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The vacuolar H*ATPases (V-ATPases) are elec-
trogenic proton pumps found on internal membranes
of al eukaryotic cells and on the plasma membrane of
certain cell types. V-ATPasesact to acidify intracellular
compartments and to drive secondary uptake of avari-
ety of other ions and nutrients. V-ATPases have been
functionally linked to a wide variety of cellular proc-
esses, including protein sorting, receptor-mediated
endocytosis, zymogen activation, pH and calcium
homeostasis, and accumulation of neurotransmitters,
to name only a few. As plasma membrane proton
pumps, they play critical rolesin nutrient uptakeinects,
urinary acidification, bone resorption, and cytoplasmic
pH regulation, and they have even been linked to tumor
progression (reviewed in Stevens and Forgac, 1997).
The V-ATPases as a family were last reviewed in this
journal in 1992 (Forgac, 1992). At thetimethat volume
was prepared, the subunit composition of V-ATPases
was just becoming clear. The first few subunit genes
had been cloned, and the evolutionary relationship
between the V-ATPases and the F-ATPases of mito-
chondria, chloroplasts, and bacteria was established.
Since that time, there has been explosive progress in
the field. This volume contains a series of reviews
from laboratories that have made major contributions
to this progress in recent years, and focuses on the
specific contributions of each of those laboratories.
For further information, the reader is referred to a
number of recent reviews on vacuolar H*-AT Pases that
highlight other aspects of the structure and function
of this pump (Stevens and Forgac, 1997; Merzendorfer
et al., 1997; Harvey and Wieczorek, 1997; Nelson and
Klionsky, 1996; Forgac, 1996).
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The similarity between V- and F-ATPases has
been afruitful source of progressin the past few years
and comparisons with the archaebacterial A-AT Pases,
which may be progenitors of both V-and F-ATPases,
have yielded further insights. The overall structure
of V-ATPases strongly resembles the structure of F-
AT Pases; both enzymes consist of acomplex of periph-
eral subunits containing the nucleotide-binding sites
and severa “stalk” subunits attached to a complex of
integral membrane proteins containing the proton pore.
The high-resolution structures now available for the
peripheral F, sector of the F-ATPases (Abrahams et
al., 1994; Bianchet et al., 1998) have focused and
accelerated studies of the catalytic mechanisms of both
F- and V-type ATPases. At present, it appears that the
mechanism of ATP hydrolysisisfundamentally similar
between F-and V-ATPases, consistent with the evolu-
tionary conservation of the nucleotide binding sub-
units, although there are certainly differences in
enzyme regulation and coupling to proton transport
(see below). The evolutionary relationship between
with proteolipid subunits of the V-and F-type ATPases
was also uncovered a number of years ago (Nelson
and Nelson, 1989), but recent studies indicate that the
proteolipid structure in the V-ATPases may be more
complex than that proposed for F-ATPases. Archae-
bacterial ATPases are able to functionally accommo-
date proteolipid subunits that are quite variable in size
and structure (Muller et al., this volume) and eukary-
otic V-ATPases appear to contain multiple, structurally
distinct proteolipids in each ATPase complex (Oka et
al., 1997, 1998; Hirata et al., 1997). The mechanism
of coupling ATP hydrolysis to proton pumping may
also show significant differences between V- and F-
type ATPases. The putative “ stalk” subunitsimplicated
in structural and functional coupling of the nucleotide
binding subunits and the membrane sector show little
if any conservation between F -and V-type AT Pases,
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although they are conserved among V-ATPases (Mar-
gollesClark et al., this volume). Positioning of the
stalk subunits in the ATPase complex and definition
of their specific functional roles in coupling ATP
hydrolysis to proton transport, assembly of the com-
plex, and enzyme regulation promise to be a major
areas of future interest.

The groundwork for genetic approaches to V-
ATPase structure and function had been laid by 1992
with the description of awell-defined V ma—phenotype,
characteristic of loss of V-ATPasefunction, inthe yeast
Saccharomyces cerevisiae (Nelson and Nelson, 1990).
Yeast has continued to be an extremely important
genetic model for V-ATPases, comparable in impor-
tance to the Escherichia coli F-ATPase. The subunit
composition of the yeast V-AT Pase has been unraveled
by a combination of genetic and biochemical
approaches, and the Vma~ phenotype has provided
both a means of uncovering new subunits and a strin-
gent test of whether newly identified “subunits’ were
indeed required for V-ATPase activity (reviewed by
Nelson and Klionsky, 1996; Stevens and Forgac,
1997). Site-directed and random mutagenesis of V-
ATPase subunitsin yeast is already in use in a number
of laboratoriesasabasisfor subunit structure—function
studies. However, yeast is no longer the only geneti-
cally tractable organism available for studies of V-
ATPase activity. V-ATPase subunit genes have now
been disrupted in Neurospora crassa and Drosophila
(Fereaet al., 1996; Davieset al., 1996) and identifica-
tion of V-ATPase subunit genes in Caenorhabditas
elegansal so opensthe possibility of agenetic approach
(Oka et al., 1997, 1998). These systems promise to
provide further insights into the physiological roles of
V-ATPases, particularly the roles of plasma membrane
V-ATPases, which are present in certain organs of
Drosophila and C. elegans, but have not yet been
identified in fungi.

The regulation of V-ATPases has been another
active area of research in the past severa years and it
promisesto beamajor sourceof interest for many years
to come (reviewed by Forgac, 1996; Merzendorfer et
al., 1997). V-ATPases are present in multiple intracel-
lular compartments that must ultimately achieve dis-
tinct internal pH values. In addition, there is now
substantial evidence that V-ATPase activity is regu-
lated in response to cellular growth conditions, such
as carbon source and cytoplasmic redox potential, and
that trafficking of fully or partially assembled V-
ATPase complexes may aso be manipulated as a

Kane

means of regulating or targeting enzyme activity.
Unraveling the many layers of regulation of V-ATPases
and their physiological implications promises to better
define the diverse cellular roles of V-ATPases.

What isnext for the V-ATPasefield? The research
areas briefly described above have each spawned a
set of new questions, but there are now numerous
biochemical and genetic tools available for addressing
them. Comparison of V- and F-type ATPases has been
very enlightening, but it also hasits limits, since some
features of these two classes of enzymes are very
clearly different. A high-resolution structure of a V-
ATPase would be extremely valuable and, given recent
success in purifying large amounts of an active V-
ATPase from Manduca sexta (Graf et al., 1996), may
not be out of reach. Direct structural information would
allow amore critical evaluation of the similarities and
differences between V- and F-type ATPases. The bio-
synthesis and assembly of V-ATPases are only begin-
ning to be understood and are unquestionably very
complex. Thediscovery of links between enzymeregu-
lation and assembly state have further complicated this
picture. Although a number of regulatory mechanisms
have been uncovered in the past few years, itisentirely
possible that there are even more modes of regulation
for V-ATPases; how these regulatory mechanisms are
integrated in whole cells remains unclear. Finally, it
is clear that V-ATPases can be adapted to awide array
of cellular functions and the question of how V-
ATPases affect cell physiology in different contextsis
particularly fascinating. The reviews that follow pro-
vide hints of the answers to these questions. The next
few years promise to be as interesting and surprising
as the last 6 years in the V-ATPase field.
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