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ABSTRACT: The vacuolar (H)-ATPases are ATP-dependent proton pumps that acidify intracellular com-
partments and, in some cases, transport protons across the plasma membrane of eukaryotic cells. Intracellular
V-ATPases play an important role in normal physiological processes such as receptor-mediated endocytosis,
intracellular membrane trafficking, pro-hormone processing, protein degradation, and the coupled uptake of
small molecules, such as neurotransmitters. They also function in the entry of various pathogenic agents,
including many envelope viruses, like influenza virus, and toxins, like anthrax toxin. Plasma membrane
V-ATPases function in renal pH homeostasis, bone resorption and sperm maturation, and various disease
processes, including renal tubular acidosis, osteopetrosis, and tumor metastasis. V-ATPases are composed of
a peripheral V; domain containing eight different subunits that is responsible for ATP hydrolysis and an
integral Vo domain containing six different subunits that translocates protons. In mammalian cells, most of
the V-ATPase subunits exist in multiple isoforms which are often expressed in a tissue specific manner.
Isoforms of one of the V, subunits (subunit a) have been shown to possess information that targets the
V-ATPase to distinct cellular destinations. Mutations in isoforms of subunit a lead to the human diseases
osteopetrosis and renal tubular acidosis. A number of mechanisms are employed to regulate V-ATPase
activity in vivo, including reversible dissociation of the V| and V, domains, control of the tightness of coupling
of proton transport and ATP hydrolysis, and selective targeting of V-ATPases to distinct cellular membranes.
Isoforms of subunit a are involved in regulation both via the control of coupling and via selective targeting.
This review will begin with a brief introduction to the function, structure, and mechanism of the V-ATPases
followed by a discussion of the role of V-ATPase subunit isoforms and the mechanisms involved in regulation
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of V-ATPase activity.

V-ATPASE FUNCTION

The vacuolar (H")-ATPases (V-ATPases)' make up a family
of ATP-dependent proton pumps localized to a variety of cellular
membranes of eukaryotic cells, including endosomes, lysosomes,
Golgi-derived vesicles, secretory vesicles, and, for some cells, the
plasma membrane (/—3). V-ATPases within endosomes dissoci-
ate internalized ligands, such as low-density lipoprotein (LDL),
from their receptors, thus facilitating recycling of the receptors to
the plasma membrane (4). They are also required for budding of
endosomal carrier vesicles that carry internalized ligands from
early to late endosomes (5) and for dissociation of lysosomal
enzymes from the mannose 6-phosphate receptors that target
them from the Golgi to the lysosome (6). Acidic endosomal
compartments also provide the entry point for the cytotoxic por-
tions of many envelope viruses, including influenza and Ebola
virus, and toxins, such as diphtheria and anthrax toxin (7). The
ability of these pathogenic agents to infect or kill cells is thus
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critically dependent on V-ATPase activity. Lysosomal acidifica-
tion by V-ATPases is required for the activity of degradative
enzymes located within the lysosomal lumen and for the export of
degradation products via coupled transporters. V-ATPases with-
in secretory vesicles create both the low pH required for proces-
sing of pro-hormones to their mature forms and the pH gradient
and membrane potential used to drive the uptake of small mole-
cules, such as neurotransmitters (/).

