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V-ATPases generally function as ion pumps driven by ATP
hydrolysis in the cell, but their capability of ATP synthesis
remains largely unexplored. Here we show ATP synthesis of
Na“-transporting Enterococcus hirae V-ATPase (EhV,V,)
driven by the electrochemical potential gradient of Na™ across
the membrane (sodium motive force, smf). We reconstituted
EhV,V; into liposome and performed a luciferin/luciferase-
based assay to analyze ATP synthesis quantitatively. Our
result demonstrates that EhV,V; synthesizes ATP with a rate of
4.7 s! under high smf (269.3 mV). The Michaelis constants for
ADP (21 pM) and inorganic phosphate (2.1 mM) in ATP syn-
thesis reaction were comparable to those for ATP synthases,
suggesting similar substrate affinities among rotary ATPases
regardless of their physiological functions. Both components of
smf, Na* concentration gradient across the membrane (ApNa)
and membrane potential (AY), contributed to ATP synthesis,
with ApNa showing a slightly larger impact. At the equilibrium
points where smf and Gibbs free energy of ATP synthesis are
balanced, EhV,V; showed reversible reactions between ATP
synthesis and hydrolysis. The obtained Na*/ATP ratio
(3.2 £ 0.4) closely matched the value expected from the struc-
tural symmetry ratio between EhV, and EhV; (10/3 = 3.3),
indicating tight coupling between ATP synthesis/hydrolysis
and Na* transport. These results reveal the inherent functional
reversibility of EhV,V;. We propose that the physiological
function of EhV,V; in vivo is determined by relatively small smf
against large Gibbs free energy of ATP synthesis, in addition to
the absence of inhibitory mechanisms of ATP hydrolysis which
are known for ATP synthases.

F-, V-, and A-ATPases (F,F;, V,Vi, and A A, respectively)
are rotary motor proteins and are classified together as rotary
ATPases (1-4). These rotary ATPases share a common
structural architecture: a cytoplasmic domain (F;, V; or A;) for
ATP synthesis and hydrolysis and a membrane-embedded
domain (F,, V,, or A,) for the transport of proton (H") or
sodium ion (Na*). F-ATPases are present in mitochondria and
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chloroplasts of eukaryotes and plasma membranes of many
bacteria, and primarily function as ATP synthases. ATP syn-
thesis reaction is driven by the ion motive force (imf), the
electrochemical potential gradient of the ion across the
membrane, generated by respiratory chains or photosynthesis.
F-ATPases show reversible energy conversion, being capable
of pumping H" or Na* by hydrolyzing ATP when the imf is
insufficient and/or the ATP/ADDP ratio is high in the cell (1).

V-ATPases are located in eukaryotic organelles and some
bacterial plasma membranes and generally operate as ATP
hydrolysis-driven ion pumps (5, 6). Bacterial V-ATPases
typically consist of A, B, D, E, F, and G subunits in V; and a, c,
and d subunits in V, with some exceptions, and eukaryotic
V-ATPases often have additional, organism-specific subunits
and isoforms (7, 8). V-ATPases play crucial roles in organelle
acidification, homeostasis of H" or Na* concentration in the
cell, and other cellular processes (9, 10). Interestingly, the
V/A-ATPase from Thermus thermophilus (TtV,V;) functions
as an ATP synthase in the cell, in contrast to other V-ATPases
(11, 12). Archaea possess A-ATPases structurally similar to
V-ATPases but primarily function as ATP synthases, high-
lighting the diverse roles of these rotary ATPases across life
domains (3, 4).

ATP synthesis catalyzed by rotary ATPases has been mostly
studied with F- and A- ATPases and TtV,V;, all of which
physiologically function as ATP synthases (13-20). Very few
studies have been conducted with V-ATPases, so our under-
standing of their potential reversibility is very limited (4, 21).
Hirata et al. provided the first evidence for ATP synthesis of V-
ATPase from Saccharomyces cerevisiae (ScV,V;) in vacuolar
membrane driven by the imf generated by a pyrophosphatase.
They observed biphasic kinetics with two Michaelis constants
(Ky) for ADP of 6.9 and 29 pM, with corresponding maximum
velocities of 2.9 and 4.9 nmol mg' min™', respectively
(Table 1) (22). However, for V-ATPases, important parameters
for reversibility remain unexplored, such as equilibrium points
between ATP synthesis and hydrolysis, and ion/ATP coupling
ratio between V, and V;.

