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Abstract

Vacuolar proton-translocating ATPases (V-ATPases) are highly conserved proton pumps
consisting of a peripheral membrane subcomplex called V1, which contains the sites of ATP
hydrolysis, attached to an integral membrane subcomplex called V,, which encompasses the
proton pore. V-ATPase regul ation by reversible dissociation, characterized by release of
assembled V1 sectors into the cytosol and inhibition of both ATPase and proton transport
activities, was first identified in tobacco hornworm and yeast. It has since become clear that
modulation of VATPase assembly level isalso aregulatory mechanism in mammalian cells. In
this review, the implications of reversible disassembly for V-ATPase structure are discussed,
along with insights into underlying subunit-subunit interactions provided by recent structural
work. Although initial experiments focused on glucose deprivation as atrigger for disassembly, it
isnow clear that VV-ATPase assembly can be regulated by other extracellular conditions.
Consistent with a complex, integrated response to extracellular signals, a number of different
regulatory proteins, including RAV E/rabconnectin, aldolase and other glycolytic enzymes, and
protein kinase A have been suggested to control V-AT Pase assembly and disassembly. It islikely
that multiple signaling pathways dictate the ultimate level of assembly and activity. Tissue-
specific V-ATPase inhibition is a potential therapy for osteoporosis and cancer; the possibility of
exploiting reversible disassembly in design of novel V-ATPase inhibitors is discussed.

Reversible Disassembly as a Regulatory Mechanism

V-ATPases are highly conserved proton pumps that acidify lysosomes, endosomes, Golgi
apparatus, and certain secretory granulesin all eukaryotes[1, 2]. They can aso be recruited
to the plasma membrane for proton export in certain cells[2, 3]. V-ATPases are comprised
of a peripheral membrane complex (V1), which contains the ATP-binding sites, attached to a
membrane-associated complex (V o), which contains the proton pore. ATP-driven proton
pumping requires stable association of these two subcomplexes. A model of the yeast V-
ATPaseisshownin Fig. 1A; by convention, V1 subunits are denoted by upper-case letters
(A-H) and V4 subunits are denoted by lower-case letters (a, ¢, ¢', ¢”, d, and €). The overall
structure of V-ATPases from all eukaryotesisvery similar, and there is extensive homology
between subunit genes of different species.

A number of years ago, the V1 subcomplex was shown to detach from the V, complex in
response to glucose deprivation, both on internal membranes of yeast cells and at the apical
plasma membrane of the tobacco hornworm (Marnaluca sexts) intestine (Figure 1B) [4, 5].
Disassembly of V, from Vg inhibits the activity of both sectors, and remarkably, proved to
be fully reversible [4, 6, 7]. These initial studies laid the groundwork for reversible
disassembly as a major regulatory mechanism for V-ATPases. Because this process has been
extensively reviewed [2, 8, 9], | will only summarize the major features, then focus on more
recent data including structural implications, potential signaling pathways, and prospects for
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targeting reversible disassembly as ameans of controlling V-ATPase activity
therapeutically.

Early studies of V-ATPase disassembly and reassembly in yeast and M. sextaindicated a
number of common features of this process. V1 subunits were released as a complex from
the membrane, with the exception of V1 subunit C which was largely detached from both the
V1 and V, subcomplexes following glucose deprivation [4, 6, 10]. Released V, sectors do
not hydrolyze MgATP, the physiological substrate of assembled V-ATPases, suggesting that
released V; sectors may be inhibited to protect cytosolic ATP stores from ATP hydrolysis
uncoupled from proton transport [6, 7]. Subsequent data suggested that the V1 H subunit is
responsible for thisinhibition [7, 11, 12]. In yeast, both disassembly and reassembly are
complete within 5 minutes of glucose deprivation and readdition, respectively, and neither
requires new protein synthesis [4], suggesting that preexisting V-ATPase complexes are
disassembled and reassembled. In addition, intermediate levels of V-ATPase assembly are
observed in yeast cells grown in poor carbon sources, indicating that disassembly was not an
“all-or-none”’ phenomenon, but rather a means of tuning V-ATPase assembly and activity to
carbon source availability. The overall picture that emerged from both yeast and M. sexta
studies was that the V 1- V4 interaction could be a major target of V-ATPase regulation, and
that V-ATPase activity could be rapidly adjusted in response to nutrient availability.