Plasma membrane V-ATPases predominantly play cell type
specific roles. Thus, in renal intercalated cells of the late distal
tubule and collecting duct, V-ATPases located in the apical mem-
brane secrete acid into the urine (3). A defect in isoforms of
V-ATPase subunits that are selectively expressed in the kidney
leads to the genetic disorder distal renal tubule acidosis, in which
patients are unable to excrete sufficient acid in the urine (8).
Plasma membrane V-ATPases in osteoclasts play a critical role
in bone resorption by acidifying the space between the cell and
the bone, thus dissolving the bone matrix (9). Defects in the
osteoclast V-ATPase lead to the disease osteopetrosis, characte-
rized by developmental defects resulting from the inability to
degrade and remodel bone (/0). V-ATPases localized to the
apical membrane of clear cells in the epididymus maintain the
semenal fluid at a low pH, a property crucial for the normal
maturation and storage of sperm (/7). Finally, plasma membrane
V-ATPases have also been implicated in the metastasis of tumor
cells (12, 13). In this context, plasma membrane V-ATPases may
aid in tumor cell invasion by providing an acidic extracellular
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environment required for the activity of secreted cathepsins, pro-
teases that have been shown to function in metastasis by many
tumor cells (/4). Because of their role in bone resorption and
tumor invasion, V-ATPases are attractive targets in the develop-
ment of drugs for the treatment of osteoporosis (characterized by
excessive bone resorption) and cancer metastasis.

V-ATPASE STRUCTURE AND MECHANISM

V-ATPases are large, multisubunit complexes organized into
two domains (Figure 1 and Table 1). The peripheral V| domain is
composed of eight different subunits (A—H) and hydrolyzes
ATP (1, 2). The integral V domain is composed of six different
subunits (a, ¢, ¢, d, e, and Ac45 in mammals and a, ¢, ¢/, ¢, d,
and e in yeast) and translocates protons across the membrane
(1, 2). ATP hydrolysis occurs at catalytic sites located at the
interface of the A and B subunits (15, /6), which are each present
in three copies per complex and are arranged in alternating
fashion in a ring. Most of the catalytic site residues are con-
tributed by the A subunit (/7). A second set of nucleotide binding
sites is located at the other A—B subunit interface (termed
“noncatalytic” sites), which are composed primarily of B subunit
residues and may regulate activity (17, 1/8). Within the V, domain,
the proteolipid subunits (c, ¢/, and ¢”’) are also organized into a
ring containing single copies of subunits ¢’ and ¢’ and multiple
copies of subunit ¢ (/, 19). Analysis of chimeric constructs indi-
cates that the proteolipid subunits adopt a well-defined arrange-
ment in the proteolipid ring (20). The proteolipid subunits are
highly hydrophobic proteins composed of four (¢ and ¢’) or five
(¢'") transmembrane helices (TMs) (21), and each subunit con-
tains a single essential buried acidic residue that undergoes rever-
sible protonation during proton transport (22). Interestingly,
TMI of subunit ¢’ appears to be dispensable for function (21, 23).
Subunit a of Vj is thought to provide access channels (hemi-
channels) that allow protons to reach and leave these buried
acidic residues on the proteolipid ring (/).

The V, and V(domains are connected by multiple stalks (24, 25).
A central stalk [composed of subunits D, F, and d (26, 27)]
extends from the proteolipid ring through the center of the A3B;
hexameric head, whereas three peripheral stalks [composed of
subunits C, E, G, and H (25, 26, 28—30)] attach the A;B; hexamer
to N-terminal hydrophilic domain subunit a of V, (Figure 1). The
V-ATPases operate by a rotary mechanism in which ATP
hydrolysis at the catalytic sites in Vy drives rotation of the central
stalk and the attached ring of proteolipid subunits relative to
subunit a (37, 32). The peripheral stalks thus serve as stators that
prevent rotation of subunit a relative to the A;B; hexamer. As the
buried acidic residues on the proteolipid ring come into contact
with subunit a, they sequentially pick up protons from the
hemichannel in contact with the cytoplasm and, following
rotation in the plane of the membrane, deliver those protons to
the hemichannel in contact with the luminal side of the mem-
brane (/). A buried arginine residue in subunit a interacts with the
buried acidic residues on the proteolipid ring, stabilizing them in
their negatively charged, deprotonated form, thus facilitating
release of protons into the luminal hemichannel (33). In this way,
rotary motion driven by ATP hydrolysis in V drives unidirec-
tional transport of protons across the membrane through V. It
should be noted that the V-ATPases are related to both the F,F,
ATP synthase (34) and the A;Ay ATPases (35) in both structure
and mechanism.
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non-homologous
region of subunit A