The ion/ATP coupling ratio is one of the most crucial pa-
rameters for rotary ATPases, which determines the equilib-
rium points and directions of their operations, ATP synthesis,
or hydrolysis (14). This ratio represents the number of ions
transported per ATP molecule synthesized or hydrolyzed. The
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ATP synthesis of EhV,V,; driven by sodium motive force

Table 1
Kinetic parameters for ATP synthesis of EhV,V; and other rotary ATPases

Enzyme® K, app (HM) K., pi (mM) Kear (57 Ion motive force (mV) Temperature (°C) References
EhV,V, 21 +2 21402 4.7 269 25 This study
EF,F; WT 100 + 12 4.2 +0.92 16-20 264 24-25 (17)
EF,F; eAC® 25+ 58 3.2 + 0.86 55-66 264 24-25 (17)
EF,F, WT 27 0.7 ~30 330 RT. (20)
TE.F; WT - - <1 330 30 (18)
TF,F, eAC” 13 0.55 ~15 330 30 (18)
TtV,V: 54+ 1.3 0.3 £ 0.09 35-45 290 25 (19)
ScV,Vi© 6.9, 29¢ - 2.9, 4.9° (nmol mg™ min~?)° - 10 (22)

“EhV,Vy, V,V; from Enterococcus hirae; EF Fy, FoFy from Escherichia coli; TFF,, FoF, from thermophilic Bacillus PS3; TtV,V,, V/A-ATPase from Thermus thermophilus;

ScV, V1, V,V, from Saccharomyces cerevisiae.
® Mutant that lacks C-terminal a-helices of the & subunit.
¢ Vacuolar membranes were used for measurements.

4S¢V,V; exhibited biphasic kinetics with respect to ADP concentration, although the underlying mechanism remains unclear.

¢ Activity (maximum velocity) was expressed with the unit of nmol mg™" min".

rotary catalysis in Fj, Vi, and A; accompanies the rotation of
the central stalk in the hexameric stator ring. Single rotation is
coupled with the synthesis or hydrolysis of 3 ATP molecules,
reflecting the three catalytic sites in the hexameric stator ring.
The rotation of the central stalk in F;, Vi, and A; is coupled
with ion transport through a stator a-subunit and a rotor c-
ring of F,, V,, and A, (1, 2). The c-ring, composed of multiple
c-subunits each with one ion binding site, determines the
number of ions transported per single rotation. The number of
c-subunits in a c-ring varies among species (8—17), resulting in
an ion/ATP coupling ratio ranging from 2.7 to 5.7 (23). The
direction of the chemical reaction, ATP synthesis, or hydro-
lysis in these enzymes is thermodynamically governed by the
relationship between the Gibbs free energy of ATP synthesis
and imf:

AG’ = AGO’—F kBT -In I<(ATP) -n- l}’l’lf (1)

Karp) = [ATP] /([ADP] - [Pi]) (2)

where AG” is the standard Gibbs free energy of ATP synthesis,
kg is the Boltzmann constant, T is absolute temperature, KaTp)
is the ratio of ATP concentration ([ATP]) to ADP and inor-
ganic phosphate (Pi) concentrations ([ADP] and [Pi], respec-
tively), and # is the ion/ATP coupling ratio, respectively. A
large #n value allows ATP synthesis even at low imf, and this
value is presumably related to the environments in which
living organisms grow (15, 16, 23, 24).

