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Subunit Structure, Function, and Arrangement in the Yeast
and Coated Vesicle V-ATPases

Takao Inoue,1 Stephan Wilkens,2 and Michael Forgac1,3

The vacuolar (H+)-ATPases (or V-ATPases) are ATP-dependent proton pumps that function both to
acidify intracellular compartments and to transport protons across the plasma membrane. Acidifica-
tion of intracellular compartments is important for such processes as receptor-mediated endocytosis,
intracellular trafficking, protein processing, and coupled transport. Plasma membrane V-ATPases
function in renal acidification, bone resorption, pH homeostasis, and, possibly, tumor metastasis. This
review will focus on work from our laboratories on the V-ATPases from mammalian clathrin-coated
vesicles and from yeast. The V-ATPases are composed of two domains. The peripheral V1 domain
has a molecular mass of 640 kDa and is composed of eight different subunits (subunits A–H) of
molecular mass 70–13 kDa. The integral V0 domain, which has a molecular mass of 260 kDa, is com-
posed of five different subunits (subunits a, d, c, c′, and c′′) of molecular mass 100–17 kDa. The V1

domain is responsible for ATP hydrolysis whereas the V0 domain is responsible for proton transport.
Using a variety of techniques, including cysteine-mediated crosslinking and electron microscopy, we
have defined both the overall shape of the V-ATPase and the V0 domain as well as the location of
various subunits within the complex. We have employed site-directed and random mutagenesis to
identify subunits and residues involved in nucleotide binding and hydrolysis, proton translocation,
and the coupling of these two processes. We have also investigated the mechanism of regulation of
the V-ATPase by reversible dissociation and the role of different subunits in this process.
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FUNCTION OF VACUOLAR-ATPases

The Vacuolar-ATPases (V-ATPases) are a family of
proton pumps that couple the energy of ATP hydrolysis
to active proton transport across both intracellular and
plasma membranes of eukaryotic cells (Grahamet al.,
2000; Kane and Parra, 2000; Nishi and Forgac, 2002). In-
tracellular V-ATPases are present in such compartments
as clathrin-coated vesicles, endosomes, lysosomes, Golgi-
derived vesicles, secretory vesicles, and the central vac-
uoles of fungi and plants. V-ATPases within these com-
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partments play a variety of important roles (Nishi and
Forgac, 2002). For example, acidification of endosomes
is required for ligand-receptor dissociation and recep-
tor recycling following receptor-mediated endocytosis, as
well as for the formation of endosomal carrier vesicles
that carry ligands from early to late endosomes. Certain
viruses and toxins enter cells via acidic endosomal com-
partments. Acidification of intracellular compartments is
also involved in targeting of newly synthesized lysosomal
enzymes from the Golgi to lysosomes. V-ATPases in secre-
tory vesicles, such as synaptic vesicles, provide the driving
force for uptake of neurotransmitters that are packaged in
these compartments. The V-ATPase is likely present in
brain clathrin-coated vesicles because of its retrieval from
the presynaptic membrane following neurotransmitter re-
lease. Within lysosomes and the central vacuoles of fungi
and plants, the V-ATPase provides both the acidic envi-
ronment required for degradation of macromolecules as
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well as the driving force for various coupled processes.
For example, the proton gradient across the yeast vacuo-
lar membrane is required for coupled Ca2+ uptake into the
vacuole. V-ATPases in the plasma membrane of various
cell types function in such processes as renal acidifica-
tion, bone resorption, pH homeostasis, coupled transport,
and tumor metastasis (Nishi and Forgac, 2002; Wieczorek
et al., 1999).

