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Abstract A K'/H" antiport system was detected for the
first time in right-side-out membrane vesicles prepared
from alkaliphilic Bacillus sp. no. 66 (JCM 9763). An out-
wardly directed K* gradient (intravesicular K* concen-
tration, K;,, 100mM; extravesicular K* concentration, K.,
0.25mM) stimulated uphill H" influx into right-side-out
vesicles and created the inside-acidic pH gradient (ApH).
This H" influx was pH-dependent and increased as the pH
increased from 6.8 to 8.4. Addition of 100uM quinine inhib-
ited the H" influx by 75%. This exchange process was
electroneutral, and the H" influx was not stimulated by the
imposition of the membrane potential (interior negative).
Addition of K* at the point of maximum ApH caused a
rapid K*-dependent H" efflux consistent with the inward
exchange of external K* for internal H' by a K'/H"
antiporter. Rb™ and Cs™ could replace K but Na* and Li*
could not. The H" efflux rate was a hyperbolic function of
K" and increased with increasing extravesicular pH (pH,,,)
from 7.5 to 8.5. These findings were consistent with the
presence of K'/H" antiport activity in these membrane
vesicles.
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Introduction

Investigations of how pH homeostasis is achieved in various
bacterial species have focused on the role of a Na*/H"
antiporter or K'/H" antiporter in the cell membrane
(Booth 1985; Krulwich 1986; Padan and Schuldiner 1994). It
has been suggested that a Na"/H" antiporter is involved in
regulation of intracellular pH in alkaline environments.
Escherichia coli possesses at least two distinct Na*/H"
antiporters (Nha A, Nha B), and the cell becomes sensitive
to high salinity and alkaline pH when the nhaA gene is
deleted from the chromosome (Karpel et al. 1988, 1991;
Pinner et al. 1992, 1993; Taglicht et al. 1991).

In our previous reports, we reported that a membrane
potential (A¥)-dependent Na*/H" antiporter played a cru-
cial role in pH homeostasis within an alkaline range in
alkaliphilic Bacillus species (Hamamoto et al. 1994; Kitada
et al. 1989, 1994; Kitada and Horikoshi 1992; Kudo et al.
1990). On the other hand, there were indications that a K/
H" antiporter functioned in pH homeostasis when the cyto-
plasmic pH was alkalinized. The glycolyzing cells of Strepto-
coccus faecalis (Enterococcus hirae), suspended in an
alkaline medium, extruded K" against a K" concentration
gradient by exchange for H* via an ATP-driven K'/H"
antiport system (Kakinuma and Igarashi 1995). Thus, the
pH,,-responsive primary K*/H" antiport system worked for
pH,,-regulation of this strain growing at a high pH. Cells
of Vibrio alginolyticus expelled K* through a K'/H"
antiporter that was driven by an outwardly directed K"
gradient (Nakamura et al. 1984). This K'/H" antiporter
functioned as a regulator of cytoplasmic pH to maintain a
constant value of 7.8. However, K'/H" antiport systems in
membrane vesicles of these strains have not been demon-
strated. Brey et al. first discovered a K'/H" antiporter in
everted membrane vesicles of Escherichia coli (Brey et al.
1980). This K'/H" antiport system was characterized by the
effect of K™ on the pH gradient formed by oxidation of
lactate, and functioned to extrude K* from inside at the
expense of the ApH component of the proton motive force
(pmf). There was also an indication that a K*/H" antiporter
was present in an alkaliphile. Mandel et al. (1980) have
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suggested that a K'/H" antiporter could be involved in
regulation of the cytoplasmic pH in a lower pH range. How-
ever, the exact physiological role of the K'/H" antiporter
has not yet been elucidated.

During studies on the AW-dependent Na*/H* antiporter
in Bacillus sp. no. 66, we detected uphill H' influx into the
right-side-out vesicles produced by an outwardly directed
K" gradient without imposition of AW. The present work
was conducted to characterize the K*/H" antiporter in
membrane vesicles of this strain. We also studied its kinetic
properties and the reverse reaction.