FiGure 1: Structure and mechanism of the V-ATPase. The V-ATPase
is composed of two domains, V| and V. The peripheral V| domain
is composed of eight different subunits (A—H, colored yellow and
orange) and is responsible for ATP hydrolysis, whereas the integral
Vo domain is composed of six subunits (in yeast, these are subunits
a,c, ¢, c”, d,and e, colored blue and gray) and is involved in the
translocation of protons across the membrane. ATP hydrolysis
drives the rotation of a central rotor, which is composed of the D,
F, d, and proteolipid (c, ¢/, and ¢') subunits. Subunit a possesses two
hemichannels and a crucial arginine residue (colored red), which are
required for proton translocation. The hemichannels allow protons
to reach buried glutamic acid residues (colored green) on the
proteolipid ring from the cytoplasmic side of the membrane and
to leave from these sites to the luminal side of the membrane
following interaction of the glutamate residues with the a subunit
arginine residue. The V| and V, domains are connected by a central
stalk, which is composed of subunits D, F, and d, and three
peripheral stalks, which are composed of subunits C, E, G, H
and the N-terminal cytoplasmic domain of subunit a. The periph-
eral stalks hold the A3B; hexamer stationary with respect to subunit
a. The nonhomologous region of subunit A, which is absent from
the F{Fy ATP synthases, is involved in reversible dissociation (see
the text).

ISOFORMS OF SUBUNIT a OF THE V-ATPASE

Isoforms of many of the V-ATPase subunits exist in mamma-
lian cells, but the most extensive information exists on isoforms of
subunit a (Table 1). In yeast, all the V-ATPase subunits are
encoded by single genes with the exception of subunit a, which is
encoded by two genes (VPHI and STVI). Vphlp and Stvlp are
54% identical at the amino acid level, with the C-terminal
hydrophobic domain showing a somewhat higher level of
sequence identity than the N-terminal cytoplasmic domain (36).
Vphlp targets the V-ATPase to vacuoles, whereas Stvlp targets
the V-ATPase to the Golgi (36, 37). Studies of chimeric proteins
containing different parts of either Vphlp or Stvlp have demon-
strated that the targeting information exists in the cytoplasmic
N-terminal domain of subunit a (37). The nature of the specific
targeting signal in the N-terminus of subunit a has not been
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determined. Differences in the degree of assembly between V
and V, and in the tightness of coupling between proton transport
and ATP hydrolysis have been identified for complexes contain-
ing either Vphlp or Stvlp (37, 38), and these differences likely
help to explain the lower pH of the vacuolar compartment rela-
tive to that of the Golgi (see sections on regulation of V-ATPases).

In mammalian cells, subunit a exists in four isoforms (al—a4)
which also contain targeting information (/). In humans, the four
subunit a isoforms display 47—61% identity at the amino acid
level (3). Isoform a3 is strongly expressed in osteoclasts and is
responsible for targeting of the V-ATPase to the plasma mem-
brane of these cells, where it is involved in bone resorption. In
preosteoclast cells, isoform a3 is localized to lysosomes and
appears to be moved to the plasma membrane upon differentiation
of these cells into mature osteoclasts (9). Mutations in isoform
a3 lead to the defective bone resorption phenotype associated
with osteopetrosis (/0). Drugs that target isoform a3-containing
V-ATPase complexes could potentially be useful in the treatment
of osteoporosis, where excessive bone resorption occurs. Isoform
a3 has also been localized to insulin-containing secretory vesicles
in pancreatic islet cells, where it likely contributes to the acidic
environment required for proteolytic processing of insulin. Inter-
estingly, mice bearing a knockout in the a3 gene are still able
to process insulin but show a defect in insulin secretion (39).
Immunolocalization studies of islet cells from these mice suggest
that isoform a2 may compensate for the loss of isoform a3 in acidi-
fying the insulin-containing compartment, but isoform a2 appears
unable to replace isoform a3 in its role in insulin secretion. Isoform
a3 is also expressed in the adrenal, parathyroid, thyroid, and
pituitary glands (40), and in immature melanosomes, where it
functions to keep this organelle acidic (41).