The V-ATPase from Enterococcus hirae (EhV,V;) is an ion
pump that transports Na*, enabling E. hirae to grow in alkaline
environments by maintaining Na* homeostasis (25, 26).
Extensive studies have elucidated the structure of EhV, V;
(27-32) and its rotary dynamics driven by ATP hydrolysis
(33-36). The EhV, has a c-ring composed of 10 c-subunits
(28). Therefore, the expected Na*/ATP ratio for EhV,V, is 3.3
(10/3), similar to the H*/ATP ratio of 3.3 for F-ATPases from
Escherichia coli (EF,F;) (37) and thermophilic Bacillus PS3
(TF,F;) (38—-40). However, no studies have examined whether
EhV,V; can synthesize ATP using the sodium motive force
(smf), composed of the electrochemical potential of Na* across
the membrane (ApNa) and the membrane potential (A4).
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The present study aims to elucidate the ATP synthesis
capability of EhV,V; driven by the smf. We reconstituted
EhV,V; into liposomes, allowing precise control of the swmf,
and employed a luciferin/luciferase-based assay for ATP
detection (Fig. 1). This approach enabled us to demonstrate
that EhV,V; can synthesize ATP driven by smf. Quantitative
analysis revealed [ADP], [Pi], and smf dependences of ATP
synthesis rate, and kinetic contributions of ApNa and A¢ to
ATP synthesis. Furthermore, we revealed high thermodynamic
efficiency (3.2 Na*/ATP ratio comparable to the value of 3.3
expected from the structure) of EhV,V; at the equilibrium
point between ATP synthesis and hydrolysis, similar to pre-
viously studied ATP synthases (13, 41). Our results provide
new insights into the inherent functional reversibility of V-
ATPases, and raise intriguing questions about the physiolog-
ical relevance of their ATP synthesis capability; how these
rotary ATPases have acquired distinct physiological functions,

Ehvov1 ADP+Pi
luciferin+0,
TP —>§@Z
. luciferase
Na
Liposome Na* Na*
Na* Na*
K+ 5
Na* Na
K+
K+ valinomycin
K+ K

Figure 1. Schematic illustration of ATP synthesis experiment of EhV,V,
reconstituted into liposome. ATP synthesis was driven by smf, generated
by sum of Na* concentration gradient (ApNa) and K*-valinomycin diffusion
potential (AY) across the membrane. Synthesized ATP was detected as
luminescence using luciferin/luciferase system.
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ATP synthesis and active ion pumping, although these en-
zymes share similar rotary catalysis.

Results

Demonstration of smf-driven ATP synthesis of EhV,V; and its
dependence on [ADP] and [Pi]

The ATP synthesis activity of EhV,V; reconstituted into
liposome was measured via the luminescence intensity change
of the luciferin/luciferase system at 25 °C (Fig. 1). The linear
relationship between luminescence intensity and [ATP] up to
1 UM and the rapid response of the luminescence signal to
ATP addition were confirmed (Fig. S1). The imposed smf was
calculated by the equation:

smf = 2.3(kgT /e) - ApNa+Ay = 2.3(kzT /e) - log,, ([Na™];,

/[Na+]out )+23(kBT/e) : lOgIO([I<+}out/[K+]in) (3)

where e is the elementary charge, and [Na'];, and [Na'],
([K'in and [K']oue) are Na™ (K*) concentrations inside and
outside the liposome, respectively. The Ay was applied using
K"-valinomycin diffusion potential. To accurately calculate
smf, we measured ion concentrations unintendedly contained

[ADP]

in the buffers and regents using an inductively coupled plasma
optical emission spectrometer (ICP-OES) (Fig. S2). The solu-
tion compositions used for measurements in this study are
summarized in Tables S1-S3.

Figures 2A and S3 show the time courses of ATP synthesis
of EhV,V; under the high smf (269.3 mV: A{ of 154.7 mV and
2.3(kgT/e)-ApNa of 114.6 mV) and various [ADP] and [Pi].
Note that to facilitate ATP synthesis, we did not add ATP
intentionally but a small amount of ATP was contaminated in
ADP (<0.003%) (Table S1). The observed increments in the
luminescence intensity after the addition of proteoliposome
(PL) indicate that EhV,V; synthesizes ATP driven by smf. The
intensity changes were converted into [ATP] changes based on
the luminescence increase caused by the addition of 200 nM
ATP at the end of each measurement. ATP synthesis rates
were estimated by fitting the intensity change after the addi-
tion of PL with a single exponential function and calculating
the initial slope of the fitted curve.

As a result, [ADP] and [Pi] dependences of the ATP syn-
thesis rates were well fitted by the Michaelis-Menten equation,
yielding the same kg, of 4.7 s for both [ADP] and [Pi] de-
pendences, and K, app = 21 UM and K, p; = 2.1 mM for
[ADP] and [Pi] dependences, respectively (Fig. 2B). These K,
values for EhV,V; were comparable to those of other rotary

[Pi]
— 90 mM
— 74 mM
— 7.4 mM
22mM
0.7 mM
— 02mM
— no EhV,V,

B
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n
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! [Pi] = 74 mM P14 [ADP] = 0.5 mM
|<T: 0.1 01 Ll vl 3l
0.001 0.01 0.1 0.1 1 10 100
[ADP] (mM) [Pi] (mM)

