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Abstract

V-ATPases make up a family of proton pumps distributed widely from bacteria to higher organisms. We found a variant
of this family, a Nat-translocating ATPase, in a Gram-positive bacterium, Enterococcus hirae. The Nat-ATPase was
encoded by nine ntp genes from F to D in an nip operon (ntpFIKECGABDHJ): the nipJ gene encoded a K transporter
independent of the Nat-ATPase. Expression of this operon, encoding two transport systems for Nat and K* ions, was
regulated at the transcriptional level by intracellular Na* as the signal. Structural aspects and catalytic properties of purified
Na*-ATPase closely resembled those of other V-type HT-ATPases. Interestingly, the E. hirae enzyme showed a very high
affinity for Na* at catalytic reaction. This property enabled the measurement of ion binding to this ATPase for the first time
in the study of V- and F-ATPases. Properties of Na™ binding to V-ATPase were consistent with the model that V-ATPase
proteolipids form a rotor ring consisting of hexamers, each having one cation binding site. We propose here a structure

model of Na't binding sites of the enzyme. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ion-motive adenosine triphosphatases (ATPases)
that do not form phosphorylated intermediates are
divided into two types: VoV;-type ATPase (V-ATP-
ase) and FyF,-type ATPase (F-ATPase). V-ATPases
are known as the proton pumps that acidify inside
various organelles and energize plasma membranes
in eukaryotic cells [1-3]. This acidification plays
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very important roles in many aspects of physiological
functions [1-5]. F-ATPase functions as an ATP syn-
thase in mitochondria, chloroplasts and oxidative
bacteria [6,7]. Both ATPases are similar multisubunit
enzymes consisting of a hydrophilic catalytic portion
(V1 and Fy, respectively) and a membrane-embedded
portion (Vo and Fy). In both cases, energy transfer
between ATP hydrolysis/synthesis and proton move-
ment requires three catalytic sites in the catalytic
moiety (V; and F;) and multiple proton-translocat-
ing proteolipids in the membrane-embedded portion
(V() and F()) [6—9].

A variety of primary sodium pumps have evolved
in organisms living in high salinity or high pH [10].
In the fermentative eubacterium Enterococcus hirae,
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we found a Na'-translocating V-ATPase that ex-
trudes sodium ions from the cytoplasm and generates
the Na* electrochemical gradient by using the energy
of ATP. This sodium pump plays an important role
in maintaining the sodium homeostasis of this bacte-
rium in an alkaline environment. Taking advantage
of the Nat-coupled enzyme, we are now going to
elucidate the mechanism of energy coupling of the
V-ATPase. In this article we summarize the function
and structure of E. hirae V-type Na™-ATPase.

2. Na*-ATPase (ntp) operon
2.1. Gene organization

Na*-ATPase is encoded by an nip gene cluster (nip
operon) consisting of 11 ntp genes: nipFIKEC-
GABDHJ (Fig. 1A). The Na*t-ATPase was purified
from the membranes of cells in which the amount of
Na'-ATPase was increased by introducing this nitp
operon [11,12]. Purified Na™-ATPase consists of nine