Isoform a4 is expressed almost exclusively in renal cells and is
responsible for targeting of V-ATPases to the apical membrane
of a-intercalated cells of the late distal tubule and collecting
duct (3). Mutations in isoform a4 cause the defective urinary acid
secretion associated with renal tubular acidosis (8). Interestingly,
isoform a4 is also involved in targeting of V-ATPases to the
apical membrane of epididymal clear cells, which are responsible
for acidification of the epididymal lumen (/7). Its role in sperm
maturation and storage makes isoform a4 a potential target in the
development of male contraceptives. Two splice variants of the
mouse a4 subunit, a4-I and a4-II, exist, and they show distinct
tissue and developmental expression patterns. Besides strong
expression in kidney, a4-I is detected in heart, lung, skeletal
muscle, and testis, whereas a4-II is detected in lung, liver, and
testis. During development, a4-1 is expressed beginning with the
early embryonic stage, whereas a4-11 is detected from day 17 (42).
In humans, similar splice variants of the a4 subunit also exist (8).
Splice variants have also been identified for a number of other
V-ATPase subunits (see Table 1).

Isoform al has been shown to localize to both the presynaptic
membrane and synaptic vesicles present at nerve terminals (43).
V-ATPase complexes containing isoform al likely acidify synap-
tic vesicles, but V, complexes containing isoform al present in
both the synaptic vesicle and the synaptic plasma membrane have
been suggested to play a more direct role in fusion between these
membranes during neurotransmitter release (44). The al subunit
has also been implicated in fusion between phagosomes and
lysosomes during phagocytosis in the brain (45), suggesting a role
in the endocytic pathway for al.

Isoform a2 has been identified in apical endosomes of pro-
ximal tubule cells of the kidney, where it provides the low pH
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necessary to release endocytosed peptides from the receptors
megalin and cubulin that are involved in their absorptive uptake
from the renal fluid (46).

Despite the specific localizations noted above, it is likely that
many cells express multiple a subunit isoforms that target
V-ATPases to different cellular membranes. The highly invasive
MB231 human breast tumor cell line has been shown to express
much higher levels of both the a3 and a4 isoforms than the poorly
invasive MCF7 cell line, and knockdown of either isoform
significantly inhibits the invasiveness of MB231 cells (/3). Never-
theless, knockdown of a3 appears to affect invasion by inhibiting
V-ATPase activity in the endosome/lysosome compartment,
whereas knockdown of a4 may inhibit invasion by reducing
plasma membrane V-ATPase activity.

OTHER V-ATPASE SUBUNIT ISOFORMS

Besides subunit a, at least six of the 14 remaining V-ATPase
subunits exist in multiple isoforms in mammalian cells (Table 1).
In each case, one isoform is ubiquitously expressed while other
isoforms are often expressed in a specific tissue. The levels of seq-
uence identity between human isoforms are as follows: subunit B
(83%) (47), subunit C (62%) (48), subunit E (77%) (49), subunit
G (53—64%) (48), and subunit d (68%) (48). We will begin with
a discussion of the function and distribution profile of subunit B.
The Bl isoform is expressed not only in renal and epididymal cells
but also in hair cells of the inner ear (50). Mutations in B1 have
thus been shown to lead not only to renal tubular acidosis but
also to deafness. B1 is localized to the apical membrane of inter-
calated cells and is involved in the secretion of protons into the
urine. In contrast, B2 is ubiquitously expressed and is predomi-
nantly localized to intracellular compartments, suggesting that
these two isoforms have different functions (57). However, recent
studies showed that B2 is able to compensate for at least some of
the functional consequences of a loss of Bl in knockout mice
(52, 53). V-ATPases have been identified in the mouse olfactory
epithelium where the B1 isoform is localized to the apical mem-
brane and subapical region of olfactory cells and B2 is cytoplas-
mic. In B1 knockout mice, the B2 isoform is upregulated but does
not appear in the apical membrane (54).