Materials and methods
Bacterial strain and growth conditions

An alkaliphilic Bacillus sp. no. 66 (JCM 9763) was grown at
37°C in an alkaline medium (pH 10) with shaking as
described previously (Kitada and Horikoshi 1987).
Taxonomical properties of this strain will be described
elsewhere.

Preparation of membrane vesicles

The right-side-out membrane vesicles were prepared using
a modification of Kaback’s method (Kitada et al. 1982). K-
loaded vesicles were prepared by lysing protoplasts in
20mM Tris chloride buffer (pH 9) containing 100mM KCl
and 5mM MgSO, (the dilution buffer). The salt composi-
tion was suitably changed according to each experiment and
the internal cation content was kept at 100mM. Fluorescein
isothiocyanate (FITC)-dextran-containing vesicles were
prepared by diluting protoplasts into the dilution buffer
containing FITC-dextran (average MW 40000) at 7.5uM
concentration. External probe was removed by washing
with dilution buffer. The everted vesicles were prepared
by French press lysis of protoplasts. Protoplasts were
suspended with 10mM Tris chloride buffer (pH 9) con-
taining 100mM choline chloride, SmM MgSO,, 0.05mM
dithiothreitol, and 10% glycerol, and were lysed in a French
pressure cell at 500kg/cm’. The lysed suspension was
treated with 5ug/ml of DNase and centrifuged at 12000 X g
for 10min. Then, the supernatant suspension was cen-
trifugred at 180000 X g for 1h and washed once with the
same buffer. The vesicles were suspended at a final protein
concentration of 30mg/ml in the buffer solution.

Measurement of K'/H" antiporter activity

The H" movement through the K*/H" antiporter was moni-
tored using quenching of quinacrine dye (Tsuchiya and
Takeda 1979) or FITC-dextran fluorescence (Brierly 1988).
Right-side-out vesicles prepared as described were con-
centrated to about 15mg protein per ml with the dilution
buffer. Aliquots (5ul) of vesicle suspension were diluted
into 2ml of 20mM Tris chloride buffer (pH 9) contain-

ing 100mM choline chloride, 5SmM MgSO, (the reaction
buffer), and 2mM quinacrine. The fluorescence quenching
of quinacrine was measured in a Hitachi 650-40 fluorometer
(Hitachi, Tokyo, Japan) with excitation at 420nm and emis-
sion at 500nm. The measurement of pH;, by FITC-dextran
was carried out as follows. Aliquots (5ul) of FITC-loaded
concentrated vesicle suspension (pH 9) were diluted
into 2ml of reaction buffer and the change in fluorescence
was monitored with excitation at 480nm and emission at
520nm. At the end of each experiment, gramicidin was
added into the reaction mixture at 10uM concentration.
Then, pH,,(=pH,,) was varied by successive additions of
HCl solution, and changes in pH,,(=pH,,,) and fluorescence
intensity were measured at the same time. Thus, the rela-
tion of fluorescence intensity to pH,, was obtained. In this
experimental condition, AF was linearly related to ApH in
the pH range from 6.8 to 7.8. A K*/H" antiport activity in
everted membrane vesicles was inferred based on its ability
to collapse a transmembrane ApH generated by the
addition of the electron donor. The reaction mixture (2ml)
contained 10mM Tris chloride (pH 9), 100mM cho-
line chloride, 5SmM MgSO,, 2uM quinacrine, and 0.6mM
NADH (Tris salt). After the steady state value of ApH was
reached, 10mM KCI or RbCl was added and the extent of
the fluorescence enhancement was recorded.

Fluorometric determination of intravesicular
K™ concentration

Decrease in intravesicular K* concentration was monitored
by measuring fluorescence of potassium fluorescent indica-
tor (PBFI)-loaded right-side-out vesicles (Jezek et al. 1990).
The fluorescent K™ indicator, PBFI, was added into 100ul of
concentrated vesicles at a final concentration of 280uM.
The suspension was then sonicated for about 1 min at 6-min
intervals during a 1-h incubation in a bath sonicator. Exter-
nal probe was removed by successive washings with probe-
free buffer. The fluorescence of PBFI-loaded vesicles was
measured in a fluorometer with excitation at 343nm and
emission at 500nm.