polypeptides, which were assigned to the ntzp gene
products from ntpF to ntpD. The amino acid sequen-
ces of the NtpA (69 kDa), NtpB (52 kDa) and NtpK
(16 kDa proteolipid) subunits, the major subunits of
this ATPase complex, were homologous (48-60%
identity) to those of the A, B and N, N’'-dicyclohex-
ylcarbodiimide (DCCD) binding proteolipid sub-
units, respectively, of V-ATPases from various ori-
gins. The other six Ntp proteins (F, I, E, C, G, and
D) are counterparts of eukaryotic V-ATPases,
although the similarities between their amino acid
sequences (35-50%) were only moderate (Fig. 1B).
V-ATPase subunits similar to the ntpH and ntpJ
gene products have not been found. As there is no
strong Shine-Dalgarno sequence upstream of the
mini ntpH gene, we now consider that ntpH is not
an open reading frame. Interestingly, the ntpJ gene
encodes a 49 kDa hydrophobic component of the K*
uptake system (Ktrll), and NtpJ is not mechanically
linked with the Na*-ATPase complex [13]. We spec-
ulate that the KtrlI (NtpJ) transport system is a sec-
ondary Na*/K™ symporter.
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V-type Na*-ATPase V-type H-ATPase
from E. hirae (kDa) Subcomplex o cerevisiae (kDa) Subcomplex 4
A (66) Vi Vmalp (69) Vi
B (51) Vi Vma2p (60) Vi
C (38) Vi Vmabp (36) Vo
D (27) Vi Vmagp (32) Vi
E (23) Vi Vmadp 27) Vi
F (14) Vi VmalOp (13) Vi
G (11) Vo? Vma7p (14) Vi/Vo
H (7) --- --- - -
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Fig. 1. Organization of the E. hirae Nat-ATPase (ntp) operon. (A) Structure of the ntp operon. The ntp operon is composed of 11
genes: nipF, I, K, E, C, G, A, B, D, H, and J. The arrow indicates the transcriptional direction. (B) Similarities between Na*-ATPase
subunits (ntp gene products) and Saccharomyces cerevisiae V-ATPase subunits. *The assignment to subcomplex (V| or Vy) of S. cerevi-

siae V-ATPase subunits was taken from [23].
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2.2. Gene expression

The E. hirae Nat-ATPase level was not constant
[14]. The Nat-ATPase was induced when cells were
grown on media rich in sodium, particularly under
conditions that limit the generation of a proton gra-
dient [15]. Western blotting and Northern blotting
experiments revealed a substantial correlation of
the amount of Na™-ATPase and expression of the
nitp operon [16]. Even under limited Na™ concentra-
tions, monensin or gramicidin D, rendering the mem-
brane permeable to Na™, significantly increased the
amount of Na*-ATPase and the mRNAs for the ntp
operon. Furthermore, the ntp promoter activity was
activated by Na™ but not by Li* [17]. These findings
suggest that the Na*™-ATPase is induced at the tran-
scriptional level by an increase in the cytoplasmic
Na*® concentration as the signal, presumably via
the cytoplasmic Na™-specific sensing system.

2.3. Physiology

All living cells extrude Na™ from the cytosol and
accumulate high concentrations of K* into the cyto-
sol for the homeostasis of K™ and Na™. In E. hirae
grown at acidic pH, the proton electrochemical gra-
dient is generated by proton extrusion via the F-type
H*-ATPase [18], of which the activity is optimal at
pH 6-6.5. This H™ gradient drives an efflux of Na*
via the Na™/H" antiporter and an influx of K* via
the Ktrl transport system [19]. However, this proton
gradient is drastically decreased at environmental
pHs above 8 [20,21]. Under these alkaline growth
conditions, the Na*/H™ antiporter and the KtrI do
not operate. Therefore, K* flows out from and Na*
flows into the cytoplasm by diffusion. An increase in
the intracellular Na* level stimulates the expression
of an ntp operon, making the cell able to maintain
the homeostasis of K™ and Na' concentrations
under alkaline conditions.

3. Structure of the Na*-ATPase

Our current model for the architecture of the E.
hirae V-ATPase is shown in Fig. 2. Densitometric
analysis by SDS-PAGE of purified Na™-ATPase
suggested that the A, I, B, C, D, E, F, K, and
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Periplasm

Fig. 2. Schematic structure model of E. hirae V-type Nat-ATP-
ase. E. hirae V-ATPase is composed of two large multisubunit
subcomplexes designated V; and V,. The V| portion (shown in
white) consists of A, B, C, D, E, and F, and the V, portion
(shaded) consists of G, I, and K. The existence of a central flat
stalk, a few secondary stalks and a slender subunit perpendicu-
lar to the stalk have been observed in electron micrographs of
purified Na*t-ATPase.

