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Our research on proton pumping ATPases over three decades: their
biochemistry, molecular biology and cell biology

By Masamitsu Furarf)
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Foundation, and Core Research for Evolutional Science and Technology,
Japan Science and Technology Agency, Tokyo, Japan

(Communicated by Takao SEKIYA, M.J.A.)

Abstract: ATP is synthesized by F-type proton-translocating ATPases (F-ATPases) cou-
pled with an electrochemical proton gradient established by an electron transfer chain. This mech-
anism is ubiquitously found in mitochondria, chloroplasts and bacteria. Vacuolar-type ATPases
(V-ATPases) are found in endomembrane organelles, including lysosomes, endosomes, synaptic
vesicles, etc., of animal and plant cells. These two physiologically different proton pumps exhibit
similarities in subunit assembly, catalysis and the coupling mechanism from chemistry to proton
transport through subunit rotation. We mostly discuss our own studies on the two proton pumps
over the last three decades, including ones on purification, kinetic analysis, rotational catalysis and
the diverse roles of acidic luminal organelles. The diversity of organellar proton pumps and their
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stochastic fluctuation are the important concepts derived recently from our studies.
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Introduction. Most of the cellular energy
currency, ATP, is synthesized through oxidative
phosphorylation in mitochondria and bacterial mem-
branes or photophosphorylation in chloroplasts.t
In both mechanisms, an electron transfer chain es-
tablishes electrochemical proton gradient, which sub-
sequently drives a proton-pumping ATPase for ATP
synthesis. This ATPase was first recognized as fac-
tors (FoF7) required for ATP synthesis through mi-
tochondrial oxidative phosphorylation: F; stands for
“factor one” or “coupling factor one” and Fo for a
“factor giving oligomycin sensitivity” to F; (Fig.1).»
F-ATPase, a name based on “factors”, has been used
widely (Fig.1),» although physiologically they are
ATP synthase in most organisms. Other name such
as F-ATP synthase, HT-translocating ATPase and
H* ATPase have also been used.

Up to the early 1970s, common materials used
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for studying ATP synthesis were bovine mitochon-
dria and spinach chloroplasts, and researchers in
the field did not pay much attention to Escherichia
coli.»*® We became interested in bacterial F-
ATPase, considering that the genetic approach com-
bined with biochemistry would contribute greatly to
a better understanding of the structure and mecha-
nism of the complicated enzyme. Although E. coli
F-ATPase was introduced later, its subunit assembly,
amino acid sequence, catalytic residues and proton
pathway were determined before those of most other
organisms.® These results together with the recent
bovine crystal structure” have established that F-
ATPase is a unique membrane enzyme in coupling
chemistry and proton transport through subunit ro-
tation.V™®

Proton pumping vacuolar-type ATPases or V-
ATPases,” initially found in fungal vacuoles, are
widely distributed in animals and plants,® ' and
are also called VoV; based on the similarities to
the subunit structure and mechanism of F-ATPases
(FoF,) (Fig.1). Furthermore, V-ATPases have pro-
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Fig. 1. A schematic model of F-ATPase.
A model of F-ATPase is shown; the catalytic hexamer
(a333) and membrane domain are connected by a stalk
domain. The membrane extrinsic sector (F1) and trans-
membrane domain (Fo) are shown together with schematic
energy coupling between ATP synthesis/hydrolysis and pro-
ton transport through subunit rotation (yellow arrow).

vided methods and ideas for studying the roles of
the acidic luminal pH in diverse organelles, including
lysosomes and endosomes. It should be noted that
the two ATPases are different from the mammalian
stomach proton pump HT /K™ ATPase that is P-
ATPase® forming acylphosphate intermediate. We
have shown the similarity of the ATPase to Na®™/K*
ATPase in gene organization and amino acid se-
quences,'V'® and its specific expression in the pari-
etal cells of the gastric lumen.'?: 14,15

The proton pumping F-ATPases and V-
ATPases have attracted interest in a wide range of
research areas, and have been the most competitively
studied enzymes. We mostly discuss our own stud-
ies on the two enzymes over the last three decades.
Our initial interest was obviously to define F-ATPase
biochemically, especially its subunits and their pri-
mary structures. This approach was extended to un-
derstand mechanism and catalysis using mutational
analysis. We were interested in diverse endomem-
brane organelles with acidic lumen from early stage
of our research.'® Since fungal V-ATPases were in-
troduced into the field of proton transporting AT-
Pases, we were interested in their similarities to F-
ATPase and diverse roles corresponding to different
unique organelles. Results not discussed in detail
here can be found in related review articles) 712
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and those in the book edited by us.'”
1. F-ATPase: from genes
to stochastic catalysis

Biochemistry of E. coli F-ATPase. Only lim-
ited information was available on E. coli F-ATPase
when we started its purification and reconstitution.
Our interest in the ATPase was originated from stud-
ies on active transport. Membrane vesicles obtained
from bacterial plasma membranes were important for
studying the transport in vitro.'® Everted or inside—
out membrane vesicles could be obtained by disrupt-
ing the bacterial cells with a French press,'® whereas
right-side out vesicles were obtained by osmotic ly-
sis of spheroplasts.’® 29 The F-ATPase was local-
ized in everted vesicles with its F; sector exposed
to the outer surface, transporting protons into the
vesicles, upon hydrolysis of ATP added to the solu-
tion.2» The F; sector having ATPase activity could
be released by washing the everted vesicles with di-
lute buffer, leaving Fo bound to the membranes.?V
The F-ATPase could be reconstituted by combining
solubilized F; and Fo in the washed membranes.