Determination of membrane potential
The diffusion potential (inside negative) was measured

by assaying the quenching of rhodamine 6G as described
previously (Kitada and Horikoshi 1992).

Protein determination
Protein amounts were determined by the method of Lowry

et al. (1951) with a DC protein assay kit (Bio-rad, Hercules,
CA, USA).

Chemicals

Choline chloride, valinomycin, gramicidin, FITC-dextran
(average MW 40000), and PBFI were from Sigma (St.



Louis, MO, USA). All other chemicals were obtained
commercially at the highest level of purity available.

Results

K*/H" antiport system in right-side-out membrane
vesicles of Bacillus sp. no. 66

When K'-loaded vesicles of Bacillus sp. no. 66 were sus-
pended in K*-free Tris chloride buffer (pH 9, 20mM) con-
taining 100mM choline chloride, fluorescence quenching of
quinacrine was observed, showing that an inside-acidic ApH
was formed during this process (Fig. 1A). Rb* could replace
K* but Na® or Li* could not Furthermore, if K*-loaded
vesicles were suspended in 100mM KCl buffer, fluorescence
quenching of quinacrine was not observed. This showed
that an outwardly directed K" gradient was necessary for
the uphill influx of H". This reaction strongly depended on
the medium pH, and H" influx was maximal at a pH around
8.4 (see later). The addition of valinomycin (10uM) gave a
slight inhibitory effect on H" influx, showing that the for-
mation of a membrane potential (inside negative) did not
stimulate H” influx.

The efflux of K, was monitored by the PBFI fluore-
scence change under the same condition as for H' influx. As
shown in Fig. 1B, a rapid decrease in PBFI fluorescence was
observed when K "-loaded vesicles were diluted into the K'-

Fig. 1. K*-gradient (AK")-dependent H" in-
flux (A) into, and K" efflux (B) from, right-
side-out membrane vesicles of Bacillus sp. no.
66. A The quenching of quinacrine was initi-
ated by addition of K*-loaded vesicles (75ug
protein) into choline chloride buffer (pH 9)
in the presence (b) or absence (c¢) of 10uM
valinomycin. The control experiment (a) was
performed in KCI buffer (pH 9) instead of
choline buffer. B The experimental condi-
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free buffer. Calibration of PBFI fluorescence corresponding
to K" concentration in vesicles was carried out by adding
gramicidin and known amounts of K" into the reaction
mixture at the end of K" efflux. These results indicated that
the outwardly directed K" gradient was utilized to generate
an inside-acidic ApH by means of the K*/H" antiporter.
This uphill influx of H" has not been observed in other
alkaliphiles such as Bacillus alcalophilus (Mandel et al.
1980), Bacillus firmus RAB (Krulwich et al. 1982), Bacillus
sp. C-125 (Kitada et al. 1994), and Bacillus sp. N-6 (Kitada
and Horikoshi 1992).

Effect of quinine and Mg’* on K*/H" antiporter

To test whether H™ might be transported via the K'/H"
antiporter, the effect of quinine, a specific inhibitor of the
K*/H" antiporter (Garlid et al. 1986), on the K*/H" antiport
activity was examined. Figure 2A shows the inhibition of
H" influx by the addition of quinine into the reaction buffer
up to 100uM. Addition of 25uM quinine inhibited the H*
influx by 50%. When quinine was increased to 100uM,
the reaction was inhibited by 70%. A similar result was
obtained by the addition of quinidine (not shown).