Figure 2. ATP synthesis of EhV,V, driven by smf. A, [ADP] (left) and [Pi] (right) dependences of ATP synthesis activity of EhV,V; under smf of 269.3 mV (A
of 154.7 mV and 2.3(kgT/e) - ApNa of 114.6 mV). [Pi] (left) and [ADP] (right) were set at 74 and 0.5 mM, respectively. ATP was not added but contaminated in
ADP (<0.003%) (Table S1). ADP (0.001-0.5 mM), proteoliposome (PL) or liposome without EhV,V; for negative control experiments (gray traces), and ATP
(200 nM) were added at 10, 60, and 240 s, respectively, as indicated by black arrows. The black dashed lines represent the fitting with a single exponential
function for At = 100 s after the addition of PL. The gray traces are negative control experiments using liposome without EhV,V; at smf of 269.3 mV, 74 mM
Pi, and 0.5 mM ADP. All traces are shown in Fig. S3. B, ATP synthesis rate against [ADP] (left) and [Pi] (right). Red open circles represent mean values obtained
from more than three measurements. Individual data points are shown as gray-filled circles. Error bars indicate standard deviations. The red lines show the

fitting with the Michaelis-Menten equation.
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ATPases that function as ATP synthases physiologically
(Table 1). The comparable values of K, suggest that the af-
finities of ADP and Pi in ATP synthesis reaction are similar
across EhV,V; and these enzymes regardless of their primary
physiological functions.

Kinetic contributions of ApNa and 4y to ATP synthesis

We next investigated the contributions of A and ApNa to
the ATP synthesis rate of EhV,V; by changing the ApNa or
A4 under constant AY (77.0 or 78.0 mV) or 2.3(kgT/e) - ApNa
(76,5 or 769 mV), respectively (Fig. 3A, left and right,
respectively and Fig. S4). The experiment was designed to
compare the impacts of A and ApNa under nearly equivalent
total smf values ranging from ~77 to ~150 mV. In this series
of experiments, [ADP] and [Pi] were set at 0.5 mM and
25 mM, respectively. Again, to facilitate ATP synthesis, we did
not add ATP intentionally but a small amount of ATP was
contaminated in ADP (<0.003%) (Table S2).

As a result, ATP synthesis was not detected at the lowest
smf values, 2.3(kzT/e) - ApNa of 78.0 mV or AY of 76.5 mV
alone (Fig. 34, bottom). However, once the total smf exceeded
these values, ATP synthesis was observed, indicating that the
threshold smf for ATP synthesis lies in this range. As the smf
increased, the ATP synthesis rate increased, regardless of
whether A or ApNa increased. Figure 3B shows the A (red)
and ApNa (blue) dependences of the ATP synthesis rate.
Although ApNa exhibited a slightly larger impact than Ay, the
ATP synthesis rate increased as A or ApNa increased, sug-
gesting nearly equivalent kinetic contributions of A{ and
ApNa to the ATP synthesis of EhV,V,.

Thermodynamic efficiency at the equilibrium points between
ATP synthesis and hydrolysis

We then investigated the equilibrium points where ATP
synthesis and hydrolysis are balanced. According to Equations
1 and 2, the direction of ATP synthesis/hydrolysis reaction is
determined by the magnitudes of Katp) and smf. To deter-
mine the equilibrium points under various Kpy and smf
conditions, we conducted experiments with ATP at 25 nM, Pi
at 9.95 mM, and ADP varying from 10 to 80 UM, under smf
conditions ranging from 93.5 to 132.6 mV (Table S3). Figure 4,
A-D, and Fig. S5 show the time courses of the luminescence
intensity or [ATP] under these conditions. We observed ATP
synthesis at high smf and ATP hydrolysis at low smf, as indi-
cated by positive and negative slopes, respectively.