OVERALL STRUCTURE OF V-ATPases AND
RELATIONSHIP TO F-ATPases

The V-ATPases are composed of two domains. The
peripheral V1 domain is a complex of 640 kDa re-
sponsible for ATP hydrolysis (Nishi and Forgac, 2002).
It contains eight different subunits (A–H) of molecu-
lar mass 70–13 kDa that are present in a stoichiometry
of A3B3C1D1E1F1G2H1−2 (Arai et al., 1988; Xuet al.,
1999). Both the 70 kDa A subunit and the 60 kDa B
subunit participate in nucleotide binding (Vasilyeva and
Forgac, 1996; Zhanget al., 1995), with the catalytic
nucleotide-binding sites located on the A subunit (Feng
and Forgac, 1992a). The integral V0 domain is a 260 kDa
complex responsible for proton translocation (Zhanget al.,
1994). V0 contains five different subunits of molecular
mass 100–17 kDa in a stoichiometry a1d1c4−5 c′1c′′1 (Arai
et al., 1988; Powellet al., 2000). Both the proteolipid
subunits (c, c′, and c′′) and the 100 kDa a subunit con-
tain residues essential for proton transport (Hirataet al.,
1997; Kawasaki-Nishiet al., 2001c). Our current struc-
tural model for the V-ATPases is shown in Fig. 1 and the
subunit composition and function, including the genes en-
coding the various V-ATPase subunits in yeast, is shown in
Table I.

The V-ATPases resemble in overall structure the
F-ATPases of mitochondria, chloroplasts, and bacteria,
that normally function in ATP synthesis (Cross, 2000;
Fillingameet al., 2000; Weber and Senior, 2000). Like the
V-ATPases, the F-ATPases contain a peripheral F1 domain
responsible for ATP hydrolysis and an integral F0 domain
responsible for proton transport. Amino acid sequence
homology between the nucleotide-binding subunits (A
and B for the V-ATPases,β andα for the F-ATPases)
as well as between the proteolipid subunits indicates that
the two complexes share a common evolutionary ancestor
(Bowmanet al., 1988; Mandelet al., 1988; Zimniaket al.,
1988). The X-ray crystal structure of F1 reveals a hexam-
eric arrangement of alternatingα andβ subunits, with the
highly alpha-helical gamma subunit extending from the
center of the hexamer toward the F0 domain (Abrahams
et al., 1994; Bianchetet al., 1998). A partial structure of

F1F0 reveals theα3β3 hexamer attached to a ring of 10
proteolipid c subunits by a central stalk composed of the
γ andε subunits (Stocket al., 1999). F1 and F0 are also
connected by a peripheral stalk composed of theδ subunit
and the soluble domains of subunit b (McLachlinet al.,
1998; Ogilvieet al., 1997).

Electron microscopy has revealed that for both the
V and F-ATPases, the peripheral and integral domains
are connected by a central and peripheral stalk (Boekema
et al., 1997; Wilkenset al., 1999; Wilkens and Capaldi,
1998), although the V-ATPase structure is more com-
plex, especially in the stalk region and at the top of the
molecule. Moreover, the integral domain contains a ring of
proteolipid subunits adjacent to the membrane-embedded
subunit a (Birkenh¨ageret al., 1995; Wilkens and Forgac,
2001). Figure 2 summarizes the electron microscopy stud-
ies of the bovine enzyme. This review will focus first on
what is known about the structure and function of indi-
vidual subunits before discussing their arrangement in the
V-ATPase complex and the proposed mechanism of ATP-
driven proton transport. The final sections will discuss the
role of certain subunits in targeting and regulation of V-
ATPase activity.