It has also been shown that the internal Mg** concentra-
tion affects the activity of the K'/H" antiporter (Kakar et
al. 1989). The right-side-out vesicles loaded with different
levels of Mg** were diluted into the reaction buffer contain-
ing a Mg®" concentration equal to internal Mg’", and the
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Fig. 2. Inhibition of H" influx by quinine (A) or

Mg** (B). A Initial rates of H" uptake, obtained 100

from initial slopes of data traces such as those of
Fig. 1, were obtained in the presence of various
concentrations of quinine. Rates are expressed
as percent of the control experiment without
inhibitor. B Right-side-out vesicles were pre-
pared in KClI buffer (pH 9) containing different
amounts of Mg**. Initial rates of H" uptake
were obtained as described in A, and rates were
expressed as percentage of the control experi-
ment with 5SmM Mg”*
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quenching of quinacrine fluorescence was observed. As
shown in Fig. 2B, the increase of Mg*" concentration from
1mM to 30mM inhibited the influx of H*. These results
show that the decrease of internal Mg*" concentration
stimulates K"/H" antiport activity, similarly to the K'/H"
antiporter in other systems (Bernaldi and Azzone 1983;
Brierly and Jung 1990; Wieczorek et al. 1991). When the
vesicles loaded with 1 mM Mg** were diluted into the reac-
tion buffer containing 20mM Mg’", the H" influx rate was
nearly identical to that when diluted into 1 mM Mg** buffer.
In contrast, 20mM Mg’*-loaded vesicles exhibited no in-
crease in H' influx when diluted into 1mM Mg*" buffer.
Therefore, it is clear that the internal Mg’ content had a
significant effect on K*/H" antiport activity when it oper-
ated in the direction of H" influx.

Effect of pH

The effect of pH on K*/H" antiport activity was examined
by measuring H" influx into right-side-out vesicles at differ-
ent pH values. Since quinacrine fluorescence was influenced
by pH, we used FITC-dextran instead of quinacrine as a
fluorescence probe. K'-loaded vesicles containing FITC-
dextran were diluted into K'-free choline chloride buffer at
different pH values and the steady state was attained in
2min. The magnitude of ApH at steady state was calculated

08 r
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05

03

K*+/H* antiport activity (ApH)

02

6.5 7 75 8 85
pH

Fig. 3. pH dependence of the K*/H" antiporter. The activity of the K*/
H" antiport system was assayed by fluorescein isothiocyanate (FITC)-
dextran fluorescence. K*-loaded vesicles containing FITC-dextran
were prepared in Tris-chloride buffer (20mM) at pHs ranging from 6.8
to 8.4, and 5l aliquots (75 ug protein) were diluted in 2ml of choline
chloride buffer at the same pH as the internal pH. The K*/H" antiport
activity was expressed as the pH gradient (ApH) formed during a 2-min
incubation

by the decrease of FITC-dextran fluorescence. As shown in
Fig. 3, ApH increased as pH increased from 6.8 to 8.4,
indicating this K'/H" antiporter was pH-dependent.

Effect of extracellular K" concentration and pH
on the rate of H" efflux

As mentioned, when K" -loaded right-side-out vesicles were
diluted into K" -free buffer, H" influx into vesicles was ob-
served and an acid-interior ApH was maintained. Addition
of K" at the point of maximum ApH formation caused a
rapid H' efflux by the inward exchange of K* for intra-
vesicular H" on the K*/H" antiporter. The response to K*
was immediate, and Rb" and Cs* could replace K* but Na*
or Li* could not (Fig. 4). This K*-dependent alkalinization
of pH;, was determined using FITC-dextran (Brierly et al.
1988 ). The right-side-out vesicles were prepared in the
dilution buffer containing FITC-dextran at pH 9. When the
vesicles were diluted into choline chloride buffer at pH 8.5,
8, or 7.5, pH,, rapidly decreased and then reached the steady
state value of 7.18, 6.97, or 6.86, respectively. Addition of
K" at this point caused a rapid alkaline shift in pH;,. As
shown in Fig. 5, the rate of alkalinization showed a hyper-
bolic relationship to K concentration and increased with
increasing pH,,, from 7.5 to 8.5.