Other isoforms, including C2, G3, and d2, have also been
shown to be shared between renal and epididymal cells (11, 48),
suggesting the formation of V-ATPase complexes containing
unique combinations of isoforms in these and perhaps other cell
types. In human and mouse, d1 is ubiquitously expressed, whereas
d2 is expressed in osteoclasts in addition to the kidney and
epdidiymus (48, 55, 56). It has been reported that d2 knockout
mice develop osteopetrosis due to defects in the formation of
multinucleated osteoclasts (57). This suggests that isoform d2
plays a specific role in osteoclast fusion. Recently, it has been
demonstrated that both d1 and d2 directly associate with the
central stalk subunits D and F, supporting a role for subunit d as
part of the central rotor of the V-ATPase (58). The existence of
complexes containing unique combinations of V-ATPase iso-
forms raises the possibility of the development of drugs (or panels
of drugs) that are highly specific for particular combinations of
isoforms that could be used for the treatment of diseases (such
as cancer) in which these complexes participate. For example, on
the basis of recent studies of subunit a isoform expression in
breast tumor cells (/3), inhibitors specific for V-ATPase com-
plexes containing isoform a3 or a4 might inhibit breast cancer
metastasis.
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FiGURE 2: Regulation of V-ATPase activity by reversible dissociation. In yeast, glucose depletion initiates the reversible dissociation of the
V-ATPase into a V| complex without C, free subunit C, and V. Dissociation requires an intact microtubule network, whereas reattachment of
V, onto Vyis mediated by the RAVE complex (composed of Skp1, Rav1, and Rav2) and aldolase. Dissociation may also be stimulated by altered
interactions of the nonhomologous region of subunit A with the Vo domain. Glucose-dependent assembly of the V-ATPase is driven by activation
of the Ras/cAMP/protein kinase A (PKA) pathway. The free forms of V; and V, are silenced with respect to ATP hydrolysis and passive proton

translocation.

REGULATION OF V-ATPASE ACTIVITY

Cells are able to regulate pH both spatially and temporally.
Thus, the luminal pH of compartments along the endocytic path-
way decreases as one moves from early endosomes through late
endosomes to lysosomes (/). This pH gradient is essential for the
correct timing of many essential steps in the endocytic process (4),
including uncoupling of ligands from their receptors in early
endosomes, the budding of endocytic carrier vesicles that move
ligands from early to late endosomes, and the degradation of
endocytosed macromolecules in lysosomes. Similarly, precise
regulation of vesicular pH along the pathway from the Golgi
to lysosomes facilitates dissociation of lysosomal enzymes from
the mannose 6-phosphate receptor and recycling of this receptor
to the trans-Golgi (6). These represent examples of spatial regu-
lation of the pH of intracellular compartments, where the pH of a
given compartment is maintained within narrow limits. There are
also many examples of temporal changes in V-ATPase activity in
response to specific stimuli. For example, a variety of stimuli have
been shown to lead to changes in the assembly of the V-ATPase
complex, which represents one of the principal mechanisms for
controlling V-ATPase activity in cells. A change in pump density
through reversible fusion of V-ATPase-containing vesicles, most
often with the plasma membrane, represents a second important
temporal mechanism of regulating proton flux via the V-ATPase.
We will discuss these and other mechanisms in the following
section.

