fication of a functional Na1/H1 antiporter coded by nhaA (ant) from Esch-
erichia coli. J. Biol. Chem. 266:11289–11294.

22. Tomic, M., I. Sunjevaric, E. S. Savtchenko, and M. Blumenberg. 1990. A
rapid and simple method for introducing specific mutations into any position
of DNA leaving all other positions unaltered. Nucleic Acids Res. 18:1656.

23. Tse, M., S. Levine, C. Yun, S. Brant, L. T. Counillon, J. Pouyssegur, and M.
Donowitz. 1993. Structure/function studies of the epithelial isoforms of the
mammalian Na1/H1 exchanger gene family. J. Membr. Biol. 135:93–108.

24. Tsuchiya, T., and T. H. Wilson. 1978. Cation-sugar cotransport in the melibi-
ose transport system of Escherichia coli. Membr. Biochem. 2:63–79.

25. Tsuchiya, T., S. M. Hasan, and J. Raven. 1977. Glutamate transport driven
by an electrochemical gradient of sodium ions in Escherichia coli. J. Bacte-
riol. 162:794–798.

26. Yazyu, H., S. Shiota-Niiya, T. Shimamoto, H. Kanazawa, M. Futai, and T.
Tsuchiya. 1984. Nucleotide sequence of the melB gene and characteristics of
deduced amino acid sequence of the melibiose carrier in Escherichia coli.
J. Biol. Chem. 259:4320–4326.

27. Yun, C. H. C., P. J. Little, S. K. Nath, S. A. Levine, J. Pouyssegur, C. M. Tse,
and M. Donowitz. 1993. Leu143 in the putative fourth membrane spanning
domain is critical for amiloride inhibition of an epithelial Na1/H1 exchanger
isoform (NHE-2). Biochem. Biophys. Res. Commun. 193:532–539.

7602 NOTES J. BACTERIOL.


