FEBS 15128

FEBS Letters 359 (1995) 255-258

Electrogenic Na* transport by Enterococcus hirae Na*-ATPase
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Abstract Energy-dependent generation of a membrane poten-
tial (Ays) (—45 mV, interior negative) was observed in the F,F,,
H*-ATPase-defective mutant of Enterococcus hirae. The genera-
tion of Ay was found at high pH (but not at low pH), for which
intracellular Na* was required but not extracellular K*. The
Ays-generating activity was induced in cells cultured in media
containing high concentrations of Na*, and was not observed in
the Na*-ATPase mutants. These results suggest that E. hirae
Na*-ATPase is responsible for the electrogenic sodium pump.
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1. Introduction

The Gram-positive bacterium Enterococcus hirae, which
lacks the respiratory chain, has two sodium extrusion systems:
Na'/H* antiporter [1,2] and Na*-translocating ATPase [3].
Na*/H* antiporter functions to extrude Na® from the cyto-
plasm at low pH where the proton potential is generated by
F,F,, H"-ATPase, and Na*-ATPase functions to extrude Na*
at high pH where generation of the proton potential is minimal
[4]. In the early work on Na*-ATPase, it was speculated that
Na*-ATPase functions electroneutrally and may exchange Na*
for H* [3]. Later Kakinuma and Harold reported the Na*-
ATPase-dependent K* uptake (KtrII) activity in whole cells; an
apparently equimolar exchange of internal Na™ for external K*
took place in the absence of proton potential [5]. This Na*/K*
exchange could be explained in two ways: (i) a direct Na*/K*
exchange by the Na*-ATPase or (ii) the combined effect of two
separate pumps: the Na*-ATPase and the K* pump [4,6].

Our recent biochemical and molecular biological studies
have shown that the expected structure of E. hirae Na™-ATPase
resembles those of vacuolar (V)-type H™-ATPases distributed
in various organisms [7-9]; the two major subunits (NtpA of
69 kDa and NtpB of 52 kDa) of E. hirae Na*-ATPase are
homologous counterparts of V-ATPases [8]. Very recently we
found a 16 kDa proteolipid subunit in the E. hirae Na*-ATPase
complex, the amino acid sequence of which is similar to those
of various 17 kDa proteolipid subunits of eukaryotic V-type
H*-ATPases [10]. The V-type H*-ATPases so far reported in
various organisms are all electrogenic proton pumps [11]; the
17 kDa proteolipid subunits of eukaryotic V-ATPases are con-
sidered as the electrogenic proton pathway.

In this report, we examined whether the Na*-ATPase works
as the electroneutral Na*/K* exchanger or the electrogenic Na*
pump. In a E. hirae H'-ATPase mutant, we observed the gen-
eration of a membrane potential (interior negative) which was
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totally dependent on both the internal Na* and the activity of
Na*-ATPase, but not on the external K*. E. hirae Na*-ATPase
may be an electrogenic Na™ pump.

2. Materials and methods

2.1. Strains andMedia

E. hirae ATCC 9790 or mutants derived from this strain were used:
these were strain 7683, a mutant defective in sodium extrusion, and its
revertants R-I and R-II [3], and mutant AS25, which is defective in
FF,-ATPase and in proton extrusion [12]. Cells were grown on com-
plex media [5], NaTY (1% tryptone, 0.5% yeast extract, 1% glucose and
0.85% Na,HPO,) or KTY (tryptone, yeast extract and glucose as above,
and 1% K,HPO, in place of Na,HPQ,). In some experiments, sodium
chloride was added to the culture in KTY medium to induce the Na”-
ATPase activity [4]. In order to induce the arginine deiminase pathway
[13], cells were grown on NaTY medium containing 1% arginine and
0.1% galactose instead of 1% glucose.

2.2. Preparation of the cation-loaded cells

The Na™-loaded cells were prepared by the monactin method as
described previously [14]. The choline-loaded cells were prepared by
incubating the Na*-loaded cells in a buffer containing 50 mM Tris-
chloride, 400 mM choline chloride, and 10 mM glucose at pH 8.5 for
more than 70 min at room temperature [5).

2.3. Measurement of the membrane potential

The membrane potential was calculated from the accumulation of
[*Cltetraphenylphosphonium ion (TPP*). The Na*-loaded cells were
suspended in 50 mM Na’-N-tris(hydroxymethyl)methylglycine
(Tricine) buffer (pH 8.6) at a density of | mg (dry weight) per ml, and
[*C]TPP* (10 uM, 18.5 MBg/mmol) was added to the cell suspension.
At intervals, aliquots were collected by filtration on Millipore filters
(pore size 0.45 um) and were washed twice with 2 mM MgSO,. The
radioactivity of the filters were counted by a liquid scintillation counter.
The cellular water space was considered to be 1.75 ul/mg dry weight.