REGULATION OF V-ATPASE ACTIVITY BY REVER-
SIBLE DISSOCIATION

Perhaps the best characterized mechanism of regulating
V-ATPase activity is the reversible dissociation of the complex
into its component V; and V, domains (Figure 2). This process
was first characterized in yeast and insect cells (2, 59) but occurs
in mammalian cells, as well. V-ATPase dissociation occurs in
yeast in response to the depletion of glucose from the media and
in insects during molting, most likely as a means of conserving
cellular stores of ATP. V-ATPase assembly in renal cells is also
responsive to glucose levels, although the physiological signifi-
cance of these changes is less clear (60). Activation of dendritic
cells to process antigen is accompanied by an increased level of

assembly of the V-ATPase on the lysosomal membrane, as acidi-
fication of this compartment is required for normal antigen pro-
cessing (61). It is likely that reversible dissociation will be shown
to regulate V-ATPase activity in other systems, as well.

Reversible dissociation of the V-ATPase has been most
thoroughly studied in yeast (/, 2). In this system, dissociation
occurs rapidly and reversibly and does not require new protein
synthesis, although some level of catalytic activity is generally
required (62—64). The separated V; and Vy domains are silenced
with respect to ATP hydrolysis and passive proton translocation
following dissociation, as expected given the deleterious effects of
releasing an uncoupled ATP hydrolytic domain into the cytosol
or creating an unregulated passive proton leak in cellular mem-
branes. ATP hydrolysis by the free V, domain is silenced by
subunit H (65), either through direct bridging of the central and
peripheral stalks (66) or as a result of a conformational change
induced upon dissociation (67). Dissociation and reassembly
appear to be independently controlled processes. Thus, dissocia-
tion, but not reassembly, requires an intact microtubular net-
work (68), whereas reassembly, but not dissociation, requires a
novel protein complex termed RAVE (69). RAVE is composed
of three proteins (Ravlp, Rav2p, and Skpl, a ubiquitin ligase
component) and appears to bind to subunits E and G of V| as
well as subunit C (a V; subunit that dissociates from both V; and
Vo upon disassembly) (70, 71). RAVE appears to stabilize the
dissociated V; complex in an assembly competent form and
mediates assembly in both the normal biosynthetic pathway and
the glucose-regulated process (70). Interaction with the glyco-
lytic enzyme aldolase also appears to be important in glucose-
mediated assembly as mutations in aldolase that disrupt this
interaction (but leave the catalytic activity of aldolase intact)
prevent assembly of the V-ATPase in vivo (72).

The signaling pathways that regulate reversible dissociation of
the V-ATPase have begun to be unraveled. In yeast, glucose
causes assembly of the V-ATPase by activating the Ras/cAMP/
protein kinase A pathway (73). An elevated glucose level inhibits
the activity of the Ras GAPs Iralp and Ira2p which leads to an
increase in the amount of GTP-bound Ras and hence increased
Ras activity. Activated Ras in turn activates adenylate cyclase,
leading to increased cellular levels of cCAMP. Elevated cAMP
levels cause dissociation of the regulatory subunits of protein
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kinase A and hence activation of its catalytic subunits. Thus,
under conditions of glucose depletion, the Ras/cAMP/PKA
pathway would be suppressed, leading to V-ATPase dissociation.
It should be noted that at present it is not known whether
activation of PKA enhances assembly or reduces dissociation of
the V-ATPase. The mechanism by which protein kinase A affects
assembly or blocks dissociation of the V-ATPase in yeast has also
not been determined. In insect cells, protein kinase A has been
shown to stimulate assembly of the V-ATPase and to phosphor-
ylate subunit C of the complex, although interestingly subunit
C in the assembled enzyme is not phosphorylated (74). Thus, it is
unclear what the relationship is between subunit C phosphoryla-
tion and V-ATPase assembly in insect cells. In renal epithelial
cells, phosphatidylinositol 3-kinase (PI-3 kinase) has been shown
to mediate glucose-dependent assembly of the V-ATPase (60),
although other signaling pathways may also be involved.