The parallels between reversible dissociation in the M. sextasystems suggested that
reversible disassembly was a highly conserved regulatory mechanism, but evidence for this
mechanism in mammalian cells was slower to emerge. Regulated V-ATPase assembly in
response to maturation signals was first reported in dendritic cells[13]. In this setting,
lysosomal acidification was partially suppressed in immature dendritic cells as a mechanism
for inhibiting antigen processing and allowing storage in lysosomes; reduced lysosomal
acidification was accompanied by reduced assembly of V1 and V, sectors. Asthe cells were
triggered to mature and induce lysosomal proteolysis of antigen, V-ATPases were
assembled and the lysosome was acidified. More recently, secretagogue stimulation of
alveolar epithelial type Il cells was shown to trigger disassembly of V1 from V, as ameans
of inhibiting V-ATPase activity [14]. Interestingly, these two cases both demonstrate control
of V-ATPase activity at the level of enzyme assembly working in opposite directions, but
have no obvious link to glucose. The pathways transmitting the assembly signals are not
well understood in either case. Some of the first evidence of glucose-dependent control of
V-ATPase assembly in mammalian cells was obtained in cultured kidney cells[15, 16].
Reversible, glucose-dependent changesin V-ATPase assembly and activity were
demonstrated in LLC-PK1 cells, a porcine proximal tubule cell model. In these céells,
glucose deprivation resulted in both loss of organelle acidification and release of V1 subunits
into the cytosol; readdition of glucose restored both organelle acidification, localization of
V1 to internal membranes, and V-ATPase activity. In ahuman proximal tubule cell model,
HK-2 cells, glucose stimulated recruitment of V4 to the apical plasma membrane, but also
altered trafficking of the intact complex, suggesting that V1 might reach the plasma
membrane by vesicular transport rather than by recruitment from a cytosolic pool [16].
Interestingly, both glucose-induced trafficking and assembly in these kidney cells were
dependent on activity of phosphatidyl inositol-3-kinase (PI3 kinase)[ 15, 16]. In addition,
glycolytic enzymes, particularly aldolase, were found to associate with the V-ATPasein
kidney cells, suggesting alink between glycolysis and VAT Pase assembly/activity
(described below) [17-19].

Taken together, these experiments clearly establish that the extent of V1- V4 assembly can
be an important regulatory target of in mammalian cells, athough many questions remain to
be answered. In addition, these data suggest that glucose may be only one of several signals
ableto regulate V1- V4 assembly. This conclusion is also supported by recent evidencein
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the yeast system suggesting that other conditions such as altered extracellular pH can also
dictate V-ATPase assembly level [20, 21], and by previous evidence in plants that other
signals such as salt stress can modulate V-ATPase assembly [22]. Thus, while glucose
induced changes in VAT Pase assembly are still the major paradigm for reversible
disassembly, it is now clear that multiple pathways and signals can impact assembly and
activity of V-ATPases.