The calculated catalysis rates were plotted against smf
(Fig. 4, E-H). The positive and negative values correspond to
ATP synthesis and hydrolysis rates, respectively. At low smf,
EhV,V; showed nearly constant ATP hydrolysis rates, pre-
sumably because ATP binding is the rate-limiting at 25 nM
ATP. At high smf, EhV,V; showed smf-dependent changes in
the rates from ATP hydrolysis to synthesis. Then, we deter-
mined smifeq (smf at which the net rate of ATP synthesis/hy-
drolysis is zero, black arrows) by linearly interpolating the two
data points crossing the catalysis rate of zero. At this equi-
librium point, AG’ in Equation 1 is zero and Equation 1 can be
transformed into the following equation:

kBT -In I<(ATP)eq = —AGO’-FI’Z . Smféq (4)
where Ka1p)eq is the ratio of [ATP] to [ADP][Pi] at the equi-
librium point. Based on Equation 4, kgT - InK(op)eq Was plotted
as a function of smf.q (Fig. 5) and fitted with a linear function.

A smf B
(AW, 2.3(kg T/e)-ApNa) 147.7 mV
25 nM (70.5,78.0) 30 40 50 6.0
40's 141.2 mv 1911717
(1;'42'5 ;”g’o) (765,647) ~ [ o aw ’
v 2 B0y . ' [ O 23(ksTle)npNa ]
135.7 mV el 2 [ _
v (577, 78.0) v (76.5,57.7) & 1.0 -
I | 1280mv @ - -
v 129.0 mV \/ (76.5,51.5) & - 5
| (51.0, 78.0) e < - .
v— ey nzemv € 051 % g
* (40.8, 77.0) + (76.9,40.9) va i %@) i
. S /’W - E
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Figure 3. Contribution of Ay and ApNa to ATP synthesis of EhV,V;. A, enlarged view of typical time courses of ATP synthesis at different smf. The entire
time courses of all traces are shown in Fig. S4. The reaction was initiated by adding proteoliposome (PL) (black arrows). [Pi] and [ADP] were 25 and 0.5 mM,
respectively. ATP was not added but contaminated in ADP (<0.003%) (Table S2). In the left panel, A was varied from 0 to 70.5 mV under 2.3(kzT/e)-ApNa of
77.0 or 78.0 mV. In the right panel, 2.3(kgT/e)-ApNa was varied from 0 to 71.2 mV under A{ of 76.5 or 76.9 mV. The black dashed lines represent the fitting
with a single exponential function for At = 100 s after the addition of PL. B, AY (red) and 2.3(kgT/e)-ApNa (blue) dependences of ATP synthesis rate. Closed
and open circles represent the individual measurements (N > 8) and mean values, respectively. Error bars indicate standard deviations.
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Figure 4. Determination of the equilibrium points between ATP synthesis and hydrolysis. A-D, typical time courses of ATP synthesis and hydrolysis at
different smf (93.5-132.6 mV). Reaction was initiated by adding proteoliposome (PL) as indicated by black arrow. The black dashed lines represent the fitting
with a single exponential function for At = 35 s after the addition of PL. The entire time courses of all traces are shown in Fig. S5. E-H, smf dependence of
ATP synthesis and hydrolysis rates. Black arrows indicate equilibrium points obtained by linear fitting between two data points across the catalysis rate of
zero. The reaction solution contains 25 nM ATP, 9.95 mM Pi, and ADP at 10 uM (A and E), 20 UM (B and F), 40 uM (C and G), and 80 M (D and H), respectively

(Table S3).

The slope and y-intercept of the fitted line correspond to the
ion/ATP ratio # and the standard Gibbs free energy of ATP
synthesis AG®’, respectively, and # of 3.2 + 0.4 (fitted value + SE
of the fit) and AG® of 17.0 + 1.7 kgT (42.2 + 4.2 kJ/mol) were
obtained. The value of the AG® was similar to those (36 ~
39 kJ/mol) previously reported for other ATP synthases (13,
41-43), validating our experimental system. The experimentally
determined value of the n (3.2) showed excellent agreement
with that (10/3 = 3.3) expected from the structural composition
of EhV,V; which has 3 ATP catalytic sites in EhV; and 10
Na" binding sites in the c-ring of EhV, (27-32).

Discussion

The present study demonstrated that EhV,V; is capable of
synthesizing ATP driven by smif, despite its physiological

SASBMB

function as an ATP-driven Na* pump. The obtained values of
the K,,, for ADP (21 pM) and Pi (2.1 mM) during ATP syn-
thesis of EhV,V; are comparable to those of other ATP syn-
thases (Table 1). The comparable values of K, indicate similar
substrate affinities during ATP synthesis across different rotary
ATPases, irrespective of their primary physiological functions.
The conserved properties of kinetic parameters may reflect a
common evolutionary origin of these rotary ATPases (44, 45).