STRUCTURE AND FUNCTION OF THE
NUCLEOTIDE-BINDING SUBUNITS

Two V-ATPase subunits participate in nucleotide
binding. Several lines of evidence indicate that the 70 kDa
A subunit contains the catalytic nucleotide-binding sites.
First, modification of a specific cysteine residue in subunit
A (Cys254 in the bovine protein) by sulfhydryl reagents
such as NEM and NBD-Cl leads to nucleotide protectable
inhibition of activity (Feng and Forgac, 1992a). This cys-
teine residue is located in theWalker A consensus sequence
(GXGKTV), which, from the crystal structure of the ho-
mologous F1 β subunit, is wrapped around the terminal
phosphates of ATP bound at the catalytic sites (Abrahams
et al., 1994; Bianchetet al., 1998). Moreover, disulfide
bond formation between Cys254 and Cys532 in the C-
terminal domain of the A subunit leads to reversible in-
hibition of V-ATPase activity (Feng and Forgac, 1994).
Because a significant fraction of the V-ATPase appears
to exist in this disulfide-bonded state in vivo (Feng and
Forgac, 1992b), we have proposed that reversible disulfide
bond formation between cysteine residues at the catalytic
site represents an important mechanism of regulating V-
ATPase activity in cells.

Additional evidence that the A subunit con-
tains the catalytic nucleotide-binding sites comes from
modification by the nucleotide analog 2-azido-ATP, which
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Fig. 1. Structural model of the V-ATPase complex. The V1 domain (shown in white) is responsible for ATP
hydrolysis whereas the V0 domain (shaded) is responsible for proton translocation. ATP hydrolysis at the
catalytic nucleotide-binding sites (located on the A subunits) is proposed to drive rotation of a central stalk
(composed of the D and F subunits), which in turn drives rotation of the ring of proteolipid subunits (c, c′,
c′′) relative to subunit a.Subunit a is held fixed relative to the A3B3 head by a peripheral stalk composed of
subunits C, E, G, and H and the soluble domain of subunit a.Movement of the ring of proteolipid subunits
past subunit a is thought to drive unidirectional proton transport across the membrane.A stoichiometry of 2
H+/ATP was reported by Johnsonet al. (1982). Model reprinted with permission from Arataet al.(2002a),
copyright 2002, the American Society for Biochemistry and Molecular Biology.

Table I. Subunit Composition of the Yeast V-ATPase

Subunit Gene (Yeast) Mr (kDa) Function/location

V1 A VMA1 69 Catalytic site, homolog toβ of F1F0-ATPase
B VMA2 58 Noncatalytic site, homolog toα of F1F0-ATPase
C VMA5 44 Peripheral stalk, released from V1 complex during dissociation
D VMA8 29 Central stalk, homolog toγ of F1F0-ATPase
E VMA4 26 Peripheral stalk
F VMA7 14 Central stalk
G VMA10 13 Peripheral stalk
H VMA13 54 Peripheral stalk

V0 a VPH1 100 Proton translocation, targeting to vacuole, homolog to a of F1F0-ATPase
STV1 100 Proton translocation, targeting to late Golgi, homolog to a of F1F0-ATPase

d VMA6 40 Cytoplasmic side, nontransmembrane protein
c VMA3 17 Proton translocation, DCCD- and concanamycin-binding sites, homolog to c of F1F0-ATPase
c′ VMA11 17 Proton translocation, homolog to c of F1F0-ATPase
c′′ VMA16 23 Proton translocation, homolog to c of F1F0-ATPase
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Fig. 2. Electron microscopy of the bovine V-ATPase. (a, b) Two-dimensional projections of
the bovine V-ATPase showing the peripheral stalk (a, white arrowheads) and the “knob” like
densities on the side of the V1 (black arrowhead) next to a number of protein densities probably
representing Ac45 (b, white arrow), the C-terminus of subunit a (white arrowhead) and (part of)
subunits E and G (black arrow). Candidates for the densities seen in the interface between V1

and V0 are subunits D, F, H, and d and the N-terminus of subunit a. (c, d) Three-dimensional
reconstruction of the coated vesicle V0 domain shown as surface representation (c) and cross
section (d). One protein density (Ac45) is bound on the lumenal side of the proteolipid ring while
the two densities visible on the cytoplasmic side are formed by subunit d and the N-terminus of
subunit a.The central mass (containing the proteolipid ring and the buried portion of subunit a)
has dimensions of 11× 14× 6 nm.The cross section shown in c is taken approximately 1.6 nm
from the lumenal side of the central mass. Images modified from Wilkenset al. (1999) and
Wilkens and Forgac (2001). Reprinted with permission from these articles, copyrights 1999
and 2001, the American Society for Biochemistry and Molecular Biology.