To define subunit organization, the F; sectors
with different subunit assemblies, 5-subunit («, 3,
v, 0, €) and 4-subunit («, 3, v, €) F1, were purified
from the soluble fraction using conventional proce-
dures (Fig.2A).29 Both F; sectors had ATPase ac-
tivity, but only the 5-subunit F;, the first purified
active E. coli F1, could bind to washed membranes,
and form F-ATPase capable of ATP synthesis and
ATP-hydrolysis dependent proton transport. These
results indicate that the § subunit is essential for Fy
binding to Fo. The purified F; could be dissociated
at 4°C in the presence of chaotropic agent such as
KNOj3 or NaNOQOs, and all five subunits were purified
to apparent homogeneity (Fig.2B).?»23 The asf3y
complex having ATPase activity could be reconsti-
tuted from the three purified subunits in the presence
of Mg?* and ATP.2» Combination of the a3337y com-
plex with the ¢ and e subunits allowed reconstitution
of functional F; that could bind to Fo.?® The purified
« and [ subunits had nucleotide binding sites,??: 29
consistent with the results of studies on the binding
of ATP analogues. Localization of the F; sector on
the cytoplasmic surface of the E. coli plasma mem-
brane was shown using antibodies against 5-subunit
Fp.®

Purification of the entire F-ATPase was diffi-
cult because of its complex subunit structure in-
cluding transmembrane proteins. F-ATPase solu-
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Fig. 2. Preparations of E. coli F-ATPase and its subunits.
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Polyacrylamide gel electrophoresis of the 4-subunit and 5-subunit F; sectors (A), isolated F; subunits (B), and FoF; (C),
are shown. The positions of subunits («, 3, v, 4, €, a, b and ¢) are indicated. The 5-subunit F1 (A, lane 2) could bind to Fo
to reconstitute F-ATPase. The F1 sector could be reconstituted from isolated subunits (B, lanes 1, 2, 3, 4, and 5), and FoF;
(C, lane 1) could be reconstituted in liposomes capable of ATP synthesis and ATP-dependent proton transport. Fi sectors

are also shown as controls (B, lane 6, C, lane 2). Modified from previous results.

bilized from membranes with a detergent had to
be subjected to “state of art” procedures to obtain
an active pure protein assembly.?® However, rapid
one-step purification of the detergent-solubilized F-
ATPase became possible?® from an overproducing
strain (DK8/pBWU13), in which ~ 30% of the inner
membrane protein was F-ATPase.?” The purified F-
ATPase (o, 3, v, 0, €, a, b, and ¢ subunits) reconsti-
tuted into liposomes could form a proton gradient or
membrane potential upon ATP hydrolysis (Fig. 2C).

Genetics of F-ATPase. Using FE. coli, F-
ATPase could be studied utilizing genetic approaches
that are difficult to use for those from mammalian
mitochondria or plant chloroplasts. Mutants with
defective F-ATPase are unable to grow on succinate
because they can not synthesize ATP through oxida-
tive phosphorylation. They can grow, however, on
glucose, synthesizing ATP through glycolysis.® This
growth phenotype led to an easy protocol for isolat-
ing mutants. Gibson and coworkers introduced the
term unc (uncoupled) genes coding subunits of F-
ATPase, since they isolated unc mutants: cells with
defective unc genes have a normal electron transfer
chain (respiratory chain), but exhibit no ATP syn-

21)—23), 26)

thesis, thus being uncoupled in oxidative phosphory-
lation.?® Many unc mutations have been isolated by
our group, and their gene cluster, the unc operon,
was found to be localized around 82.5 min (between
the asn and bgl genes) on the linkage map, where ori-
gin of the chromosome replication (OriC) was also
mapped?” (Fig.3). Interest in OriC resulted in the
isolation of a series of transducing A phages carry-
ing a chromosome segment around the 82.5min re-
gion.2®

We found that transducing phage Aasn-5 could
complement all unc mutants available, whereas other
phages, such as Abgl-2 or Aunc-1 could only comple-
ment limited numbers of the mutants (Fig.3A).3
After induction of lysogenic Aasn-5 phage, the F-
ATPase activity, amount of Fo (as F; binding site),
and proton pathway were all increased,*® indicat-
ing that the phage carries the genes for an entire
F-ATPase. All eight polypeptides in the purified F-
ATPase were shown to be authentic subunits, since
they were overproduced stoichiometrically upon in-
duction.?® Complementation of available unc mu-
tants was tested with a series of transducing phages
and their DNA segments, and the unc operon was
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Fig. 3. From the unc operon to transducing A phages and recombinant plasmids.
(A) Transducing X phages are shown with an E. coli linkage map (a, b). The transducing A phages used to study F-ATPase
are also shown: Aasn-5 (c), carrying the F-ATPase gene (unc operon); AuncAl (d), carrying part of the unc operon; AbglC,
not carrying the unc operon. (B) pPBWU13, a plasmid carrying the wild-type unc operon, is shown together with the positions
of subunit genes (B, left). An example of a plasmid carrying a mutant 8 subunit gene is also shown (B, right). Plasmids were
introduced into E. coli DK8 lacking unc operon (AFoF; genes). Cells with the mutant gene could not grow on succinate.
Modified from previous results.?”)> 39 31)
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mapped to a ~ 7.5kb DNA segment.?"