out

Stoichiometric analysis

In order to test whether this K'/H" antiport reaction is
electroneutral or electrogenic, the formation of a mem-
brane potential during the K*-H" exchange reaction was
measured by a fluorescence method (Kitada and Horikoshi
1992). As shown in Fig. 6, during H" influx via the K'/H"
antiporter, there was no change in fluorescence of rho-
damine 6G, indicating that an interior-negative membrane
potential was not generated. This shows that the stoichio-
metric ratio between K" efflux and H" influx is not more
than 1. Furthermore, if this ratio is less than 1, i.e., K'/H"
< 1, the imposition of an interior-negative potential should
stimulate H" influx. However, this was not the case, be-
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Fig. 4. K'-dependent H" efflux as followed by the reversal of
quinacrine quenching. An inside-acidic ApH was generated as de-
scribed in Fig. 1a. At the point of the maximum ApH, the various
cations indicated were added at the final concentration of 20mM for
Cs*,Na", and Li*, and 10mM for K™ and Rb*
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Fig. 5. Effect of extravesicular K* concentration on H* efflux. An
inside-acidic ApH was created in the presence of FITC-dextran at pH
7.5 (squares), 8.0 (open circles), and 8.5 (closed circles). Then, the initial
rate of H' efflux was estimated from the initial rate of increase in
FITC-dextran fluorescence following the addition of various amounts
of KCl

Fig. 6. Changes of a membrane potential dur-
ing a K'-H" exchange reaction in membrane
vesicles of Bacillus sp. no. 66. Right-side-out
membrane vesicles( 50 ug protein) were diluted
into the reaction buffer containing 2uM
quinacrine (A) or 10uM rhodamine 6G (B),
and the H' influx (A) and the formation of
membrane potential (B) were monitored. Ar-
rows indicate the addition of 0uM (a) or 10uM
(b) valinomycin. The quenching of rhodamine
6G (B b) shows the formation of an inside-
negative potential
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cause, as shown in Fig. 6, the addition of valinomycin
had no stimulatory effect on H" influx. In order to clarify
the stoichiometric relationship in more detail, the Static
Head method was applied to this K'/H" antiport reaction
(Ahearn et al. 1990; Turner and Moran 1982). The experi-
ment in Fig. 1a was carried out in the presence of ApH
(pH;, 8.5; pH,,, 9.5). At 10mM external K*, when K*, /K",
was equal to H",/H",,, there was no measurable influx of
H* while at K", concentrations less than 10mM, that is,
when K*, /K" exceeded H'in/H' ,, H" influx was ob-
served. These results supported the conclusion that the
transport stoichiometry of this K'/H" antiporter was
electroneutral.

pH homeostasis

The results obtained raised the question as to whether the
K*/H" antiporter plays a role in pH homeostasis in this
strain under physiological conditions. Therefore, the K'/H"
antiporter was measured in everted membrane vesicles
under respiration. The K*/H" antiporter activity was esti-
mated by the partial abolishment of the ApH which was
formed by oxidation of NADH in everted vesicles. As
shown in Fig. 7, addition of KCI (or RbCl) to respiring
everted vesicles resulted in transient alkalinization of the
interior, indicating that protons were pumped out during
respiration and then some of them returned into the vesicles
through the K*/H" antiporter. Furthermore, when right-

(A) (B)

a

20%
Fluorescence

| | E— { 1 !

0 1

Time (min)

2 3 0 1 2 3
Time (min)



140

20%
}Huorescence

2 min

K+, Rb+

-
f

Fig. 7. Antiporter activity of everted membrane vesicles from Bacillus
sp. no. 66. Antiporter activity was measured by monitoring the
fluorescence of quinacrine. As indicated by the first arrow, the energy
donor Tris-NADH (at the final concentration of 0.6 mM) was added to
initiate quenching. After the addition of the appropriate cations at the
final concentration of 10mM (the second arrow), antiporter activity
was measured as the reversal of quenching

Cholinet

side-out membrane vesicles loaded with K* were suspended
in Tris-chloride buffer containing K™ and energized with
ascorbate plus tetramethyl-p-phenylenediamine (TMPD)
at pH 7, these vesicles generated a small, but distinct, in-
side-acidic ApH (data not shown). Therefore, the K*/H"
antiporter in this strain contributes to acidification of the
vesicle interior at an alkaline region (pH9).