On the other hand, the observed k., for EhV, V; is lower
than those for other ATP synthases (Table 1). As the K, values
reflect substrate affinity, the low ATP synthesis rate might be
caused by a low product (ATP) release rate. Furthermore,
previous single-molecule and biochemical studies revealed that
at high [ATP], EhV,V; also shows lower ATP hydrolysis rates
(120 s7! in single-molecule study using low-load probe (35)
and 177 s7! in biochemical assay (36)) compared to F-type

J. Biol. Chem. (2025) 301(4) 108422 5
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Figure 5. Relationship between kgT-InK(a1p)eq and smf.q at the equilibrium points. The dashed line shows the fitting with a linear function. The slope
and extrapolated y-intercept indicate the Na*/ATP ratio n (3.2 + 0.4, fitted value * S.E. of fitting) and the standard Gibbs free energy of ATP synthesis AG®’

(17.0 £ 1.7 kgT or 42.0 = 4.2 kJ/mol), respectively.

ATP synthases such as TF,F; (1056 st in single-molecule
study using low-load probe (46)) and EF,F; (285 st in
biochemical assay (17)). These findings may indicate low rates
of ATP cleavage/ADP-Pi bond formation process and/or
Na™ transport for EhV,V; (35). To better understand these
kinetic differences, a detailed single-molecule analysis of rotary
ATPases during ATP synthesis, which has not yet been fully
achieved, is required.

The relatively low K, value for Pi (high affinity of Pi)
during ATP synthesis of EhV,V; comparable to other ATP
synthases is noteworthy (Table 1). Our previous single-
molecule study on isolated EhV; revealed a low affinity of
Pi and a chemo-mechanical coupling scheme during rotation
driven by ATP hydrolysis (34). In this scheme, Pi is released
immediately after the hydrolysis of ATP into ADP and Pi
without rotation, followed by the release of ADP after 40°
rotation. The low affinity of Pi for EhV, is also supported by
structural studies and MD simulation (28, 47). In contrast, F;
isolated from thermophilic Bacillus PS3 F,F, (TF;), which
physiologically functions as an ATP synthase, exhibits the
opposite order of product release during ATP-driven rotation
in which ADP is released first and Pi is released second at the
different rotation angles (48). This order in TF; has been
proposed to be favorable for ATP synthesis under physio-
logical high [ATP] and low [ADP] environments, because Pi
bound to the catalytic site would prevent ATP binding and
facilitate ADP binding. Our current results with EhV,V;
suggest that the order of ADP and Pi release (or the order of
ADP and Pi binding in ATP synthesis reaction) itself is not
critical for the ATP synthesis capability of rotary ATPases.
Our results also suggest dynamic modulation of the substrate
(product) affinity depending on the rotation angle and di-
rection, as demonstrated with TF; (49). Further studies of
various rotary ATPases would reveal how they have acquired
functional diversity during their evolution.

In EhV,V}, both ApNa and AY contribute to driving ATP
synthesis, with ApNa having a slightly larger contribution
(Fig. 3). This property is similar to Na'-transporting A-
ATPases from Eubacterium callanderi and Acerobacterium

6 . Biol. Chem. (2025) 301(4) 108422

woodii and H-transporting TF,F; (50, 51). In contrast, reports
on H'-transporting EF,F, and Na' -transporting Propionige-
nium modestum F.F, suggest that only one component
effectively acts as the driving force (17, 50). The difference in
kinetic contribution appears to be a specific feature of each
rotary ATPase, independent of transporting ion species or
physiological functions. Further structural studies during ATP
synthesis under precisely controlled ApNa (or ApH) and A¢
are necessary to understand why these rotary ATPases show
different ApNa (or ApH) and A¢ dependences. Meanwhile,
because other factors such as lipid composition of the lipo-
some and buffer and salt compositions of the assay solution
may affect their ATP synthesis activities (50, 52), the results of
in vitro experiments should be carefully interpreted consid-
ering their physiological environments.