Finally, DNA sequences of the eight genes en-
coding the amino acid sequences of the individ-
ual subunits were obtained.?®»3» The wunc operon
is formed from three genes for Fo (B, E, and F)
and five for F1 (H, A, G, D, and C) organized in
that order downstream of the promoter,®-3% encod-
ing the a, ¢, b, §, a, v, B, and € subunits, respec-
tively. Thus, subunits of F-ATPase were defined
with their primary structures. It became easier, af-
ter sequencing of the entire operon, to map muta-
tions to subunits, followed by identification of amino
acid replacements. Before the gene sequence became
available, methods for identifying the subunits with
mutations were limited.?”

Although it was not easy to construct a recombi-
nant plasmid carrying all the genes of the unc operon
directly from the bacterial DNA, such a plasmid
(pBWU13) was constructed by combining DNA frag-
ments derived from Aasn-5 (Fig.3B).>” pBWU13
with or without mutation has been used widely for
biochemical studies.

To detect a DNA fragment with point muta-
tions, we have used the mobility shift on gel elec-
trophoresis.?®- 39 A similar method was applied later
to identify human DNA polymorphisms.*®

Catalysis in the 8 subunit. As described above,
purified o and (B subunit had nucleotide binding
sites, and could reconstitute agfB3y complex hav-
ing ATPase activity. Since the DNA sequence of
F-ATPase genes was available, it became possible to
study the catalytic site by F-ATPase with defined
amino acid substitutions. Mutants of the o and
subunits often exhibit reduced synthesis and hydrol-
ysis of ATP,*D: 42 consistent with the notion that the
catalytic site is present at the interface between the
two subunits.?

Although the steady state ATPase activity of
the purified F; sector had been assayed in the pres-
ence of a large excess of ATP, uni-site catalysis with
a small amount of ATP just sufficient for a single
catalytic site was introduced.*® Steady state cataly-
sis is ~10° fold faster than uni-site catalysis. Muta-
tions in the a subunit often lowered the steady state
rate more than 1000-fold, but uni-site catalysis was
maintained.*®-*9 Mixed reconstitution experiments
suggested that the steady state ATPase activity was
lost when one « or 3 subunit from the defective mu-
tant was introduced into the a3y complex.*® Sim-
ilarly, the steady state ATPase was lost when one of
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the three catalytic subunits was chemically modified
or affinity-labeled.*®*® These results suggest that
the three sites cooperatively synthesize or hydrolyze
ATP.

The § subunit has a conserved sequence named
the phosphate-binding P-loop (E. coli sequence,
GlyGlyAlaGlyValGlyLysThr, Gly149 ~ Thrl56)
(Fig.4A). The P-loop (consensus, Gly-X-X-X-X-
Gly-Lys-Thr/Ser), also called the glycine-rich se-
quence, is conserved among ATP- or GTP-binding
proteins such as p21 Ras protein, adenylate kinase,
V-ATPase subunit A, etc.*® One of the randomly iso-
lated mutants with a low steady state ATPase was
mapped to the P-loop (Glyl49 — Ala).*® Further-
more, the § subunit sequence could be replaced by
that of p21 Ras, indicating the similar structures and
roles of the P-loop in the two proteins. However, the
sequence with Gly between Lys and Thr, such as that
of adenylate kinase, was not functional ®® possibly
because the orientation of the Thr156 residue was
altered by the insertion. The ATP analogue adeno-
sine triphosphopyridoxal bound to Lys155, suggest-
ing that this residue is close to the v phosphate moi-
ety of ATP.*® Furthermore, the GERXXE (Gly180—
Glul85) sequence of the § subunit is conserved in
F; from different species and in the A subunit of V-
ATPase. DCCD (dicyclohexylcarbodiimide) bound
to Glu-181 in the sequence.*®

Based on these results, we systematically re-
placed conserved residues in the 8 subunit one by
one, especially between Gly149 and Glul85. Muta-
tions were introduced into the gene carried by the
recombinant plasmid (pBWU13)?" (Fig.3B), and
overproduced mutant F; sectors were purified for
biochemical analysis including of kinetics. The mu-
tants (Lys155 — Ala, Ser or Thr; Thr156 — Ala,
Cys, Asp) showed low steady state catalysis rates
(< 107° of the wild-type level) and lower k; rates
(< 1072) of ATP binding in single site kinetics,
suggesting that Lys155 and Thrl56 are catalytic
residues.®V % Similarly, kinetic analysis of mutant
F; suggested that Glul81 and Argl82 are catalytic
residues.?®: 59

All replacements of Glul85 except that with Asp
caused loss of steady catalysis (< 0.2% of wild-type
rate), whereas the enzyme with an Asp residue or a
chemically introduced S-carboxymethyl cysteine at
position 185 exhibited a substantial steady state.®
GIn185 or Cys185 mutant F; retained similar sin-
gle site catalysis to that of the wild-type, suggesting
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E. coli G GA GVG KT/VNMME LI RNI AI EHS GY S
V S. cerevisiae G AF GCG KT|VIS OS LS KYS NS DA- —- I
Bovine G AF GCG KT|VIS OS LS KYS NS DV- -- I
Mouse G AF GCG KT|VIS QS LS KYS NS DV- -- I
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Bovine IYV GC|GE RGN HM SEV LR DF P EL TM EV D
Mouse IYV GC/GE RGN EM SEV LR DF P EL TM EVD
GE RXX E
B Glu185

Fig. 4. Catalytic sites of F-ATPases and V-ATPases.

(A) Conserved residues in the catalytic subunits of F- and V-ATPases. The boxed areas denote the P-loop and the GERXXE
sequence containing catalytic residues Lys155, Thr156 and GInl81 of F-ATPase. (B) The catalytic residues of E. coli F-
ATPase and the corresponding residues of yeast V-ATPase are shown. Their positions are cited according to the bovine

crystal structure.” Modified from reviews.!): 3%

that a carboxyl moiety at position 185 is essential
for catalytic cooperativity.® Similarly, substitution
of Arg373 of the o subunit resulted in 2 x 10~3-fold
lower steady state activity than the wild-type, but
still exhibited wild-type single site catalysis.?® The
two residues are related to information transfer be-
tween the three catalytic sites, although they do not

directly participate in hydrolysis/synthesis.