completely inhibits activity after reaction at a single A
subunit site per complex (Zhanget al., 1995). Finally,
mutagenesis studies on the yeast A subunit have identi-
fied a number of residues that play an important role in
ATP binding or hydrolysis. Thus, both K263 in the Walker
A sequence and E286 are essential for ATP hydrolysis
(Liu et al., 1997). The X-ray structure of F1 suggests that
the corresponding lysine residue stabilizes the phosphate
groups of bound ATP whereas the corresponding glutamic
acid residue serves to abstract a proton from water during
ATP hydrolysis (Abrahamset al., 1994). Modeling stud-
ies of the A subunit based upon sequence homology with
the F-ATPases, the X-ray structure of F1, and energy mini-
mization have suggested the presence of aromatic residues
forming an adenine-binding pocket at the catalytic site
(MacLeodet al., 1998). The presence of these aromatic
residues at the catalytic sites has been confirmed both by
the effects of their mutation on nucleotide binding and by
their modification by 2-azido-ATP (MacLeodet al., 1998,
1999).

Recent studies have suggested that a unique domain
of the A subunit, termed the “non-homologous” domain,
serves an important role in controlling coupling of ATP
hydrolysis and proton transport as well as reversible dis-

sociation of the V-ATPase complex (Shaoet al., 2003).
The nonhomologous domain is a 90 amino acid region
not present in the F-ATPaseβ subunit, which is neverthe-
less conserved among all V-ATPase A subunit sequences
(Puopoloet al., 1991; Zimniaket al., 1988). It is located
approximately one third of the way from the amino ter-
minus. There is evidence that the nonhomologous region
forms a separate domain on the outer surface of the V1 do-
main where it may contribute to the peripheral connection
between V1 and V0. First, modeling studies suggest that
the A3B3 hexamer is tightly packed, with little room inside
to accommodate more than theγ subunit homolog (Arata
et al., 2002a), and second, the insertion of the extra 90
amino acids occurs between conserved residues Leu132
and Leu 133 in the F-ATPaseβ subunit. Based on the X-
ray structure of the mitochondrial F1-ATPase (Abrahams
et al., 1994), these residues are in a loop on the outer
surface of theβ subunit connecting the N-terminal and
the nucleotide-binding domains. We have shown that sev-
eral mutations in this region of the A subunit cause par-
tial uncoupling of proton transport and ATP hydrolysis
while one mutation causes a dramatic increase in cou-
pling efficiency, suggesting that this domain may play a
role in controlling the tightness of coupling (Shaoet al.,
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2003). In addition, several mutations in the nonhomolo-
gous region lead to significant inhibition of dissociation
of the V-ATPase in response to glucose depletion (see
below).

In addition to the A subunit, the 60 kDa B subunit
also participates in nucleotide binding, as evidenced by
modification of the B subunit by the nucleotide analog
BzATP (Vasilyeva and Forgac, 1996). Although the B sub-
unit lacks the consensus nucleotide-binding motifs (like
the Walker A sequence) present in the A,α, andβ subunits
(Bowmanet al., 1988; Puopoloet al., 1992a), modeling
studies of the B subunit based upon sequence homology
with theα subunit, the X-ray coordinates of F1, and energy
minimization have predicted a structure which has been
supported by cysteine scanning mutagenesis and chemi-
cal modification studies (Vasilyevaet al., 2000). Unique
cysteine residues were introduced into a cys-less form of
the B subunit and their modification by the sulfhydryl
reagent biotin maleimide tested in the intact V-ATPase in
the presence and absence of BzATP. While a number of the
introduced cysteine residues were not accessible to mod-
ification by biotin maleimide, all those that were showed
protection from labeling by BzATP, supporting their pres-
ence at the nucleotide-binding site (Vasilyevaet al., 2000).
The role of the nucleotide-binding sites on the B subunit
(termed “noncatalytic” sites) is not certain, but one of the
mutations at this site leads to time-dependent increases in
ATPase activity, suggesting that they may play a regula-
tory role (MacLeodet al., 1998). Other mutations have
less dramatic effects on activity (Liuet al., 1996). As with
the F-ATPases (Abrahamset al., 1994), evidence indicates
that both the catalytic and noncatalytic sites are located at
the interface of the A and B subunits (Liuet al., 1996;
MacLeodet al., 1998), although, as indicated above, the
catalytic sites are located primarily on the A subunits while
the noncatalytic sites are located primarily on the B sub-
units.