implications of reversible disassembly

V-ATPases are complex, multisubunit enzymes, and the existence of reversible disassembly
as aregulatory mechanism has important implications for the enzyme's structure. The
catalytic and regulatory ATP-binding (V1 subunits A and B) and the proteolipid subunits
(Vo subunitsc, ¢, and c”) of V-ATPases have significant homology to subunits of the F-
type ATP synthases of mitochondria, chloroplasts, and bacteria as well as to archaeal
ATPases (called both A-ATPases and archaeal V-ATPases) [23, 24]. These subunits are
central components of the rotational catalytic machinery of both enzymes, suggesting a
common evolutionary history that diverged to make eukaryotic V-ATPases dedicated proton
pumps and F-ATPases predominantly ATP synthases. In both enzyme classes, ATP-binding
and hydrolysis functions reside in peripheral membrane subunits that are attached to the
proton pore subunits by multiple “stalk” subunits. These stalk subunits are generally highly
conserved among eukaryotic V-ATPases, but show much less homology to the F-ATPases.
In addition, while the overall structure of the F-ATPases includes one central (rotor) stalk
and one peripheral (stator) stalk, V-ATPases have one central stalk and multiple peripheral
stalks [25-30]. The eukaryotic V-ATPases, in particular, appear to have three peripheral
stalks (comprised of V1 subunits E and G) that interact with the V sector in part through
two “ bridging” subunits (V1 subunits C and H)[27-32]. In F-ATPases, the single peripheral
stalk is sufficient to give stable assembly of the ATP synthase and to resist the torque that
arises from rotational catalysis[33-35]. In contrast, the essential “ stator” functions of any
rotary motor, stable assembly and resistance to torque, appear to be divided among three
weaker peripheral connecting stalksin V-ATPases [27-30, 36]. This distribution of the stator
function may allow rapid release of V1 under disassembly conditions.

Understanding the structural basis of reversible disassembly is the focus of current research
in anumber of labs, but recent pseudo-atomic models, mostly arising from electron
microscopy of the full V-ATPase and subcomplexes, have focused attention on alimited set
of protein-protein interactions that must be altered in reversible dissociation [28-31]. The C
subunit, which is released from both the V1 and V4 sectors by reversible disassembly is
particularly interesting in this regard. Both previous crosslinking studies and recent
biochemical evidence with purified subunits indicate that this subunit interacts with two of
the three EG peripheral stalks aswell asthe V subunit a[30, 37, 38]. One of the two EG
stalks has a much higher affinity for subunit C than the other, and the expressed subunits
form a1:1:1 complex [30, 38]. Subunit C has an extended structure that forms part of a

“ collar” at the V- Vq interface, and at one end of subunit C, a quaternary complex
consisting of an EG stalk, subunit C, and V4 subunit amay form [30, 31]. From this
information, it would appear that for V41 disassembly to occur, the interactions of V1
subunits E, G, and C with V4 subunit a must be disrupted and that subunit C must also be
released from its tight interaction from V1 subunits E and G. It is still not clear how this
occurs, but transient phosphorylation of subunit C during reassembly of the disassembled
enzyme has been reported in insects [10] (discussed below). If this phosphorylation proves
to be general, it is possible that the phosphorylation state of subunit C determinesits
interaction with V1 and/or V4 subunits, and thus could serve as a primary determinant of V-
ATPase assembly state.
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In addition to critical interactions with subunit C, there is evidence that the H subunit, also
located at the V 1- Vg interface, altersits interactions with V4 and V¢ subunits during
reversible disassembly [11, 12]. The H subunit islocated in proximity to the V', a subunit in
current models of the assembled V-ATPase and these two subunitsinteract in vitro [11, 29].
The H subunit appears to lose its interaction with Vo when the V; sector disassembles[11].
The ability of the H subunit to silence ATPase activity in free V; sectors likely arises from
interactions with the central stalk of V1 that occur in free V4, but notin V1 V4 [11, 12].

It isalso interesting that inhibition of V-ATPase activity can inhibit disassembly of the
enzyme, suggesting that catalysis can make the enzyme more susceptible to disassembly
[39, 40]. Disassembly of the yeast V-ATPase is inhibited by concanamycin A, which binds
to the V4 sector of the enzyme, or by mutationsin the V , sector that do not permit proton
transport [39]. In addition, a different class of mammalian-specific V-ATPase inhibitors, the
salicylihalimides, causes increased V1 assembly on the membrane in mammalian cells [41].
In each of these cases, a change in conformation in the V4 sector, as aresult of inhibitor
binding or mutation, appears to tighten the binding of V1 to V. The results with the
salicylihalimides also suggest that there might be ongoing disassembly and reassembly of V-
ATPasesin certain mammalian cells, so that the full capacity for V, assembly with V4 is
only recognized when V-AT Pase activity isinhibited.