The crystal structure of bovine F; was deter-
mined by Walker and coworkers during our muta-
tional studies.” Since the amino acid sequences of
the 8 subunits of E. coli and beef are about 70% ho-
mologous, the bacterial residues could be located in
the higher-ordered structure. As expected, the cat-
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Mutational studies of the v subunit.

Fig. 5.
The results of mutational studies of the v subunit are sum-
marized and shown on the bovine crystal structure.” The
Met-23Lys mutant of the v subunit of F-ATPase exhibited
wild-type ATPase activity, but reduced proton transloca-
tion. This defect was restored by one of the second muta-
tions mapped distantly (blue circles). Cited from previous

studies.6%)62)

alytic residues and others discussed above are located
close to the bound ATP in the § subunit (Fig.4B).”
It should be emphasized that the mutational ap-
proach applied to the conserved residues has been
fruitful.

Role of the v subunit in energy coupling. Mu-
tational studies suggested that ~ subunit (Fig.5)
participates energy coupling between catalysis and
proton transport as well as regulation of ATPase
activity.®® Such studies are briefly discussed below.
The amino acid sequence of the v subunit is less con-
served among different species; early alignment of
the known v subunit sequence revealed 28 conserved
residues. Eighteen of them were located within 50
residues of the carboxy terminus, and four of them
are in the amino terminal region. The results of se-
quential deletion of residues suggested that the car-
boxyl terminal region functions in catalysis and is
coupled with proton translocation.®: 5758

The importance of the conserved amino termi-
nal region was suggested by deletion of residues be-
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tween Lys21 and Ala27, which resulted in the loss of
F; assembly and proton leakage through membrane
via Fo.5» We systematically introduced mutations in
the conserved amino terminal region.®® Most of the
changes only slightly affected ATP synthesis and AT-
Pase activity. Interesting exceptions were the Met23
— Arg and Met23 — Lys mutants (Fig.5). They
could not grow on succinate through oxidative phos-
phorylation, and their membranes showed very low
proton pumping. However, they had similar ATPase
activities to that of the wild-type, indicating that the
mutants exhibited decreased efficiency in energy cou-
pling. The defect caused by the Met23Lys mutation
was reversed by the second mutation mapped to the
~ subunit carboxyl terminus (residues at positions
242 and 269-280) (Fig.5).°v Furthermore, defects
with mutations in the carboxyl terminus (yGIln269
— Glu and yThr273 — Val) were suppressed by
single amino acid replacements at the amino termi-
nus.Gl), 62)

These mutation results could be correlated to
the structures of the g and ~ subunits, once the
X-ray structure became available.” The residues of
which substitution suppressed the initial mutation,
Met23Lys, were located in the v subunit region in-
teracting with the § subunit. Typically, the v sub-
unit Met23 residue is located close to the § subunit
Asp380-Asp386 loop (called the DELSEED loop,
the sequence with comprising one letter symbols).
The mutant Lys23 could form an ionized hydrogen
bond with 8 subunit Glu381. On the other hand,
the v subunit carboxyl terminal residues, such as
Glu269 or Thr293, do not directly interact with the
first mutation. The occurrence of such suppression
over a long distance suggested that the two a helices
of the v subunit undergo long-range conformational
changes during catalysis. Consistent with this no-
tion, the crystal structure has shown different confor-
mations of the  subunit relative to the ATP-bound,
ADP-bound and empty (3 subunit (abbreviated as
Or, Bp and Bg, respectively).”

Rotation to proton pathway. After the se-
quences of the Fo subunits had been obtained, the
possible secondary structures of the subunits were
estimated, also using other information®:3%: ¢ sub-
unit, two hairpin-like transmembrane helices con-
nected by a central polar sequence that is exposed
to the cytoplasm; a subunit, five trans-membrane he-
lices; b subunit, embedded in the membrane through
an amino terminal helix and a long helical domain ex-
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tending into the cytoplasm. These estimated struc-
tures were supported by extensive later studies.®®
The mutations of the subunit a¢ and the ¢ subunit
impaired proton transport and F; binding,%®: % and
the entire carboxyl terminal region of the b subunit
was shown to be necessary for assembly of the func-
tional Fo.6® These results indicated the roles of Fo
subunits in energy coupling and assembly of the pro-
ton pathway.

Mutations in the a or ¢ subunit caused defec-
tive proton transport, consistent with the notion that
a proton pathways was formed from the two sub-
units.”™® The defective proton transport of the ¢
subunit mutant could be complemented with high
copy number plasmids carrying the wild-type gene,
but not with low copy number ones. This was one
of the earliest suggestions that a functional unit of
the ¢ subunit is an oligomer.®® We proposed, based
on an image obtained on atomic force microscopy
(AFM), that the multiple ¢ subunits form a ring
structure.’” Consistent with these early suggestions,
the structure of yeast F; attached to the ¢ subunit
ring with ten monomers was solved by X-ray crys-
tallography.®® It has been established that a proton
pathway is formed by the Asp61 and Arg210 residues
of the ¢ and a subunits, respectively.®®

Our series of experiments together with those
of other laboratories suggested that three 8 subunits
sequentially participate in catalysis through confor-
mation changes. Furthermore, the different orienta-
tion of the ~ subunit as to the three § subunits in
the crystal structure” strongly supports ~ subunit
rotation.