The nearly identical Na*/ATP ratios between experimental
value (3.2, Fig. 5) and structural prediction (3.3) provide evi-
dence for tight coupling between ATP synthesis/hydrolysis
and Na' transport in EhV,V;, consistent with our previous
single-molecule study of ATP-driven rotation of EhV,V; rate-
limited by Na* transport (35). In other words, EhV,V; operates
with high thermodynamic efficiency at the equilibrium point,
with minimal energy loss or uncoupling. Similar excellent
agreements in ion/ATP ratios have been reported for TtV,V,
and TF,F; (13, 41), suggesting that tight coupling between
ATP synthesis/hydrolysis and ion transport is a fundamental
feature of rotary ATPases regardless of their physiological
functions.

On the other hand, several studies have reported significant
differences in the ion/ATP ratios between biochemical ex-
periments and structural predictions for ATP synthases from
chloroplast, E. coli, and yeast (42, 43). This apparent discrep-
ancy may reflect the different mechanisms among different
rotary ATPases or may stem from the difficulties of accurately
controlling the imf. Factors such as unintended ion contami-
nations and/or ion leakages across the lipid membrane would
affect the results. The use of Na*, which exhibits significantly
lower membrane permeability than H* (53), has the advantage
of controlling the imf precisely.
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Despite the ATP synthesis capability of EhV,V; demon-
strated in vitro, the physiological function appears to be
limited to ATP-driven Na* pumping in vivo. In the intestines
where [Na*] is ~100 mM (54, 55), E. hirae usually maintains
Na* homeostasis (~10 mM intracellular concentration) using
H'/Na" antiporters driven by the proton motive force (pmf)
(56, 57). When pH in the intestine increases and pmyf gener-
ation becomes insufficient, EhV,V; expression is induced to
pump out Na* using ATP hydrolysis instead of the H"/Na*
antiporters. Considering the relatively low ApNa of ~1
(log10[100 mM/10 mM]) and high intracellular [ATP] at the
millimolar level, ATP synthesis of EhV,V; would be thermo-
dynamically unfavorable (58). Furthermore, interestingly,
EhV,V; does not have any known regulatory mechanisms that
inhibit ATP hydrolysis such as ADP-Mg>" inhibition (59, 60),
subunit-specific inhibition (61-65), inhibition by endogenous
regulatory peptide (66—68), reversible disassembly of V; and
Vo, (9, 69, 70), which are commonly found in many ATP
synthases and V-ATPases. Therefore, EhV,V; is likely
specialized as an ATP-driven Na® pump rather than ATP
synthase in vivo.

Experimental procedures
Expression and purification of EhV,V;

The expression and purification of EhV,V; were performed
according to a previously described method (35, 36). Briefly,
inverted membranes prepared from E. coli (C41(DE3))
expressing EhV,V; with histidine tags in the c-subunits were
solubilized using 2% n-dodecyl B-p-maltoside (DDM). The
solubilized  suspension was then applied to a
nickel-nitrilotriacetic acid agarose (Ni-NTA agarose, QIA-
GEN) column. The EhV,V; complex was eluted using a buffer
containing 50 mM potassium phosphate (pH7.0), 5 mM
MgCl,, 100 mM NacCl, 10% glycerol, and 0.05% DDM. After
the elution, the complex was concentrated and subjected to
size-exclusion chromatography using Supderdex 200 Increase
10/300 column (Cytiva). The column was equilibrated with a
buffer containing 50 mM Tris-HCl (pH7.5), 5 mM MgCl,,
50 mM NaCl, 10% glycerol, and 0.05% DDM. The chroma-
tography was performed using a fast protein liquid chroma-
tography system (Akta go GE Healthcare) at 4 °C. The purified
EhV,V; was concentrated to approximately 20 UM and stored
at —80 °C until use.

Reconstitution of EhV,V; into liposome

L-o-Phosphatidylcholine from soybean (Type II-S, Sigma-
Aldrich) was washed with acetone and suspended in recon-
stitution buffer (100 mM BisTris (pH7.0) containing 5 mM
MgCl, and 150 mM sucrose, and specific concentrations of
NaCl and KCI described in Table S1-S3) at 40 mg/ml. The
suspension underwent three freeze-thaw cycles. After ultra-
centrifugation (150,000g for 90 min at 4 °C), the pellet was
resuspended in reconstitution buffer and subjected to another
freeze-thaw cycle. This procedure was repeated three times to
remove unintended Na* and K* from the lipids. The liposome
was stored at —80 °C until use. Proteoliposome (PL) was
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prepared by mixing liposome with purified EhV,V; at a vol-
ume ratio of 99:1. The mixture was gently mixed by inverting
the tube 20 times and subjected to one freeze-thaw cycle. The
final concentration of EhV,V; in the PL was 0.2 M. The
prepared PL was stored at —80 °C until use.