STRUCTURE AND FUNCTION OF OTHER V 1

SUBUNITS AND ARRANGEMENT OF SUBUNITS
IN THE V-ATPase COMPLEX

Mutational studies suggest that subunit D (product
of the VMA8 gene) is involved in coupling of ATP hy-
drolysis and proton transport (Xu and Forgac, 2000). Mu-
tations clustered near the N- and C-terminus of subunit
D have synergistic effects on coupling, suggesting that
these regions may interact. Mutations causing uncoupling
in the F-ATPase have also been identified in subunitγ

(Shin et al., 1992), which adopts a coiled-coil structure
that forms the main part of the central stalk connecting F1

and F0 (Abrahamset al., 1994). This has led us to suggest
that subunit D corresponds to theγ subunit homolog in
the V-ATPase (Xu and Forgac, 2000).

Evidence supporting this hypothesis has come from
cysteine-mediated crosslinking studies. Using the molec-
ular model of subunit B described above, unique cysteine
residues were introduced into the yeast B subunit by site-
directed mutagenesis at structurally defined sites. These
unique cysteine residues were then modified using the
photoactivated crosslinking reagent maleimido benzophe-
none followed by photactivated crosslinking. Crosslinking
of subunits B and D was observed only at B subunit sites
predicted to be oriented toward the center of the A3B3

hexamer (Arataet al., 2002b). By contrast, subunits E
and G were shown to be crosslinked to subunit B at sites
predicted to be oriented toward the outer surface of V1

(Arataet al., 2002a,b). For subunit E, crosslinking could
be observed at sites near the top of the B subunit, near
the middle, and near the bottom, closest to the membrane,
whereas for subunit G, crosslinking was observed only at
sites near the top of V1. These results suggest that sub-
unit D is part of the central stalk connecting V1 and V0

whereas subunits E and G form part of the peripheral stalk
connecting these domains.

Additional crosslinking studies performed on the
coated vesicle V-ATPase indicate that subunits D and F
are in contact whereas subunit E makes contact with sub-
units C, G, and H and the soluble domain of subunit a
(Xu et al., 1999). Further evidence supporting this ar-
rangement of subunits comes from the isolation of DF
and EG heterodimers from yeast strains lacking certain V1

subunits (Tomasheket al., 1997) and the ability to coim-
munoprecipitate subunits C and E in vitro (Puopoloet al.,
1992b).

Considerable information has been obtained from
mutagenesis and overexpression studies on the function
of subunits C, G, and H. Thus, subunit C appears to ac-
tivate ATP hydrolysis by V1 whereas subunit H inhibits
this activity (Curtis and Kane, 2002; Parraet al., 2000).
Subunit G, which has been proposed to correspond to
the b subunit homolog in the V-ATPase complex (Hunt
and Bowman, 1997), has been shown to tolerate short
deletions in its sequence (Charskyet al., 2000), similar
to the b subunit of the F-ATPase (Sorgenet al., 1998).
These studies are described in detail in the paper by Kane
and Smardon in this volume. A high resolution struc-
ture of subunit H has recently been obtained (Sagermann
et al., 2001), representing the first such data on any V-
ATPase subunit. Subunit H has been shown to contact
both the A subunit and the soluble domain of subunit
a by yeast 2-hybrid analysis and coimmunoprecipitation
(Landolt-Matricorenaet al., 2000).
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STRUCTURE AND FUNCTION OF V 0 SUBUNITS