The ATP hydrolysis-dependent continuous ro-
tation of an actin filament connected to the v sub-
unit of Bacillus F1 was video-recorded recently.”
We confirmed the « rotation in E. coli F1 using the
same method,”™ and subsequently studied the entire
F-ATPase to determine the physiological significance
of the rotation (Fig.6).

As a part of the F-ATPase mechanism, the
rotation should be transmitted to the Fo sector to
complete ATP hydrolysis-dependent proton pump-
ing. Reversibly in ATP synthesis, proton transport
through Fo should lead to rotation of the v subunit.
To examine the rotation of the Fo sector with the
~ subunit, purified F-ATPase was immobilized on
a glass surface through His residues introduced into
the o subunit. An actin filament connected to the ¢
ring continuously rotated in an anticlockwise direc-
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tion, indicating that the ¢ ring forms a rotor with
the v subunit (Fig.6B).”™» An actin filament con-
nected to the 8 subunit also rotated in the F-ATPase
immobilized through the ¢ ring.”® Furthermore, an
actin probe connected to the (3 subunit rotated in
F-ATPase embedded in a planar membrane.” The
relative rotation of the ¢ ring as to the a subunit was
also shown in the membrane F-ATPase (Fig. 6B, iii).
These studies established the rotational catalysis of
F-ATPase, showing that yecig and a3 B35 abs were an
interchangeable rotor and a stator, respectively.”: 79

Toward rotational mechanism. The mecha-
nism of rotation and generation of torque became of
interest. The maximal rotational rate of an actin fil-
ament (~ 1um long) was ~ 10sec™!, much slower
than that expected from ATPase turnover, possi-
bly due to the high viscous drag due to the fila-
ment.” 7 It is widely accepted that the £ subunit
is inhibitory as to F; ATPase activity, and its in-
hibitory domain was mapped to the carboxyl ter-
minus.”” However, we could not observe effects of
the € subunit on rotation using the actin filament.”
Similarly, the same probe was not useful for char-
acterizing the mutant F;, which exhibited signifi-
cantly lower ATPase activity than the wild-type.™
Although an actin probe has been useful for demon-
strating rotary catalysis qualitatively, probes with
lower viscous drag are required for further studies to
establish the rotation mechanism.

We used 40 and 60nm gold beads for further
studies (Fig. 6C). Since the diameter of the F; sector
is ~ 10nm, the beads were 4 ~ 6 fold larger than that
of F'1, a much smaller probe than an actin filament.
We observed that the rotation rates of 40 and 60 nm
diameter gold beads were significantly higher than
those of 100 and 200nm ones (Fig. 7A).7:89 Since
the rates of the single beads were variable (Fig. 7A),
we estimated the rates every 10m sec. The result-
ing histograms showed a Gaussian distribution, and
clearly indicated the stochastic fluctuation of the
rates when the results for ~20 beads were combined
(Fig. 7B, C) or single beads were followed.®» The
maximal and average rates for 40 ~ 60 nm beads were
~T700 and 380rps (revolutions/sec), respectively.™
The average rate was ~ 10-fold higher than the value
expected from that of the steady state ATPase, in-
dicating that ~ 10% of F; is rotating in m sec time
resolution.

The mutants with the 8 subunit Ser174Phe and
Ser174Leu substitutions are interesting ones isolated
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Fig. 6. Rotational catalysis of the F1 sector and F-ATPase.
Experiments showing rotational catalysis are summarized: (A) Immobilized F1 sector with an actin filament attached; (B)
F-ATPase holoenzyme immobilized through the « subunit (i) and the c ring (ii), and F-ATPase in a planar membrane
immobilized through the ¢ ring and an actin filament attached to subunit a (iii); (C) immobilized F1 with gold beads
attached. The direction of ATP-dependent rotation observed is shown by arrows.
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earlier.?”- 4V They could not synthesize ATP and had
~ 10% the ATPase activity of the wild-type. How-
ever, rotation of an actin probe attached to the mu-
tant was not strikingly different from those in the
case of the wild-type™: Serl174Leu and Ser174Phe
generated similar and ~ 1/2 torque compared to the
wild-type, respectively. The mutant rotations were
re-evaluated using 60 nm gold beads.®¥ The mutant
rates were ~ 10rps due to the higher tendency of
pausing at 120° steps than in the case of the wild-
type. Since the rotation was assayed in the presence
of a high concentration of ATP, the pausing occurred
before release of the product. The pausing dwell
times were stochastically variable. The Ser174Phe
mutation was suppressed by the Gly149Ala substitu-
tion, and Ser174Phe/Glyl49Ala became essentially
similar to the wild-type.®? These results indicated
the active role of the region between (3-Sheet 4 and
the P-loop, where Ser174 and Gly149 are located,
respectively. Consistent with the surface location of
Ser174 near the a subunit, the Ser174Phe mutation
was also suppressed by a second mutation in the «
subunit (Arg276Cys).5®
2. Vacuole type ATPases (V-ATPases)
and acidic compartments

Similarities to F-ATPase. V-ATPases are lo-
calized in various endomembrane organelles includ-
ing early endosomes, lysosomes, the Golgi apparatus,
synaptic vesicles, and plasma membranes (Fig.8).
They are biochemically similar to F-ATPases, al-
though their physiological roles are apparently dif-
ferent.® 1 The V-ATPase A and B subunits are
homologues of the F-ATPase § and « subunits, re-
spectively, V-ATPase catalytic site of A subunit
may be similar to that of the F-ATPase  subunit
(Fig.4). The subunit D corresponds to the « as
judged from the results of sequence and cross-linking
experiments®® (Fig.8B). Similar to in F-ATPases,
three catalytic sites in the A3B3 hexamer showed co-
operativity.®® A ring structure similar to the ¢ ring
may be formed from the ¢, ¢’ and ¢’ subunits in yeast
V-ATPase.® The mammalian ring may be slightly
different, because ¢’ was not found in mice.?® Sub-
unit ¢, ¢’ and ¢ are duplicated forms of which the
amino and carboxyl terminal halves are homologous
to those of the F-ATPase ¢ subunit.