G subunits occurred in a molar ratio of 3:1-
2:3:1:1:3:2-3:4-6:1. The VoV, complex was sepa-
rated by Mg?* chelation with ethylenediaminetetra-
acetic acid (EDTA) to V; and V; moieties. In E.
hirae V-ATPase, six hydrophilic subunits, A, B, C,
D, E, and F, were released from the membrane-em-
bedded Vq portion by EDTA treatment and the G, I,
and K subunits were not [12]. Therefore, it is likely
that the V| moiety consists of A, B, C, D, E, and F
subunits.

Since release of the D, E, and F subunits from the
Vo moiety was imperfect, these subunits may associ-
ate with the stalk region between the V; and Vj
sectors. It is reasonable that both the I and K sub-
units constitute the V, moiety, because the amino
acid sequences of these subunits are hydrophobic.
However, NtpG is a small (11 kDa) hydrophilic pro-
tein, and it has been reported that an NtpG homol-
ogous protein (yeast Vma7p) associates with both the
V1 and V, portions [22,23]. Further investigation is
required for the assignment of the G subunit to the
V, or V, portion.

The projected structure of purified Nat-ATPase
was observed by electron microscopy [24]. Besides a
central flat stalk, a few secondary stalks were ob-
served at the interface that connects the headpiece
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V, and the membrane-bound part V, of the complex.
These secondary stalks are likely to be the stator. A
slender subunit perpendicular to the stalk was ob-
served between V| and V, in many images of the
enzyme. The height and width of this enzyme mole-
cule were approximately 25 nm and 15 nm, respec-
tively. These molecular images closely resembled
those of Clostridium fervidus V-ATPase [25] and
yeast V-type HT-ATPase [26].

4. Catalytic properties of the Na*-ATPase
4.1. ATPase activity

The Na'-stimulated ATPase activity of the puri-
fied ATPase was maximal at pH 8-9 but not detect-
able at pH 6 [24]. At pH 8-9, the ATP hydrolytic
activity of purified enzyme was tightly coupled with
Na* or Lit but not K*, Cs* or Ca%*. The kinetics of
ATP hydrolysis showed at least two different affin-
ities of Na't (K, values of 20 uM and 4 mM) or Li*
(K values of 60 uM and 3.5 mM), and probably one
more [11,12]. These different affinities for cations of
the ATPase are probably linked with the mechanism,
but its meaning remains unsolved.

4.2. Inhibitors

Azide (a specific inhibitor of F-ATPase) and vana-
date (a specific inhibitor of P-ATPase that forms the
phosphorylated intermediates) had no significant ef-
fect on the Nat-ATPase. ATPase activity of purified
enzyme was inhibited by V-ATPase inhibitors such
as nitrate (K;j=37 mM) and N-ethylmaleimide
(K;=0.2 mM) but not by concanamycin A, a macro-
lide antibiotic that powerfully inhibits the V-ATPase
[27]. Destruxin B, a peptide antibiotic that may at-
tack the V; catalytic portion of V-ATPase [28], was
effective against E. hirae Nat-ATPase (K; =30 uM)
as well as the eukaryotic V-ATPases. Thus, the ef-
fects of various compounds, except for concanamy-
cin A, on Nat-ATPase are in good accord with the
features of V-ATPase.

Amiloride is known to be a potent inhibitor of
many Na'-coupled transport systems [29], including
Na™ channels, Na*/H" antiporter, and the Na*-
driven flagellar motors [30]. However, this inhibitor

was not effective against E. hirae V-type Nat-ATP-
ase. DCCD inhibited the purified enzyme in a pH-
dependent manner, binding covalently to acidic ami-
no acid residue (likely Glu-139) in NtpK proteolip-
ids. The inactivation of the ATPase activity by
DCCD is specifically prevented by the presence of
Nat or Lit [12], as has been observed in the F-
type Nat-ATPases from Propionigenium modestum
[31] and Acetobacterium woodii [32], suggesting that
the Na™ binding site overlaps with the DCCD-reac-
tive site.