Regulatory proteins and signals for reversible disassembly

Reversible disassembly requires that extracellular conditions be communicated to V-
ATPases that are often on internal organelles. This suggests involvement of one or more
signaling pathways and the possihility of assembly factors to assist with reassembly.
Although there are multiple assembly factorsimplicated in V-ATPase biosynthesis, the
RAVE (regulator of H™-ATPase of vacuolar and endosomal membranes) complex was the
first assembly complex to be implicated in reassembly of dissociated V1 and V4 [42]. In
yeast, the RAVE complex consists of the ubiquitous adaptor protein Skplp, along with two
other subunits Rav1lp and Rav2p [42]. SKP1isan essential gene and Skpl protein plays an
important rolein other complexes[42], but rav1A and rav2A mutants have amilder version
of the Vma phenotype characteristic of loss of V-ATPase function in yeast [42, 43]. RAV2
homologs are found only in fungi, but RA V2 homologs are found in virtually all eukaryotes.
Rav1p isthe central component of the RAVE complex, interacting not only with Skplp and
Rav2p, but also with V1 complexes via the E and/or G subunits, and independently with
subunit C [43, 44]. RAVE- V1 complexes can be isolated from cytosolic fractions, and it has
been suggested that Skpl mediates transient interactions with membranes to help support
assembly with V4 [45]. The interaction between RAVE and V4 is not intrinsically glucose-
sensitive, suggesting that this complex may not be the glucose sensor [43]. The RAVE
complex was first characterized in yeast, but more recently, Rav1 homologs in Drosophila
and mice (called rabconnectins) were shown to be important for organelle acidification,
suggesting that this complex has a conserved role in regulating V-AT Pase activity and
assembly [46, 47].

A number of glycolytic enzymes bind to the V-ATPase, and amodel in which these
enzymes provide alocalized source of ATP to the enzyme has been proposed [17-19, 48,
49]. Such aglycolytically active complex would also be an attractive target for V-ATPase
regulation in response to glucose levels, and indeed, interactions of the V-ATPase with
aldolase appear to be both glucose-sensitive and important for maintaining V- V4 assembly
[17, 18, 48]. The V-ATPase/aldolase interaction was first described in kidney cells, and
subsequently extended to yeast. The yeast V-ATPase is disassembled in aldolase deletion
mutants, but loss of function mutationsin glycolytic enzymes arrest glucose metabolism in
yeast and thus would likely mimic glucose deprivation [17, 18]. However, a point mutation
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in aldolase that preserves its enzymatic function in vitro but disrupts interactions with the V-
ATPase, also reduces assembly of V1 with V, indicating a signaling role for aldolase
beyond its enzymatic role in glycolysis[48]. Another glycolytic enzymes,
phosphofructokinase (PFK), was shown to interact with the V y a subunit in both human
kidney and yeast cells[19, 49]. Interestingly, mutations in the human kidney a4 subunit
isoform that cause distal renal tubule acidosis, suggesting loss of V-ATPase functionin
kidney, also disrupt the PFK interaction and affect V-ATPase expression, assembly, or
function when introduced into yeast cells[49]. These results argue for a conserved
regulatory connection between glycolytic enzymes and the V-ATPase.