2.4. Others

Preparation of membrane vesicles and assay of sodium-stimulated
ATPase activity in the presence of 0.5 mM N,N’-dicyclohexylcar-
bodiimide (DCCD) were performed as described previously [5].
['“C]TPP* was purchased from NEN Research Products; other reagents
were of analytical grade.

3. Results

3.1. Generation of membrane potential by a H"-ATPase mutant
at high pH

As this bacterium lacks the respiratory chain, the Ay (interior
negative) is usually generated by electrogenic proton extrusion
via the H*-ATPase, the activity of which is maximal at around
pH 7 [15]. 1t has been reported that a Ay of about —120 mV
is generated at pH 7.5 in the wild-type strain 9790 [16], with
Na'-loaded 9790 cells suspended in a buffer containing 50 mM
Na™, a Ay of about —60 mV was generated in the absence of
glucose, and Ay was further increased to —120 mV by addition
of glucose. Fig. 1 shows the generation of 4y in strain AS25,
which is defective in H*-ATPase activity and generation of the
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Fig. 1. Generation of a membrane potential in a F,F,-ATPase mutant. Mutant AS25 was grown on NaTY medium, loaded with Na* by the monactin
method [14], and suspended in 50 mM Na*-Tricine buffer at pH 7.0 (A) or at pH 8.6 (B). After the addition of 0.5 mM DCCD at 0 min, ['*C]TPP*
uptake was measured as described in section 2. As indicated by the arrows, 10 mM glucose (@), 10 uM TCS (2), 0.5 mM KCI (a) or 5 mM KCl

(O) was added at 25, 55, 55 or 55 min, respectively.

proton potential [12]. Cells were cultured in NaTY medium,
and the assays were performed with Na'-loaded cells sus-
pended in 50 mM Na*-Tricine buffer. At pH 7.0, glucose-
dependent generation of Ay was negligible in this H"-ATPase
mutant (Fig. 1A). At pH 8.6, on the other hand, a A4y of —45
mV (interior negative) was generated by addition of glucose
(Fig. 1B), although the H"-ATPase is genetically defective and
DCCD, an inhibitor of H*-ATPase, was included in the assay
buffer. With arginine-adapted AS2S cells in which the arginine
deiminase pathway was induced (see section 2) a Ay of about
=50 mV was also generated by addition of 10 mM arginine
(data not shown), suggesting that ATP is probably the common
energy donor of the Ay generation. The generation of 4y was
only slightly inhibited by addition of a protonophore such as
tetrachlorosalicylanide (TCS), but K™ collapsed the 4y at high

concentrations (Fig. 1B). These results suggested that ATP-
driven generation of 4y, which is not coupled with proton
movement, occurred at high pH.

3.2. Intracellular Na* is required for generation of membrane
potential

When the experiment was performed with the choline-loaded
AS25 cells suspended in Tris-Tricine buffer (pH 8.6) (Fig. 2A),
glucose-dependent generation of Ay was small. However, the
generation of Ay by the choline-loaded cells was increased to
about —40 mV by addition of 25 mM Na" to the reaction buffer
(Fig. 2B). The generation of Ay (about —45 mV) was also
observed in Na'*-loaded AS25 cells suspended in a buffer free
of Na* (50 mM Tris-Tricine buffer, pH 8.6) (Fig. 2C), suggest-
ing that internal Na” is required for ATP-driven generation of
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Fig. 2. Sodium dependence of generation of a membrane potential. Mutant AS25 was grown on NaTY medium, and loaded with Na* or choline
as described in section 2. ["*C]TPP* accumulation was measured in choline-loaded cells suspended in 50 mM Tris-Tricine buffer (pH 8.6) (A),
choline-loaded cells suspended in Tris-Tricine buffer containing 25 mM Na*-Tricine (B), and Na™-loaded cells suspended in 50 mM Tris-Tricine buffer

(O). Glucose (10 mM) was added at 25 min.
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Fig. 3 Inducibility of generation of a membrane potential. Mutant AS25 was grown on KTY medium (A) or KTY medium containing 0.2 M NaCl
(B). Chloramphenicol (100 ug/ml) was added together with 0.2 M NaCl at A, = 0.1 to the culture, and cells were harvested at 4.y, = 0.6 (C). The
Na-loaded cells were prepared by the monactin method and [“C]TPP* accumulation was assayed as described in the legend of Fig. 1. Glucose

(10 mM) was added at 25 min.

Ay at high pH. The generation of 4y was minimal by the
K*-loaded AS25 cells suspended in 50 mM K*-Tricine buffer
(pH 8.6) (data not shown).