In the ATPase family, only V-ATPases are sen-
sitive to macrolide antibiotics Bafilomycin Al and
Concanamycin A.8" The initial finding of high affin-
ity Bafilomycin binding to the Vo sector was made for
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chromaffin granule enzyme.?» These antibiotics be-
came essential reagents for studying acidic organelles
in mammalian cells, as described below.

The biochemical similarities of the two enzymes
suggested that the V-ATPase catalysis may be re-
versible. As expected, yeast V-ATPase synthesized
ATP from ADP and phosphate in vacuolar vesicles
when an electrochemical proton gradient was estab-
lished in engineered vacuoles.®® The gradient was
generated upon hydrolysis of pyrophosphate by the
Arabidopsis thaliana proton-transporting pyrophos-
phatase, which was expressed in the vacuoles. The
ATP synthesis was sensitive to Bafilomycin A1, sim-
ilar to ATP hydrolysis. It should be noted that
V-ATPases do not synthesize ATP physiologically,
since they are localized in the organelles that can
not generate a sufficient electrochemical proton gra-
dient.

Encouraged by rotation of the F-ATPase
holoenzyme, and finding of its interchangeable rotor
and stator,”» ™ we immobilized V-ATPase through
the ¢ subunit. An actin filament connected to sub-
unit G rotated continuously, generating essentially
the same torque as one connected to F-ATPase.?? It
should be noted that subunit G exhibits some homol-
ogy to subunit b, which forms a stator with the a sub-
unit in F-ATPase. Thus, the rotation of G relative
to ¢ was reasonable to observe experimentally. Con-
canamycin A inhibited rotation, confirming the close
coupling between trans-membrane proton transport
and subunit rotation, since the antibiotic binds to
the Vo sector. The details of the rotation mechanism
must await further analysis with probes exhibiting
low viscous drag.

V-ATPase, essential for animal development.
Yeast mutant cells with deletion of one of the VMA
(Vacuolar Membrane ATPase) genes encoding V-
ATPase subunits could not grow at neutral pH,
whereas they could grow at acidic pH, possibly form-
ing acidic compartments through constitutive endo-
cytosis.® These results indicate that acidic compart-
ments generated by V-ATPase are essential for yeast
growth. The obvious and interesting question is
whether V-ATPase is required for the development
of higher organisms.

The C. elegans C subunit is encoded by a sin-
gle gene®” and has no isoforms, whereas subunit a
has four isoforms expressed in different cells.®” The
worm became embryonic lethal upon injection of the
double-stranded RNA corresponding to the C' sub-
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found in mouse tissues. See text for references.
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unit. The RNAs corresponding to the three subunit
a isoforms generated either lethal embryos (unc-32
gene) or caused death at a specific larval stage (vha-
5 or vha-6), whereas the vha-7 RNA had no effect.®
These results indicated that V-ATPase is essential
for worm embryogenesis.

Mouse embryos have extensively developed
acidic compartments in the cytoplasm from the sin-
gle cell stage, which can be stained with a pH in-
dicator dye.?® It is of interest as to whether these
compartments are required for early embryonic de-
velopment. Knock-out mice as to the ¢ subunit could
be used to answer this question, since the mam-
malian ¢ subunit is encoded by a single gene and has
no isoform.?®» Mouse embryos lacking the ¢ subunit
genes (homozygote)®® could grow up to the blasto-
cyst stage, but could not become implanted, lead-
ing to an embryonic lethal phenotype.®® The mu-
tant blastocyst cells cultured in vitro had no acidic
organelles inside, and thus could not take up dex-
tran (Fig.9A, B).?? The endomembrane organelles
of the mutant cells were altered and extensively vac-
uolated (Fig.9C). These results clearly indicate that
the electrochemical proton gradient established by
V-ATPase is essential for early mammalian develop-
ment.

Transport driven by V-ATPase. The proton
gradient and membrane potential established by V-
ATPase drive active transport into organelles such as
synaptic vesicles, microvesicles and secretory gran-
ules.?®9  Glutamate is accumulated in synaptic
vesicles or norepinephrine in micro-vesicles coupled
with the membrane potential,®® whereas serotonin or
~ amino butyric acid is transported coupled with the
proton gradient.®® As expected, this transport was
abolished by ionophores, uncouplers, Bafilomycin, or
Concanamycin A. The neurotransmitters accumu-
lated in these vesicles are released into the synaptic
cleft upon their fusion with the presynaptic plasma
membrane.

The pH gradient also led to the accumulation
of lipophilic amines in an acidic compartment.'°®
Their non-protonated forms pass through mem-
branes freely because of the hydrophobicity. How-
ever, they become unable to pass through mem-
branes, and thus, are accumulated in the organel-
lar lumen once protonated at acidic pH. Lipophilic
amines such as acridine orange or quinacrine had
been widely used to assay the formation of an elec-
trochemical proton gradient in membrane vesicles or
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organelles.?® Following this mechanism, local anes-
thetics and antineoplastic drugs were accumulated in
acidic organelles, and lowered their luminal pH.*°®
The accumulation may be related to the drug action
mechanism.