Thereis also substantial evidence that protein kinase A (PKA) and its upstream activation
pathways are involved in regulation of V-ATPase assembly. Compelling evidence for PKA
involvement in signaling V-ATPase reassembly has been reported in the blowfly (Calliphora
vicing) [50-52], and phosphorylation of V1 subunit C under conditions that promote enzyme
assembly has been reported in both C. vicinaand M. sexta[10]. Subunit C phosphorylation
isnot required for association of subunit C with V1 and is not detected after reassembly of
V1V, complexes, but subunit C does become phosphorylated when PKA is activated by
CcAMP analogs or hormonal stimulation [10]. In yeast, a genetic screen for mutants that
failed to disassemble the V-ATPase under conditions of reduced glucose identified
mutationsin /RA1and /RAZ, two negative regulators of yeast Ras, suggesting that the Ras/
CAMP pathway might regulate V-ATPase assembly [53]. In subsequent experiments, it was
shown that a number of conditions that increase the level of PKA activity, ranging from
constitutive activation of Ras to deletion of the negative regulatory subunit of PKA itself,
also prevent disassembly of the yeast V-ATPase with glucose deprivation [53]. Asin the
insect system, these results suggest that activation of PKA, an established glucose-sensitive
enzyme [54], promotes V-ATPase assembly, athough no PKA-dependent phosphorylation
of the yeast V1 C subunit was shown. However, questions remain about the exact role of
PKA inregulation of V-ATPase assembly. More recently, PKA was proposed to act
downstream from V-ATPase assembly in both yeast and pancreatic beta cells, while
cytosolic pH changes associated with active glucose metabolism were invoked as the signal
promoting V-ATPase assembly [21]. These results are compatible with data showing that
disassembly of the V-ATPaseis suppressed at high extracellular pH [20], but are not easily
reconciled with results suggesting that PKA activity stimulates V-ATPase assembly and
activity [10, 53]. Additionally, in both clear cells of the epididymus and intercalated cells of
the kidney collecting duct, PKA upregulates VV-ATPase activity at the plasma membrane by
recruitment of intact enzyme in vesicles from an intracellular compartment, rather than by
reassembly of V1 with V; this mobilization of V-ATPase to the plasma membrane involves
PK A-dependent phosphorylation on the V1 A subunit [55-57]. Thus, while thereis certainly
substantial evidence for PKA as an important V-ATPase regulator, the full spectrum and
mechanisms of its regulatory roles are still areas of active research.

Finally, it should be mentioned that there are a number of other signaling pathways that have
been implicated in regulation of V-ATPase assembly. As described above, Pl 3-kinase
activity was required for reassembly of V1 sectors with V4 sectors upon glucose readdition
in kidney tissue culture models [15, 16]. PI 3-kinase phosphorylates phosphatidyl inositol
lipid headgroups, and thus would affect the lipid environment rather than the V-ATPase
directly. In yeast cells, mutation of either the Pl 3-kinase V ps34p or the phosphatidylinositol
3-phosphate 5-kinase Fablp reduce vacuolar acidification [58-60], but at least in the vps34A
mutant, this primarily reflects a trafficking, rather than a V-ATPase assembly, defect [59].
Furthermore, trapping V-ATPases with the same isoform composition in different organelles
alterstheir response to glucose deprivation [61], suggesting that some aspect of the
reversible disassembly processis sensitive to the membrane environment.
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Reversible disassembly as a target for drug development

Although there are a number of situations where inhibition of V-ATPase activity could have
therapeutic benefits, including osteoporosis [62],[63], cancer [64-66], and even viral
infection [67, 68], there are serious barriers to development of therapeutic V-ATPase
inhibitors [69]. The most serious barrier may be the problem of selectivity, because
inhibition of V-ATPases outside the target tissue can cause serious side effects[70-72].
Deletion of constitutive V-ATPase subunitsis lethal in mammalss, suggesting that V-
ATPases are essentia for viability in some locales[73]. Therefore, useful therapeutics
targeting the V-ATPase will need selectivity (the ability to distinguish target V-ATPases
from those in other tissues), and this problem is being addressed in a number of ways,
including targeting of specific subunit isoforms/interactions and exploitation of enzymatic
differences of V-ATPases in different environments [71, 72, 74]. Variations in sensitivity of
V-ATPases in different tissues and organelles to reversible disassembly could provide an
extralayer of specificity for drug development. In addition, the ability of reversible
disassembly to * turn down” V-ATPase activity rather than completely eliminating it could
also be auseful characteristic to exploit in inhibitor design. Finaly, the regulators involved
in reversible disassembly also provide additional targets for therapies aimed at modulating
V-ATPase activity.