3.3. Generation of membrane potential by Na*-ATPase

E. hirae Na'-ATPase functions to extrude Na* from the
cytoplasm at alkaline pH [4]. It is most probable that the ATP-
driven 4y generation observed in the above sections results
from extrusion of sodium ions via the Na*-ATPase, since the
Ay generation was observed at high pH (Fig. 1) and depended
on the internal Na™ (Fig. 2). Glucose-dependent generation of
Ay was examined with several Na*-ATPase mutants in the
presence of 0.5 mM DCCD (Table 1). Mutant 7683 lacks Na*
extrusion activity; that is, both the Na*-ATPase and Na*/H*
antiporter are defective [17]. R-1 is a revertant of 7683, which
had recovered only the activity of the Na*/H* antiporter, while
R-II is another revertant that had recovered both Na* extru-
sion activities [13]. Glucose-dependent Ay generation of —41
mV, which was resistant to DCCD, was generated in the parent
strain 9790, but it was not observed in 7683. Generation of Ay
was not recovered in R-I but was in R-II. These results indicate
that the Na*-ATPase is essential for the generation of Ay under
our conditions.

As E. hirae Na*-ATPase is induced in high-Na* medium

Table 1
Generation of a membrane potential by Na*-ATPase mutants

Strain Generation of the membrane potential (mV)
— Glucose + Glucose Glucose-dependent
9790 785 119+7 41
7683 784 78 + 8 0
R-1 808 84 +9 4
R-II 81+ 11 1219 40

Cells were grown on NaTY medium, loaded with Na* by the monactin
procedure, and suspended in 50 mM Na*-tricine buffer (pH 8.6). After
the preincubation for 10 min with 0.5 mM DCCD, the membrane
potential was assayed by ['*C[TPP* accumulation as shown in Fig. 1.
The values are in means + S.D.

[4.6], the effect of culture conditions on the generation of Ay
was also examined (Fig. 3). Generation of 4y at pH 8.6 was
minimal in cells grown on KTY medium which contained about
15 mM Na* (Fig. 3A), but it increased remarkably in cells
grown on high Na” medium (KTY medium containing 0.2 M
NaCl) (Fig. 3B). However, when chloramphenicol (100 gg/ml)
was added to KTY medium together with NaCl, the generation
of Ay was limited (Fig. 3C). The Na*-stimulated ATPase activ-
ities of the membranes prepared from these cells were 0.01
(KTY medium), 0.15 (KTY medium containing 0.2 M NaCl)
and 0.02 (the same medium in the presence of chloramphenicol)
Aumol/min/mg protein, respectively. From these results we pro-
pose here that the inducible E. hirae Na'-ATPase transports
sodium ions electrogenically.

4. Discussion

We observed here the Na*-ATPase-dependent generation of
Ay in intact E. hirae cells. As Na'-ATPase activity is optimal
at pH 8.5-9.0 [4], the 4y was generated at pH 8.6 but not at
pH 7.0 (Fig. 1). One decade ago, the direct Na*/K* exchange
model was considered the simplest hypothesis for Na*-ATPase-
dependent K* uptake (Ktrll) [5]. However, we should recon-
sider this model of E. hirae Na™-ATPase, since K* is probably
not essential for the Na*-ATPase reaction. First, the Na*-ATP-
ase-dependent generation of Ay was observed under the exper-
imental conditions where potassium ions are free; less than 0.1
mM K" may be contaminated. Second, the generation of Ay
was not stimulated by the external K* (Fig. 1B). At the high
concentration, K* dissipated the Ay (Fig. 1B). Thus K* is not
obligatorily coupled with Na*-ATPase. This ATPase may
uniport Na®; analogous to other V-type ATPases [11], the
NtpK proteolipid subunit of the Na"-ATPase is the candidate
for the electrogenic Na'-penetrating pathway. Although the
molecular mechanism of the Ktrll system is still unknown, the
direct exchange model of the Na*-ATPase should be with-
drawn. It is noteworthy that 4y, although small, was generated
by choline-loaded AS25 cells suspended in a buffer free from
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Na* (Fig. 2A). This 4y was not observed in the presence of
protonophore (data not shown), suggesting that it results from
proton transport. It may be possible that the Na*-ATPase also
transports H* under non-physiological conditions [18,19]. Pu-
rification of reconstitutively active enzyme is important for
further investigation of the mechanism of Na*-ATPase and it
is now in progress.

Skulachev has pointed out the importance of Na™ circulation
for bacterial physiology [20]. We have observed the generation
of a Na™ electrochemical potential of about —100 mV in grow-
ing cells in NaTY medium at high pH [4]. Although only the
Ktril activity has been reported to be Na*-dependent [5], the
generation of the Na* potential by means of the Na™-ATPase
should be utilized for the survival of E. hirae at high pH. In
order to understand the significance of Na* circulation in E.
hirae it is important to investigate the interplay of many Na’-
coupled systems.
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