Discussion

Uphill H" influx was detected in right-side-out vesicles of
Bacillus sp. no. 66 strain produced by an outwardly directed
K" gradient without imposition of AW (interior negative).
This H* influx was increased at elevated pH, was sensitive
to internal Mg’ concentration, and was inhibited by qui-
nine. The H" influx was reduced in right-side-out vesicles
prepared in the presence of trypsin (data not shown), indi-
cating that this K'/H" antiporter was trypsin-sensitive, as
observed in everted vesicles of E.coli (Brey et al. 1980).
These properties were the same as those of the K'/H"
antiporter found in other systems (Garlid et al. 1986; Kakar
et al. 1989; Bernaldi and Azzone 1983; Brierly and Jung
1990; Wieczorek et al. 1991; Brierly et al. 1984), and sup-
ported the existence of a K'/H" antiport system in isolated
membrane vesicles of Bacillus sp. no. 66. Although the
physiological properties of this strain have not been de-

scribed in this paper, this strain was isolated on an alkali
minimal medium composed of br-lactate, (NH,),SO,,
K,HPO,, and MgSO, at pH 10. This strain was able to grow
in the presence of 200mM KCI at pH 10 whereas Bacillus
sp. C-125 was not able to grow at 100mM KCI. However,
the role of the K*/H" antiporter in K™ tolerance cannot be
decided at the present time. For K*-dependent H" efflux,
a hyperbolic relation to external K* concentration was
shown. The efflux of H" was much more rapid than the
influx of H', as seen in Fig. 1A, and decreased with decreas-
ing pH. A similar inhibitory effect of H' ,, on K*-dependent
H" efflux was observed in beef heart mitochondria, where
H',, acted as a mixed-type inhibitor (Brierly and Jung
1990). On the other hand, in the K'/H" antiporter of the Sf9
insect cell line, the apparent K,, for K*-dependent H" efflux
was not very dependent on H ,, (Vachon et al. 1995).

Stoichiometric analysis of the Na*-H" or K*-H" ex-
change reaction is very important for the study of their
cellular functions. The coupling ratio for Na*~H™" exchange
has usually been determined by measuring the H"-gradient-
driven *Na* flux. Since the use of radiolabeled K* was not
available because of its short half life, we examined the
stoichiometry of this K'/H" antiport by measuring K"-
gradient-driven H" influx with quinacrine fluorescence. Our
results supported the conclusion that an electroneutral K'—
H" exchange took place in this K*/H" antiporter. It is nec-
essary to determine quantitatively the H' uptake by
vesicles. In this respect, the use of FITC-dextran for pH,,
determination seems to be apposite, because the ApH thus
determined can be converted to H* flux by titrating with
HCl in the presence of gramicidin. FITC-dextran was effec-
tive in a pH range between 6.5 and 8.0 in our experimental
conditions. Therefore, it was not proper to apply this
fluorescence probe to H' influx measurement because the
optimum H" influx took place at a pH around 9 and the
initial rate of H" influx could not be determined accurately.
On the other hand, once pH;, reached a steady state value at
pH 6.8-7.2 through the K'/H" antiporter, alkalinization of
pH,, by the addition of KCI could be measured by the
increase of fluorescence intensity, which was linearly re-
lated to the increase of pH,, at a pH range from 6.5 to 7.8.
Further work, including measurements of rates of K* trans-
port, will be necessary to determine a precise stoichiometry
for this K*/H" antiporter. Since Rb" can replace K, the
coupling ratio for Rb"~H" exchange could be determined
by the use of radiolabeled Rb" (**Rb").