Bafilomycin and Concanamycin have been use-
ful for studying the roles of acidic compartments
established by V-ATPases. In the presence of
Bafilomycin, epidermal growth factor (EGF) was
transported to lysosomes, but its proteolysis in lyso-
somes was inhibited.!°® Similarly, diphtheria toxin
was transported to endosomes, but its processing was
inhibited.'*® The organellar enzymes became defec-
tive when the acidic pH was abolished, although the
cargo (EGF or toxin) was transported to its destina-
tion in the absence of an acidic pH.

Diverse acidic compartments. Due to interest
in the physiological roles of mammalian V-ATPases,
we have cloned mouse cDNA homologous to yeast
subunit genes. A number of isoforms has been found
for the subunits of Vo sectors (a, d) and the stalk
domain (C, E, G) connecting V; and Vo (Fig.8B),
although only the B1 and B2 isoforms were known
before our studies.'®® The isoforms of stalk domain
subunits (C, E, G) are as follows: C2-a, lamaller
bodies of lung type II alveolar cells'*; C'2-b, plasma
membrane of renal o and 3 intercalated cells’*®; E1,
specific for acrosome and testis'®®:1°9; G2, synap-
tic vesicles; and G3, kidney.'°” The ubiquitously ex-
pressed isoforms are C'1, £2 and G1, respectively.

The ¢cDNAs of the stalk subunits could com-
plement the yeast mutant lacking the corresponding
genes. Thus, we could study the mouse subunit in
a mouse/yeast hybrid V-ATPase. Interestingly, the
hybrid with E1 could not transport protons at higher
temperature, although that with E2 could.*® Since
the enzyme with E'1 and E2 had the same ATPase
activity, the E'1 hybrid was uncoupled at higher tem-
perature. The V-ATPase with the C2 —a or C2 —b
subunit showed a lower Km and proton transport
than that with C1 or Vmabp (yeast C subunit).?o
These results imply that the stalk region plays roles
by regulating ATPase and in energy coupling.

Yeast Vo has three subunits, ¢, ¢ and ¢”,
whereas Fo only has ¢.® C. elegans has two genes
for the ¢ subunit, although it was difficult to demon-
strate correspondence to yeast ¢ and ¢ from their
sequence similarities.’®® Only ¢ and ¢’ were found
in mammalians.®® Four isoforms, al, a2, a3 and
a4, were found for mammalian subunit a.'°?- 119 Iso-
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Acidic compartments in blastocysts from wild-type and ¢ subunit null mutant mice. (A) Wild-type and ¢ subunit null

mutant (—/—) blastocysts were grown in vitro, and then stained with acridine orange. No acidic compartments were observed
in the outgrowths from null blastocysts, whereas those of wild-type are stained. (B) Wild-type and ¢ subunit null mutant
(—=/—) blastocysts were incubated with fluorescent dextran. No uptake of the dextran was obserrrved in c/c blastocysts,
whereas it was taken up by wild-type. The respective Nomarski images are shown together (right). (C) Electron microscopy
of null —/— (a, b) and wild-type (c, d) blastocyst cells is also shown. Vacuolated Golgi areas are observed in —/— mice (a,

b). Modified from Sun-Wada et al.®®

form a4 was found immunochemically in the apical
and basolateral plasma membranes of cortical a- and
(- intercalated cells in the kidney-collecting duct,**®
whereas al, a2, and a3, exhibiting 48-52% sequence
identity, were expressed ubiquitously.'*® Similarly,
d2 is expressed in kidneys, whereas d1 is ubiqui-
tous.'°” Thus, unique V-ATPases are related to cell-
or organelle-specific physiology. Some of the genes
were identified as disease-related ones. Human genes
for V-ATPase subunits have been summarized to-

gether with their aliases and synonyms.'*V It is note-
worthy that only isoforms of subunit a (Stv! and
Vphl) were found in yeast.''® Thus, the diverse V-
ATPase isoforms in higher eukaryotes may be due to
the evolution of cells and organelles.

Osteoclasts. The acidic lumen formed by V-
ATPases is essential for many cell biological and
physiological processes. V-ATPases play roles other
than in the transport of protons? Their subunits,
especially transmembrane subunits, may play roles
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to localize V-ATPase to the specific organellar mem-
branes. In this regard, the results for osteoclasts are
of interest to review.

Bone homeostasis in vertebrates is maintained
through an equilibrium between bone formation and
resorption. Resorption activity is provided by os-
teoclasts, fully differentiated multinuclear cells of
monocyte-macrophage lineage.''® An acidic pH is
required in the bone resorption lacuna, the compart-
ment for dissolving hydroxyapatite and degradading
the bone matrix. A V-ATPase, highly expressed
in the osteoclast plasma membrane, pumps protons
into the lacuna. It was of interest to determine which
V-ATPase subtype is present in osteoclasts.

We found that the a3 isoform is specifically
localized in the plasma membrane and its vicin-
ity of osteoclasts derived from bone marrow cells
(Fig.10).1*9 On the other hand, al and a2 were
found in cytoplasmic organelles of the same cells.
The presence of a3 in osteoclasts was confirmed by
immuno-histochemical staining of sections of tibiae
and femora. Consistent with this localization, dis-
ruption of the ATP6 gene encoding for mouse a3
causes severe osteopetrosis.'®: 114 These results sug-
gested that a3 is a key subunit of a V-ATPase for its
plasma membrane localization.