Unlike the F-ATPases, which contain a single type of
proteolipid subunit, the V-ATPases contain three distinct
proteolipids: subunit c (Vma3p), subunit c′ (Vma11p), and
subunit c′′ (Vma16p), all three of which are required for
V-ATPase function (Hirataet al., 1997). Subunit c and c′

each contain four transmembrane helices with an essential
glutamate residue in TM4. Subunit c′′ was originally pre-
dicted to contain five transmembrane helices, but recent
deletional analysis indicates that it instead contains four
transmembrane helices with the critical glutamate residue
in TM2 (Nishi et al., 2003). Moreover, the region origi-
nally predicted to correspond to TM1 is not required for
function. Topological studies indicate that the C-terminus
of subunit c is lumenal whereas the C-terminus of subunit
c” is cytoplasmic (Nishiet al., 2001, 2003). The buried
acidic residues in the proteolipid subunits, which have
been shown to be essential by both chemical modifica-
tion (Arai et al., 1987) and mutagenesis (Hirataet al.,
1997), are believed to directly participate in proton translo-
cation. Moreover, subunit c has recently been shown to
form at least part of the binding site for the specific V-
ATPase inhibitor bafilomycin (Bowman and Bowman,
2002).

All three V-ATPase proteolipids are homologous to
the F-ATPase subunit c, from which they appear to have
arisen from gene duplication and fusion (Mandelet al.,
1988). The F-ATPase c subunit adopts a helical hairpin
structure (Girvinet al., 1998), with the orientation of the
buried acidic group changing depending upon its state of
protonation (Rastogi and Girvin, 1999). The F0 domains
from E. coli and yeast mitochondria contain 10 copies of
subunit c which form a ring (Jianget al., 2001; Stocket al.,
1999), although other stoichiometries for the c subunits in
the F0 domain have also been reported (Seelertet al., 2000;
Voncket al., 2002). Stoichiometry measurements indicate
that the V0 domain contains 5–6 copies of subunits c plus c′

and a single copy of subunit c′′ (Arai et al., 1988), whereas
epitope tagging experiments indicate that both subunits c′

and c′′ are present in single copies (Powellet al., 2000).
Together, these results suggest a subunit stoichiometry of
c4−5 c′1c′′1 for V0.

The largest subunit in the V0 domain is the 100 kDa
subunit a. In yeast, this is the only subunit encoded by more
than one gene (VPH1andSTV1) (Manolsonet al., 1992,
1994). Vph1p has been shown to target the V-ATPase
to the vacuole whereas Stv1p targets the V-ATPase to
the late Golgi (Kawasaki-Nishiet al., 2001a; Manolson
et al., 1994). In mammalian cells, the a subunit is encoded
by four genes (a1–a4), which are expressed in a tissue-
specific manner (Nishi and Forgac, 2000; Okaet al., 2001).

The a3 isoform targets the V-ATPase to the plasma mem-
brane in osteoclasts (Toyomuraet al., 2000), and defects
in this gene lead to a genetic defect known as osteopetro-
sis (Li et al., 1999). The a4 isoform targets the V-ATPase
to the plasma membrane of renal intercalated cells (Oka
et al., 2001), and disruption of this gene causes the disease
renal tubule acidosis (Smithet al., 2000).