The physiological role of this K*/H" antiporter remains
to be determined. There are some indications that a K'/H"
antiporter plays a role in pH homeostasis in bacteria. Brey
et al. (1980) examined properties of the K'/H" antiporter of
E.coli and postulated that K'/H" exchange via the K'/H"
antiport system regulated cytoplasmic pH rather than
Na®/H" exchange via the Na*/H" antiport system. In the
intact cells of V. alginolyticus, it was suggested that the
K*/H" antiporter functions as a regulator of cytoplasmic
pH to maintain a constant value of 7.8 over a pH range of
6-9, and the Na"/H" antiporter constitutes a part of the pH
homeostasis mechanism (Nakamura et al. 1984). Mandel
et al. (1980) suggested that the K'/H" antiporter in



Bacillus alcalophilus could be involved in the regulation of
cytoplasmic pH in a lower pH range. As already mentioned,
the K*/H" antiporter in this strain also seems to be involved
in pH homeostasis in a similar way to that of Bacillus
alkalophilus. However, the right-side-out vesicles loaded
with Na* exhibited a larger ApH (acid in) than K*-loaded
vesicles upon energization with ascorbate and TMPD. This
shows that the Na*/H" antiporter in this strain plays a pri-
mary role in pH homeostasis at an alkaline pH range, just as
seen in other alkaliphiles. The exact role of the K*/H"
antiporter remains to be elucidated.

Acknowledgments This work was partially supported by a grant for
the “Biodesign Research Program” from the Institute of Physical and
Chemical Research (Riken) to M.K. and T.K. We thank Mr. Satoru
Shinno for excellent technical assistance.

References

Ahearn GA, Franco P, Clay LP (1990) Electrogenic 2Na*/IH" ex-
change in crustaceans. ] Membr Biol 116:215-226

Bernaldi P, Azzone GF (1983) Electroneutral H*-K* exchange in liver
mitochondria: regulation by membrane potential. Biochim Biophys
Acta 724:212-223

Booth IR (1985) Regulation of cytoplasmic pH in bacteria. Microbiol
Rev 4:359-378

Brey RN, Rosen BP, Sorensen EN (1980) Cation/proton antiport
system in Escherichia coli. J Biol Chem 255:39-44

Brierly GP, Jung DW (1990) Kinetic properties of the K'/H" antiport
of heart mitochondria. Biochemistry 29:408-415

Brierley GP, Jurkowitz MS, Farooqui T, Jung DW (1984) K'/H"*
antiport in heart mitochondria. J Biol Chem 259:14672-14678

Brierley GP, Davis MH, Jung DW (1988) Intravesicular pH change in
submitochondrial particles induced by monovalent cations: Rela-
tionship to the Na’/H' and K'/H" antiporters. Arch Biochem
Biophys 264:417-427

Garlid KD, DiResta DJ, Beavis AD, Martin WH (1986) On the mecha-
nism by which dicyclohexylcarbodiimide and quinine inhibit K*
transport in rat liver mitochondria. J Biol Chem 261:1529-1535

Hamamoto T, Hashimoto M, Hino M, Kitada M, Seto Y, Kudo T,
Horikoshi K (1994) Characterization of a gene responsible for the
Na“/H" antiport system of alkaliphilic Bacillus species strain. Mol
Microbiol 14:939-946

Jezek P, Mahdi F, Garlid KD (1990) Reconstitution of the beef heart
and rat liver mitochondrial K*/H"(Na“/H") antiporter. J Biol Chem
265:10522-10526

Kakar SS, Mahdi F, Li X, Garlid KD (1989) Reconstitution of the
mitochondrial non-selective Na*/H"(K*/H") antiporter into proteo-
liposomes. J Biol Chem 264:5846-5851

Kakinuma Y, Igarashi I (1995) Potassium/proton antiport system of
growing Enterococcus hirae at high pH. J Bacteriol 177:2227-2229

Karpel P, Olmani Y, Taglicht D, Schuldiner S, Padan E (1988) Se-
quencing of the gene ant which affects the Na*/H" antiporter activity
in Escherichia coli. J Biol Chem 263:10408-10414