Drug devel opment strategies that target the V-ATPase directly or indirectly through
reversible disassembly will benefit from a better understanding of VATPase structure and
subunit interaction. As described above, the critical subunit-subunit interactions that support
V-ATPase assembly and activity are emerging from structural studies, but additional high
resolution structural information is required for drug design. Recently, Kartner et al.
screened for chemical inhibitors of an osteoclast-specific V1- Vo subunit interaction and
found a novel inhibitor of bone resorption, suggesting that they had identified an inhibitor
that targeted V-ATPases in the osteoclast plasma membrane [72]. Preliminary evidencein
yeast suggests that different subunit isoforms may vary in their sensitivity to reversible
disassembly; specifically, complexes containing the vacuole-specific subunit aisoform ,
Vphlp, are more responsive to glucose deprivation than complexes containing the Golgi/
endosome-specific isoform, Stvlp [75]. If the four human subunit aisoforms also vary in
their sensitivity to reversible disassembly, then targeting this process could provide tissue-
specific V-ATPase inhibition. As subunit-subunit interactions critical for V-ATPase
reassembly become clear, the potential for isoform-specific regulation will likely become
clearer. Approaches similar to that used by Kartner et al. [72] could then be used to design
or screen for inhibitors that prevent reassembly and trap the V-ATPase in its disassembled
and naturally inhibited state. As described above, current V-ATPase inhibitors tend to trap
the enzyme in an assembled state [39, 41], but given the varied levels of assembly of
VATPasesin different tissues and cell types[13, 14], it could be an advantage to have
classes of inhibitors able to target either assembled or disassembled V-ATPases.

As more information becomes available about signaling pathways that underly reversible
disassembly, regulatorsinvolved in this process will also emerge as candidates for drug
design or screening. At present, the RAVE complex appears to be the most attractive target
for drug development, since it has arather specific rolein V-ATPase assembly, while other
potential regulators such as PKA and glycolytic enzymes certainly have multiple functions.
Inyeast cells, loss of RAVE function gives aless severe phenotype than complete loss of V-
ATPase function [42, 43]. This may suggest that some populations of V-ATPases do not
require RAVE for assembly and function. It has not yet been determined whether the RAVE
complex shows any subunit isoform- or organelle-specificity, but the lack of reversible
disassembly in Golgi V-ATPases might suggest a reduced requirement for RAVE function
for these pumps [61]. Thisin turn suggests that synthetic inhibitors of RAVE could target a
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subpopulation of V-ATPases, possibly with less severe side-effects than a general V-
ATPase inhibitor. In Drosophila, loss of function mutations in the RAV 1 homolog
Rabconnectin 3 (Rben-3) resulted in similar developmental phenotypes as loss of function
mutations in V-ATPase subunits, including inhibition of Notch signaling [47]. Similar
effects of Rben-3 silencing were observed mammalian cell§46]. At first glance, these
results suggest that advantages of RAVE inhibition in yeast will not extend to mammalian
cells, although the full consequences of RAV E loss on multiple tissues have not been
assessed. However, these rabconnectin studies have further stimulated interest in V-ATPase
or RAVE inhibitors as cancer therapeutics, since a number of malignancies require Notch
signaling. Endosomal acidification viaV-ATPases appears to be a novel and essential
requirement of the Notch pathway [46, 76].

In summary, V-ATPases are versatile, ubiquitous, and highly regulated pumps that impact
many aspects of mammalian physiology. Their full physiological impact is still being
revealed, as suggested by the recent, surprising evidence implicating them in the Notch
pathway and independently, in Wnt signaling, another essential pathway in development and
cancer [ 76, 77]. As aconserved and ubiquitous mechanism of V-ATPase regulation,
reversible disassembly provides an attractive target for pharmacological interventionin V-
ATPase function. To realize this potential, future experiments will need to target the
molecular basis of reversible disassembly, both in terms of V-ATPase structure and of
signaling
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Figurel.

Model of V-ATPase structure and reversible disassembly: A. Model of V-ATPase subunit
composition and structure; an estimate of stoichiometry based on Ref. [27] is shown. V1
subunits are designated in upper case and V, subunits are indicated in lower case.. B.
Diagram of reversible disassembly in response to glucose deprivation and readdition. The C
subunit is released from both sectors upon disassembly.
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