Topological studies of subunit a using cysteine mu-
tagenesis and modification by membrane permeant and
impermeant maleimides indicate that subunit a contains
an amino terminal hydrophilic domain of about 50 kDa
oriented toward the cytoplasmic side of the membrane
followed by a carboxyl terminal hydrophobic domain
containing nine transmembrane segments, with the C-
terminus located on the lumenal side of the membrane
(Leng et al., 1999). Mutational studies indicate that
Arg735, located in TM7 of Vph1p, is essential for pro-
ton transport (Kawasaki-Nishiet al., 2001c), and that other
residues located in TM7 and TM9, including E789, H743,
and R799, likely play some role in proton translocation
(Lenget al., 1996, 1998). Although no sequence homol-
ogy exists between the a subunits of V0 and F0, we have
suggested that the V0 subunit a plays a similar role in
proton transport. For the F0 a subunit, Arg210 in TM4 is
critical for proton pumping (Cain, 2000) and is postulated
to directly interact with the buried carboxyl groups of the
ring of proteolipid subunits (Jiang and Fillingame, 1998;
Vik et al., 2000). Other F-ATPase a subunit residues are
postulated to contribute to access channels that allow pro-
tons to reach and leave these buried sites (Cain, 2000; Vik
et al., 2000).

In addition to localization to different intracellular
membranes, the two isoforms of the yeast a subunit have
also been shown to differ in their degree of assembly
with V1, the efficiency of coupling of proton transport
and ATP hydrolysis, and the in vivo dissociation of com-
plexes containing these two isoforms in response to glu-
cose withdrawal (Kawasaki-Nishiet al., 2001b). Thus
Vph1p-containing V0 complexes show approximately 10-
fold greater assembly with V1 than do Stv1p-containing
complexes, and the resultant assembled V-ATPase com-
plexes containing Vph1p display four- to Fivefold tighter
coupling of proton transport to ATP hydrolysis. This
may reflect the need to maintain a lower lumenal pH in
the vacuole (where Vph1p-containing complexes reside)
than in the Golgi (where Stv1p-containing complexes are
found). Using chimeras constructed from the amino and
carboxyl-terminal domains of Vph1p and Stv1p, it has
been shown that the information controlling both the de-
gree of assembly of V1 and V0 and the tightness of cou-
pling of proton transport and ATP hydrolysis is located
in the carboxyl-terminal domain, whereas information
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controlling intracellular targeting is located in the amino-
terminal hydrophilic domain (Kawasaki-Nishiet al.,
2001a).

MECHANISM OF ATP-DEPENDENT PROTON
TRANSPORT

Because of the structural similarity between the V-
and F-ATPases, they are thought to operate by a similar
rotary mechanism (Jungeet al., 1996; Vik and Antonio,
1994). For the F-ATPases, ATP hydrolysis in the F1 do-
main drives rotation of the central rotor, composed of the
γ andε subunits, which in turn drives rotation of the ring
of c subunits relative to subunit a. Rotation of both the
γ subunit in F1 (Duncanet al., 1995; Nojiet al., 1997;
Sabbertet al., 1996) and the ring of c subunits in F1F0

(Sambongiet al., 1999) have been observed. The a sub-
unit is thought to both provide access channels for the
protons to reach and leave the buried carboxyl groups on
the c subunit ring and to stabilize these groups in the de-
protonated state (Cain, 2000; Fillingameet al., 2000; Vik
et al., 2000). Rotation of the c ring relative to the a subunit
thereby drives unidirectional proton transport across the
membrane.

Extension of this mechanism to the V-ATPases would
suggest that ATP hydrolysis in V1 drives rotation of the D
and F subunits together with the proteolipid ring relative
to subunit a. Rotation of the D and F subunits of the V1

domain of the V-ATPase fromThermos thermophiluswas
recently demonstrated (Imamuraet al., 2003), consistent
with the placement of these subunits in the central stalk
(Arata et al., 2002b). Interaction of the proteolipid car-
boxyl groups with Arg735 on subunit a (Kawasaki-Nishi
et al., 2001c) would then lead to release of protons into the
access channel leading to the lumenal side of the mem-
brane. Continued rotation of the proteolipid ring would
bring these groups into contact with the cytoplasmic aque-
ous channel, allowing them to become reprotonated before
entering the hydrophobic phase of the bilayer.