4.3. Na* uptake activity

When purified E. hirae Na*-ATPase was incorpo-
rated into the liposomes, ATP-driven Na® uptake
was observed. Na®t uptake was blocked by nitrate
and monensin but accelerated by carbonyl cyanide
m- chlorophenylhydrazone and valinomycin, demon-
strating that ATP-driven Na™ movement by E. hirae
V-ATPase is electrogenic. Furthermore, V, lipo-
somes catalyzed electrogenic Nat uptake in response
to potassium diffusion potential (Ai, inside negative).
At-induced ?Na* uptake by V liposomes was inhib-
ited by 0.5 mM DCCD in the absence of Na™ but
not in the presence of 2 mM Na™ [12]. These findings
suggest that Vo maintains the ability to bind Na™ to
the cation binding site and to transport Na™ to the
opposite side.

5. Properties and structure model of Na* binding sites

Most recently, we examined >*Na* binding of E.
hirae V-type Na™-ATPase as the first direct demon-
stration of cation binding in the studies of V- and F-
ATPases [33]. The kinetics of Na™ binding to puri-
fied V-ATPase suggested 61 Nat bound/enzyme
molecule, with a single high affinity (Kqna+ =15%5
uM). The Kgn,+ value is similar to the lower (20
uM) of the two Kj, values for Na® of the ATPase
activity [11,12,33]. The number of cation binding
sites is consistent with the model that V-ATPase pro-
teolipids form a rotor ring consisting of hexamers,
each having one cation binding site [34,35]. The Na*
binding to purified molecules was mostly prevented
by preincubation with DCCD but not by ADP, ATP
analogs or other inhibitors of V-ATPase. Release of
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the bound *?Na* from purified molecules in a chas-
ing experiment showed two phases: a fast component
(about two thirds of the total amount of bound Na™;
Kexchange > 1.7 min~!) and a slow component (about
one third of the total; kexchange =0.16 min~!). It was
considered that the fast and slow components corre-
spond to four and two sites in the six binding sites of
the Na™-ATPase, respectively. Therefore, it appears
that the four sites (fast component) are freely acces-
sible from the aqueous phase and the two sites (slow
component) are difficult to access. This slow compo-
nent changed to the fast component by adding ATP
or adenosine 5'-O-(3-thiotriphosphate), suggesting
that the slow component is involved in the transport
reaction [33].

Based on the findings described, we propose a
structure model of Na't binding sites of E. hirae
Na*-ATPase as follows. NtpK proteolipids form a
rotor ring consisting of hexamers, each having one
high-affinity Na™ binding site (Kgqna+ =155 uM)
(Fig. 3). Two Na™ binding sites (slow component)
of the NtpK rotor are covered by Ntpl, which is
another major subunit of the V, portion, and are
subject to steric hindrance. Therefore, the exchange
rate becomes Slow (kexchange =0.16 min~!). The other
four Na™ binding sites (fast component) of the NtpK
rotor are readily accessible from the cytoplasmic so-
lution and exchange Na't easily (Kexchange > 1.7
min~!) (Fig. 3).

6. Mechanism

We think that there must be a common energy-
transducing principle between V- and F-ATPase mol-
ecules. The ‘rotation catalysis’ mechanism [36], which
has been experimentally verified in F-ATPase [37-
40], is applicable to V-ATPase; the energy of ATP
hydrolysis is converted into physical force in the
form of rotation of the ‘“y-like’ subunit, with three
ATP hydrolyses/rotation. The important question is
how the physical rotation and ion transport are con-
nected, and models for the mechanism of ion trans-
location through the F( portion have been proposed
[8,41-45]. In F-ATPase, a great deal of evidence in-
dicates that the c and a subunits interact directly and
are necessary for cation translocation [41,42,44,46].
Therefore, researchers speculate that the cation is

<7

‘ Kexchange > 1.7 min’! I Kexchange = 0-16 min’!