141

Karpel R, Alon T, Glaser G, Schuldiner S, Padan E (1991) Expression
of a sodium proton antiporter (NhaA) in Escherichia coli is induced
by Na" and Li" ions. J Biol Chem 266:21753-21759

Kitada M, Horikoshi K (1987) Bioenergetic properties of alkalophilic
Bacillus sp. strain C-59 on an alkaline medium containing K,CO;.
J Bacteriol 169:5761-5765

Kitada M, Horikoshi H (1992) Kinetic properties of electrogenic
Na“/H" antiport in membrane vesicles from alkalophilic Bacillus
sp. J Bacteriol 174:5936-5940

Kitada M, Guffanti AA, Krulwich TA (1982) Bioenergetic properties
and viability of alkalophilic Bacillus firmus RAB as a function of
pH and Na" contents of the incubation medium. J Bacteriol 152:
1096-1104

Kitada M, Onda K, Horikoshi K (1989) The sodium/proton antiport
system in a newly isolated alkalophilic Bacillus sp. J Bacteriol 171:
1879-1884

Kitada M, Hashimoto M, Kudo T, Horikoshi K (1994) Properties of
two different Na'/H" antiport systems in alkaliphilic Bacillus sp.
strain C-125. J Bacteriol 176:6464-6469

Krulwich TA (1986) Bioenergetics of alkalophilic bacteria. ] Membr
Biol 89:113-125

Krulwich TA, Guffanti AA, Bornstein RF, Hoffstein J (1982) A so-
dium requirement for growth, solute transport, and pH homeostasis
in Bacillus firmus RAB. J Biol Chem 257:1885-1889

Kudo T, Hino M, Kitada M, Horikoshi K (1990) DNA sequences
required for the alkalophily of Bacillus sp. strain C-125 are located
close together on its chromosomal DNA. J Bacteriol 172:7282-
7283

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951) Protein
measurement with the Folin phenol reagent. J Biol Chem 193:265-
275

Mandel KG, Guffanti AA, Krulwich TA (1980) Monovalent cation/
proton antiporters in membrane vesicles from Bacillus alcalophilus.
J Biol Chem 255:7391-7396

Nakamura T, Tokuda H, Unemoto T (1984) K*/H" antiporter func-
tions as a regulator of cytoplasmic pH in a marine bacterium, Vibrio
alginolyticus. Biochim Biophys Acta 776:330-336

Padan E, Schuldiner S (1994) Molecular physiology of Na“/H" antipor-
ters, key transporters in circulation of Na* and H" in cells. Biochim
Biophys Acta 1185:129-151

Pinner E, Padan E, Schuldiner S (1992) Cloning, sequencing, and
expression of the nhaB gene, encoding a Na'/H' antiporter in
Escherichia coli. J Biol Chem 267:11064-11068

Pinner E, Kotler Y, Padan E, Schuldiner S (1993) Physiological role of
Nha B, a specific Na'/H" antiporter in Escherichia coli. J Biol Chem
268: 729-1734

Taglight D, Padan E, Schuldiner S (1991) Overproduction and purifica-
tion of a functional Na*/H"* antiporter coded by nhaA (ant) from
Escherichia coli. J Biol Chem 266:11289-11294

Tsuchiya T, Takeda K (1979) Calcium/proton and sodium/proton
antiport systems in Escherichia coli. J Biochem 85:943-951

Turner RJ, Moran A (1982) Stoichiometric studies of the renal outer
cortical brush border membrane Dp-glucose transporter. J Membr
Biol 67:73-80

Vachon V, Paradis MJ, Marsolais M, Schwartz JL, Laprade R (1995)
Endogenous K*/H" exchange activity in the Sf9 insect cell line.
Biochemistry 34:15157-15164

Wieczorek H, Putzenlechnert M, Zeiske W, Klein U (1991) A
vacuolar-type proton pump energizes K'/H' antiport in an
animal plasma membrane. J Biol Chem 266:15430-15347