Measurement of [Na*] and [K*] unintendedly contained in
samples

[Na'] and [K'] unintendedly contained in the Type II-S lipid
and a luciferin/luciferase reagent (ATP bioluminescence assay
kit CLS II, Roche) were estimated using inductively coupled
plasma optical emission spectrometer (ICP-OES, Agilent
Technologies) (Fig. S2). The flow rates of the plasma and assist
gas (argon) were 14 and 12 L/min, respectively. The emission
intensities were measured at A = 589.592 and 766.491 nm for
sodium and potassium, respectively. Samples were prepared as
follows: luciferin/luciferase reagent was dissolved in ultra-pure
water (18 mg/ml), Type II-S lipid was suspended in ultra-pure
water (40 mg/ml) and liposome was prepared by the above
method (40 mg/ml). For calibration, each sample was sup-
plemented with a sodium or potassium standard solution
(FUJIFILM Wako). The concentrations of sodium and potas-
sium standard solutions were adjusted between 0.01 and
21.7 mM and between 0.639 and 63.9 mM, respectively, with
specific ranges for Type II-S lipid and luciferin/luciferase re-
agent samples. After the addition of the standard solution,
samples were further diluted with ultra-pure water to bring
them within the calibration range, and the final concentrations
were calculated considering the dilution factors. Each mea-
surement was performed in triplicate, and the average values
were used for analysis.

Hexokinase treatment of ADP

Commercial ADP (117,105, Merck) was treated with hexo-
kinase (H4502, Sigma) to reduce ATP contamination as
described in a previous study (17). Briefly, 970 l of ADP so-
lution (~200 mM) was incubated with 1.3 mg hexokinase,
20 mM glucose, and 5 mM MgSO, at 25 °C for 30 min. ADP
was then purified by gel filtration (NAP10, Cytiva) and stored
at —80 °C until use. The treated ADP was used for all ATP
synthesis measurements.

Measurement of ATP synthesis/hydrolysis activity

ATP synthesis and hydrolysis activities of EhV,V; recon-
stituted into liposome were measured using a luminometer
(AB-2270, ATTO) and the luciferin/luciferase reagent (ATP
bioluminescence assay kit CLS II, Roche). ATP-dependent
light emission from luciferin catalyzed by luciferase was
monitored (13, 17, 18). The reaction mixture was prepared in a
1.5 ml tube containing 890 l of observation buffer (100 mM
BisTris (pH7.0) containing 5 mM MgCl, and 150 mM sucrose,
and specific concentrations of NaCl, KCl, and phosphate as
detailed in Tables S1-S3), 10 pl of valinomycin (final con-
centration: 83 nM), and 100 pl of luciferin/luciferase reagent
(final concentration: 1.5 mg/ml). The tube was placed in the
luminometer, and the measurement was initiated. At 10 s,
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100 pl of hexokinase-treated ADP was added at the desired
concentration, ranging from 0.001 to 0.5 mM. At 60 s, 100 pl
of PL sample was introduced. The PL sample was prepared
immediately before the measurement by mixing 5 pl of PL
suspension with 95 pl of observation buffer, resulting in a
20-fold dilution. Finally, at 240 s, 100 pl of ATP (final con-
centration: 200 nM) was added for calibration. The total
measurement time was 300 s.

For experiments determining the equilibrium point of ATP
synthesis and hydrolysis reactions, the order and timing of
additions were modified as follows. ADP (final concentrations:
10, 20, 40, or 80 PUM) was added at 10 s, ATP (final concen-
tration: 25 nM) at 60 s, and the diluted PL sample at 100 s. The
total measurement time for these experiments was 200 s.

The rate of ATP synthesis/hydrolysis was determined by
fitting the luminescence intensity change after the addition of
PL with a single exponential function and calculating the initial
slope of the fitted curve. All measurements were performed in
more than triplicate at 25 °C.

The smf for each experimental condition was calculated by
considering both the intentionally added [Na'] and [K'] and
the unintended contamination of these ions in the Type II-S
lipid and a luciferin/luciferase reagent, as measured by ICP-
OES. This approach ensured accurate quantification of the
actual smf.
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All data supporting this work are available from the corre-
sponding authors upon reasonable request.
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