One domain of the V-ATPase that has been shown to be
important for reversible dissociation of the complex is the
“nonhomologous” region of the catalytic A subunit. This 90-amino
acid region is strongly conserved between V-ATPases from
different species but is absent from the homologous f subunit
of the F;Fy ATP synthase (hence its name). The nonhomologous
region is present as an insert approximately one-third of the way
from the N-terminus of subunit A and appears in EM images of
the complex as an “ear” sticking out from the A subunit position
in the A;B; hexameric head (24). Mutations in the nonhomolo-
gous region that block dissociation of the complex upon glucose
depletion without affecting catalytic activity have been identi-
fied (75). Moreover, when it is expressed as a separate epitope-
tagged construct in the absence of the remainder of the A subunit,
binding of the nonhomologous region to Vi (without the other
V, subunits) can be detected and occurs in a glucose-dependent
manner (76). This suggests the possibility that interaction bet-
ween the nonhomologous region and some portion of the V,
domain (possibly the N-terminal domain of subunit a) may help
to control the glucose-dependent assembly of the complex.

Reversible dissociation of the V-ATPase in yeast has also been
shown to be a sensitive function of the cellular environment in
which the complex resides. Thus, V-ATPases containing Vphlp
and hence localized to the vacuole dissociate upon glucose
depletion, whereas Stvlp-containing complexes localized to the
Golgi do not dissociate. If Stvlp-containing complexes are
redirected to the vacuole through overexpression, dissociation
is now observed (38). Moreover, V-ATPase complexes contain-
ing either Vphlp or Stvlp which are arrested in intermediate
compartments through the use of vps mutants, which disrupt
trafficking, show nearly identical behavior with respect to glucose-
dependent dissociation (64). Although the environmental factor(s)
responsible for this difference in dissociation behavior has not
been identified, one property which differs between different
compartments and which has been shown to affect dissociation is
luminal pH (76). Although the membrane environment appears
to be more important in controlling reversible dissociation than a
subunit isoform in yeast, the relative importance of these factors
in mammalian cells is unknown.

OTHER REGULATORY MECHANISMS

The transport of protons across the apical membrane of a
number of polarized cell types is regulated by reversible insertion
of fully assembled V-ATPases derived from specialized popula-
tions of intracellular vesicles. An increased level of transport of
protons across the plasma membrane is achieved by exocytic
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fusion of these V-ATPase-containing vesicles with the apical
membrane, whereas a reduction in the level of proton transport
results from endocytic retrieval of V-ATPases from this intracel-
lular pool. Examples in which this regulatory mechanism plays an
important physiological role include control of proton transport
across the apical membrane of renal intercalated cells of the late
distal tubule and collecting duct (3) and regulation of the pH of
the epididymus by epididymal clear cells (77). In the case of renal
epithelial cells, a decrease in the cellular pH associated with an
increased level of carbon dioxide induces fusion of apical
membrane vesicles containing a very high density of V-ATPases
with the apical membrane, thus increasing the rate of secretion of
acid into the urine. This process appears to be in part regulated by
PI-3 kinase (60). Epididymal clear cells respond to elevated
luminal pH by increasing the rate of secretion of acid across
the apical membrane. This is accomplished with the aid of a
bicarbonate-sensitive adenylate cyclase (77). As the luminal pH
increases, cellular levels of bicarbonate increase, activating the
bicarbonate-sensitive adenylate cyclase which increases cellular
levels of cAMP and hence protein kinase A activity. Activation of
protein kinase A leads to an increased level of exocytosis and/or a
decreased level of endocytosis of V-ATPases, which shuttle
between the plasma membrane and a pool of intracellular vesi-
cles. How protein kinase A regulates this event remains un-
known. Recently, it was shown that the metabolic sensor AMP-
activated protein kinase (AMPK) as well as PKA directly phos-
phorylate the V-ATPase A subunit in clear cells. AMPK inhibits
both PKA-dependent phosphorylation of the A subunit and cAMP-
induced apical membrane accumulation of the V-ATPase. Thus,
intracellular trafficking of V-ATPases appears to be regulated by
both PKA and AMPK (78). The same coregulation has been
observed in renal intercalated cells (79).