However, the a3 isoform is not restricted to os-
teoclasts, being expressed in all tissues examined.*?
V-ATPase with an a3 isoform was localized to late
endosomes and lysosomes in non-osteoclast cells such
as NITH3T3 cells and other cell lines.''®» RAW264.7
cells, an established macrophage cell line, can form
multinuclear cells, when cultured with sSRANKL (the
extra cellular domains of receptor activators of nu-
clear factor kB ligand). The differentiated cells ex-
press osteoclast markers including tartarate-resistant
acid phosphatase (TRAP) and cathepsin K, indicat-
ing that RAW264.7 cells can be a good model for
studying localization of V-ATPase during the differ-
entiation. However, in contrast to in osteoclasts, the
a3 isoform and lysosome marker proteins were lo-
calized in the same organelles before the addition
of SRANKL and one day after addition (Fig.10A,
Day 1), indicating that the a3 isoform is localized
to lysosomes and late endosomes of the osteoclast
projenitor or an early stage after stimulation.

Upon stimulation, the a3 isoform and lamp2
(lysosome-associated membrane protein 2) were lo-
calized in the same organelles associated with a
filamentous structure extending to the cell surface
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(Fig. 10A, Days 3, and 5)."'» After 7 days’ in-
cubation, the two markers were localized mostly
on the plasma membranes of mature multi-nuclear
osteoclast-like cells (Fig. 10A, Day 7). As shown on
immunoelectron microscopy, the a3 signal was highly
concentrated at the cell periphery and plasma mem-
brane facing to bone matrix (Fig. 10B). These results
suggest that V-ATPases of the a3 isoform localized
in late endosomes/lysosomes were transported to the
cell periphery, and finally assembled into the plasma
membrane of osteoclasts. The a3 isoform may play
a role in targeting lysosomes to plasma membranes.

Endocytosis and exocytosis. The exocytosis
and endocytosis pathways allows the secretion and
uptake of proteins, and small molecular ligands and
transmitters. The kidney plays important roles in
mammalian homeostasis, including in acid secretion,
bicarbonate uptake, and protein reabsorption. Im-
munoprecipitation from a kidney extract revealed
the presence of two type V-ATPases formed from
kidney-specific isoforms B1, G3, d1, a4 and C2b and
other subunits, and ones formed from ubiquitously
expressed B2, C'1l, G1 and al, a2 or a3 are present
in the kidney (Fig. 8B).1*» These results suggest that
V-ATPases have unique subunit isoforms for renal
ion homeostasis.

An acidic pH is required in the lumen of or-
ganelles along the endocytic or exocytic pathway
(Fig.8A). A pH-sensor that may couple the lumi-
nal pH to the formation of transport vesicles has
been postulated.''® During endocytosis/exocytosis,
carrier vesicles bud from early endosomes and trans-
fer cargos to late endosomes (Fig.8A). Both GTP-
binding protein Arf6 and its cognate GDP/GTP ex-
change factor, ARNO (ADP-ribosylation factor nu-
cleotide site opener), have been implicated in carrier
vesicle coat formation. The recruitment of Arf6 and
ARNO to the endosomal membrane is driven by an
intra-endosomal acidic pH. This pH-sensitive mech-
anism involves interaction of Arf6 with the ¢ subunit
and ARNO with the a2 isoform.

V-ATPase with an a3 isoform is highly ex-
pressed in pancreatic islet (§ cells and is localized
in insulin secretory vesicles.!'” The oc/oc mutant
mouse with deletion of a part of the a3 gene exhibited
low blood insulin level together with severe osteopet-
rosis. The osteoporosis is due to the defective proton
transport into bone resorption lacuna, as discussed
above. The mutant Langerhans islets contained ma-
ture insulin, but its secretion in response to glucose
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Fig. 10. Immunochemical localization of a3 and lamp2 during differentiation of RAW264.7 cells into osteoclast-like cells. (A)
RAW264.7 cells were cultured for seven days in medium containing sSRANKL (solubilized RANKL) and M-CSF. Osteoclast-
like cells exhibit staining for tartarate-resistant acid phosphatase (TRAP). The localization of a3 and lamp2 (LAMP2) was
visualized by immunostaining. Both a3 and lamp2 were localized in the cytoplasm of the projenitor cells (Day 1), but found
in the plasma membranes of the differentiated cells (Day 7). (B) Electron microscopic localization of the V-ATPase with
an a3 isoform in RAW264.7 cells grown on a bone surface. Localization of the a3 isoform is shown immunochemically by
electron dense silver-enhanced gold particles (for examples of gold particle, see arrow heads). The plasma membrane facing
the bone (b) is densely labeled (arrows). A higher magnification for organellar localization is also shown (arrows) (c). Scale
bars: a, 10um; b and ¢, 1wm. RL, bone resorption lacuna; OC, osteoclast. Modified from previously shown.?) 106),115)
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or depolarization was impaired. These observations
suggest that the oc/oc mouse is defective in the exo-
cytosis of secretory vesicles. STC9 cells, having the
characteristics of 3 cells, could secrete insulin even
after Bafilomycin treatment. These results indicate
that the secretion does not require acidification, but
is dependent on the presence of V-ATPase with an
a3 isoform in the membranes of secretory vesicles.
These results suggest that the subunits of V-ATPase
play roles in regulating membrane trafficking in exo-
cytosis or endocytosis.

We have discussed our studies over the three
decades on proton pumping F-ATPases and V-
ATPases. The important results include the stochas-
tic properties of F-ATPases and diverse V-ATPases.
Furthermore, the results obtained suggest that V-
ATPase subunit isoforms play roles in targeting to
organellar membranes. These findings emphasize a
new concept of the enzyme.
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