REGULATION OF V-ATPase ACTIVITY

In addition to reversible disulfide bond formation
between conserved cysteine residues at the catalytic site
of the V-ATPase (discussed above), several other mech-
anisms have been proposed to be involved in regulation
of V-ATPase activity in vivo. Differences in coupling ef-
ficency have been shown to be triggered by a variety of
conditions, including high concentrations of ATP (Arai
et al., 1989), partial proteolysis (Adachiet al., 1990), and

mutations in several V-ATPase subunits, including sub-
unit D (Xu and Forgac, 2000), subunit a (Kawasaki-Nishi
et al., 2001c), and the nonhomologous region of subunit
A (Shaoet al., 2003), suggesting that the enzyme may
be poised to change the tightness of coupling in vivo. As
described above, differences in coupling efficiency of V-
ATPase complexes containing different isoforms of sub-
unit a have also been observed (Kawasaki-Nishiet al.,
2001b).

Perhaps the most well-established mechanism for
regulating V-ATPase activity in vivo involves reversible
dissociation of the V1 and V0 domains. A rapid and re-
versible dissociation of the V-ATPase was observed in
yeast in response to removal of glucose from the media
(Kane, 1995). Dissociation of the V-ATPase has also been
demonstrated in insects, where it occurs during molting
(Sumneret al., 1995). In yeast, many of the signal trans-
duction pathways activated by glucose depletion are not
involved in reversible dissociation (Parra and Kane, 1998).
In vivo dissociation has been shown to require catalytic ac-
tivity (MacLeodet al., 1999; Parra and Kane, 1998) and
an intact microtubular network (Xu and Forgac, 2001),
although reassembly of the complex occurs even in the
absence of microtubules. Mutations in the nonhomolo-
gous region have been shown to block in vivo dissocia-
tion even without perturbing activity (Shaoet al., 2003),
suggesting that this domain may function in controlling
the dissociation process. Mutations have also been iden-
tified in subunit G that cause reduced dissociation of the
V-ATPase through stabilization of the complex (Charsky
et al., 2000).

As described above, V-ATPase complexes containing
different isoforms of the a subunit also differ in their in
vivo dissociation behavior (Kawasaki-Nishiet al., 2001b).
Thus, Vph1p-containing complexes located in the vacuole
undergo dissociation in response to glucose withdrawal
whereas Stv1p-containing complexes located in the Golgi
do not. If Stv1p-containing complexes are retargeted to
the vacuole by overexpression of Stv1p, in vivo disso-
ciation is now observed. If Vph1p-containing complexes
are prevented from reaching the vacuole by disruption of
the normal targeting pathway, in vivo dissociation is still
observed, but is less complete than for Vph1p-containing
complexes located in the vacuole. These results suggest
that in vivo dissociation is controlled both by the a sub-
unit isoform present in the complex and by the cellular
environment in which the complex resides (Kawasaki-
Nishi et al., 2001b). Studies of chimeric constructs of
the a subunit indicate that dissociation is controlled by
the amino-terminal hydrophilic domain (Kawasaki-Nishi
et al., 2001a). Recent studies have identified a novel com-
plex (termed RAVE) involved in normal and regulated
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assembly of the V-ATPase (Seolet al., 2001), and its in-
teraction with the V1 domain has begun to be elucidated
(Smardonet al., 2002).

CONCLUSIONS

The V-ATPases are multisubunit complexes respon-
sible for ATP-driven proton transport across both intra-
cellular and plasma membranes. They are composed of a
peripheral V1 domain that hydrolyzes ATP and an inte-
gral V0 domain that transports protons. They are thought
to operate by a rotary mechanism, similar to that demon-
strated for the F-ATPases. The complexity of their reg-
ulation likely reflects the diversity of roles they serve in
cellular physiology.
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