An additional regulatory mechanism that appears to play a
role in controlling the differential pH of intracellular compart-
ments is modulation of the coupling efficiency of proton trans-
port and ATP hydrolysis by the V-ATPase (I, 80). Thus,
comparison of the coupling efficiency of Vphlp-containing
complexes with that of Stvlp-containing complexes reveals a
4—5-fold higher efficiency for the former, consistent with the
lower pH of the vacuolar compartment (containing Vphlp)
relative to that of the Golgi (which contains Stvlp) (38). Con-
struction of chimeric complexes between Vphlp and Stvlp
has demonstrated that coupling efficiency is controlled by the
C-terminal hydrophobic domain of subunit a (37). Interestingly,
mutations, for example, P217V, have been identified in the
nonhomologous domain of the catalytic A subunit which lead
to increased coupling efficiency, even for Vphlp-containing
complexes (75). This suggests that the V-ATPase is normally
poised between a fully coupled and fully uncoupled state, and
proton transport can be altered by either increasing or decreasing
the coupling efficiency relative to this starting state. How
coupling efficiency may be modulated in vivo remains uncertain.

Another mode of regulation of the V-ATPases is via reversible
disulfide bond formation at the catalytic site of subunit A. In
yeast, the conserved Cys-261 of the catalytic site and Cys-539 in
the same subunit form a disulfide bond which results in reversible
inactivation of the V-ATPase by blocking ATP hydrolysis (16).
Reversal of inhibition occurs via a disulfide change within
subunit A (8/—83). Formation of disulfide bonds between these
two conserved cysteine residues would prevent the major con-
formational change observed in the F{F, ATP synthase 5 subunit
upon transition to the empty state (84). It should also be noted
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that the redox state of the cytoplasm of the cell can modu-
late V-ATPase activity by reversible disulfide bond formation
in vivo (85).

In addition to V-ATPases, the pH of intracellular compart-
ments is also influenced by other transporters, including passive
transport proteins present in intracellular compartments. To dissi-
pate the membrane potential that is generated by the V-ATPase,
a counterion conductance is required which, in vivo, is frequently
provided by intracellular chloride channels (86). In kidney,
defects in the chloride channel CLC-5 lead to defective endo-
somal acidification and cause Dent’s disease (87). Failure of
another chloride channel protein, CLC-7, causes defective bone
resorption by osteoclasts, leading to osteopetrosis (88). The
maintenance of the steady-state pH is also determined by passive
proton conductance. For example, the luminal pH of the Golgi
complex is, in part, controlled by a Zn*'-sensitive proton
channel (89). In some cases, members of the Na™/H™ exchanger
family may also regulate the pH of intracellular compartments.
Thus, knockout of NHXI, the endosomal Na*/H* exchanger
of Saccharomyces cerevisiae, leads to a decrease in vacuolar pH,
suggesting that NhxIp may be providing a proton leak by ex-
changing luminal protons for either cytoplasmic Na™ or, more
likely, cytoplasmic K™ (90).

CONCLUDING REMARKS AND PERSPECTIVES

The crucial role that V-ATPases play in normal physiological
processes in eukaryotic cells likely accounts for both their
structural complexity and the array of regulatory mechanisms
employed to control their activity. These mechanisms allow
V-ATPases localized to distinct cellular environments or organ
systems to be independently regulated. The diversity of subunit
isoforms that exist for the V-ATPases in mammalian systems also
raises the possibility of selectively targeting particular V-ATPase
complexes that are involved in disease processes, such as osteo-
porosis or cancer, with panels of isoform specific inhibitors.
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