Fig. 3. Model for Na' binding sites of E. hirae V-type Na*t-
ATPase viewed from the cytoplasm. Six NtpK subunits are de-
picted as a ring (rotor), each having one Na® binding site
(Glu-139). These sites bind Na't with high affinity
(Kgna+ =205 uM). The Nat binding sites (four sites) of
NtpK that do not adjoin with Ntpl are freely accessible from
the cytoplasmic solution (Kexchange > 1.7 min~'). The other Na*
binding sites (two sites) of NtpK covered with Ntpl are difficult
to access from the cytoplasmic solution because of steric hin-
drance (Kexchange =0.16 min~").

transported at the interface of the ¢ and a subunits
by rotation energy of the ¢ subunit rotor ring [8,43—
45]. In yeast V-ATPase, a 100 kDa subunit (Vphlp)
similar to Ntpl is suggested to be important for H*
translocation in the V, portion [47]. Therefore, we
speculate that the hexamer rotor of NtpK rotates
and that Na™ is serially transported at the interface
between NtpK and Ntpl, similar to the proposed
mechanism of F-ATPase [8,45], but further investi-
gation including structure determination is required.

7. Difference between V- and F-ATPases
The following points are regarded as highly rele-
vant with regard to differences between V- and F-

ATPases in physiological function:

1. The affinity for the ion at binding sites. The ap-
parent K, (about 0.8 mM) for Na™ of P. modes-
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tum F-ATPase [48] is higher than the low K, or
Kgna+ (about 20 uM) values of E. hirae V-ATP-
ase. The low affinity for the coupling ion (Na™ in
this case) of the F-ATPase is advantageous for
synthesizing ATP, because Na™ is easily released
in the cytosol after being transported from the
periplasm driven by the electrochemical gradient.
In contrast, E. hirae Na™-ATPase appears to have
great difficulty in releasing Na® in the cytosol,
which should bring about product inhibition
against synthesizing ATP. Instead, the high affin-
ity for the coupling ion of the V-ATPase should
be advantageous for thoroughly extruding the ion
from cytosol.

2. The number of binding sites of the proteolipid
rotor. The y subunit of F-type ATPase or “y-like’
subunit of V-ATPase rotates 120° by one ATP
hydrolysis [40]. Since the ion binding sites of the
proteolipid rotor of F-ATPase and V-ATPase are
12 and six, respectively [8,34,35,45], a 120° rota-
tion to synthesize one ATP appears to necessitate
the transport of four ions for F-ATPase and two
ions for V-ATPase. When V-ATPase synthesizes
ATP, it requires an electrochemical gradient of the
coupling ion that is two-fold larger than that of F-
ATPase.

3. The pore complex of Vy moiety. It is noteworthy
that in contrast to the E. hirae Nat-ATPase and
F-ATPases the pore complex of eukaryotic V-
ATPases contain three isoforms of the proteolipid
[49]. All of them seem to contribute to the mech-
anism of proton translocation.

Thus, V-ATPase may have evolved to work as an
ATP hydrolase by changing the affinity for the ion,
the gear ratio of the proteolipid rotor, and the rotor
complex in eukaryotic cells.

8. Conclusion

The Na't-coupled enzyme is expected to be very
useful in the investigation of the energy-coupling
mechanism of the V- and F-ATPases. E. hirae
Na'-ATPase is a unique variant of V-type ATPase,
which pumps out Na™ using energy of ATP. By uti-
lizing this advantage, we characterized the Na* bind-
ing reaction of the V, portion for the first time and

proposed a structure model of Na* binding sites.
However, it is absolutely essential to obtain structure
information of the enzyme at atomic resolution by
X-ray crystallography in order to understand details
of the reaction mechanism and energy-coupling
mechanism. We are currently attempting to examine
E. hirae V-ATPase using X-ray crystallography.
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