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The V-ATPases are a family of ATP-dependent proton pumps responsible for acidification of
intracellular compartments in eukaryatic cells. This review focuses on the the V-ATPases from
clathrin-coated vesicles and yeast vacuoles. The V-ATPase of clathrin-coated vesicles is a
precursor to that found in endosomes and synaptic vesicles, which function in receptor recycling,
intracellular membrane traffic, and neurotransmitter uptake. The yeast vacuolar ATPase func-
tions to acidify the central vacuole and to drive various coupled transport processes across
the vacuolar membrane. The V-ATPases are composed of two functional domains. The V4
domain is a 570-kDa peripheral complex composed of eight subunits of molecular weight
70-14 kDa (subunits A—H) that is responsible for ATP hydrolysis. The Vo domain is a 260-
kDa integral complex composed of five subunits of molecular weight 100-17 kDa (subunits
a, d, ¢, ¢’ and ") that is responsible for proton translocation. Using chemical modification
and site-directed mutagenesis, we have begun to identify residues that play a role in ATP
hydrolysis and proton transport by the V-ATPases. A central question in the V-ATPase field
is the mechanism by which cells regulate vacuolar acidification. Several mechanisms are
described that may play arole in controlling vacuolar acidification in vivo. One mechanism
involves disulfide bond formation between cysteine residues located at the catalytic nucleotide
binding site on the 70-kDa A subunit, leading to reversible inhibition of V-ATPase activity.
Other mechanismsinclude reversible assembly and dissociation of V; and Vo domains, changes
in coupling efficiency of proton transport and ATP hydrolysis, and regulation of the activity
of intracellular chloride channels required for vacuolar acidification.
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brane (Forgac, 1989). Similarly, acidification of a late
recycling compartment causes release of newly synthe-
sized lysosomd enzymes from mannose 6-phosphate

Clathrin-coated vesicles serve anumber of functions
ineukaryatic cells. They arethesitesof receptor clustering
during receptor-mediated endocytosis and aso function
in targeting of newly synthesized lysosoma enzymes
from Golgi to lysosomes (Forgac, 1989). Acidification
aso plays a amilar role in both membrane traffic path-
ways. In endocytoss, exposure of internaized ligand—
receptor complexesto alow pH activates ligand—receptor
dissociation and receptor recycling to the plasma mem-
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receptors, dlowing the receptors to recycle to the trans-
Golgi. In both cases, low pH serves as the trigger to
activate ligand—receptor dissociation that is a prerequisite
to receptor recycling. Acidification of endosomeshasaso
been shown to be required for formation of endosomal
carier vesicles (which carry ligands from early to late
endosomes) (Clague et al., 1994; Stevens and Forgac,
1997) and to activate fuson of interndized en-
velope viruses (such as influenza virus) with the endoso-
ma membrane (a step that is essentia for infection).
Do the proton pumpsthat are responsiblefor acid-
ification of these intracellular compartments derive
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from clathrin-coated vesicles? While endocytic-coated
vesicles do not appear to be acidic organelles in vivo
(Forgac, 1992), immunogold staining of endocytic-
coated vesicles in MDBK cells has been observed
using antibodies specific for the V-ATPases(Marquez-
Sterling et al., 1991). These results suggest that the
proton pump in endocytic-coated vesicles may be
maintained in an inactive state in vivo (see below). By
contrast, Golgi-derived coated vesicles appear to be
acidic and are thus likely the source of the proton
pumps responsible for Man 6-P receptor recycling.

In neurons, the V-ATPases play an essential role
in synaptic vesicles, where they provide the driving
force for uptake of various neurotransmitters (Stevens
and Forgac, 1997) following synaptic vesicle fusion.
The protein composition of synaptic vesicles and
clathrin-coated vesicles from which the clathrin coat
has been removed are nearly identical (Rodman et al.,
1994), suggesting that coated vesicles are a precursuor
to synaptic vesicles at the nerve termina. The V-
ATPase present in brain clathrin-coated vesiclesisthus
likely en route from the plasma membrane (following
neurotransmitter release) to synaptic vesicles.

The V-ATPase in yeast serves a number of
important functions in driving coupled transport of
various ions and small molecules as well as in mem-
brane traffic processes (Stevens and Forgac, 1997), but
these functions will be discussed in detail elsewhere
in this volume.

STRUCTURE AND SUBUNIT FUNCTION OF
THE V-ATPases

Our current structural model of the V-ATPases is
shown in Fig. 1. This model is based primarily on
our structural studies of the bovine coated vesicle V-
ATPase (Forgac, 1992), but also incorporates informa-
tion on anumber of smaller subunitsinitially identified
in yeast (Stevens and Forgac, 1997). The molecular
weights of the subunitsfor the V-ATPases from bovine
coated vesicles and yeast vacuoles, together with the
genes encoding these subunits in yeast, are shown in
Table I.

Domain Structure and Function
As can be seen, the V-ATPase complex is com-

posed of two structural domains. The V, domain is a
570-kDa peripheral complex composed of eight sub-
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Fig. 1. Structural model of the V-ATPase. The V; domain (shown
inwhite) is570 kDa peripheral complex responsiblefor ATP hydro-
lysis while the Vo domain (shaded) is a 260-kDa integral complex
responsible for proton translocation. The existence of a second or
peripheral stalk has been identified in electron micrographs of
the V-ATPase from clathrin-coated vesicles (Wilkens and Forgac,
unpublished observations).

units (subunits A-H) in a stoichiometry of
A3BsC,D,E;FGyH,, where the stoichiometry of all
but the F, G, and H subunits has been determined by
guantitative amino acid analysis (Arai et al., 1988).
TheV, domainisresponsible for ATP hydrolysis, with
the catalytic nucleotide binding sites located on the A
subunits and additional nucleotide binding sites
(termed “noncatalytic”) located on the B subunits (see
below). The V, domain is a260-kDaintegral complex
composed of five subunits (subunits a, d, ¢, ¢/, and
c¢’) present in a stoichiometry of a,d;c;(c,c’)s (Arai et
al., 1988). The V, domain is responsible for proton
trandlocation across the membrane (Zhang et al.,
1994).

The ahility to dissociate the V', subunits from the
membrane using chaotropic agents (such as Kl and
KNO,) in the absence of detergents identified these
subunits as peripheral (Adachi et al., 1990b). Interest-
ingly, dissociation of V, is activated by binding of
ATP to avery high affinity site (K4 200 nM) (Arai et
al., 1989), suggesting that nucleotide binding to the
V-ATPase loosens the structure such that V; is more
readily dissociated from V. Although subunit d does
not possess any integral membrane spans (Wang et al.,
1988), it remains tightly bound to the Vo domain upon
dissociation of V', (Zhang et al., 1992). The disposition
of subunits with respect to the membrane has been
analyzed using chemical modification of the V-AT Pase
in intact clathrin-coated vesicles by membrane imper-
meant reagents (Arai et al., 1988). These results have
indicated that all of the V, subunits, together with the
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Tablel. Subunit Composition of V-ATPases

Coated vesicles Yeast vacuole
Domain Subunit M, M, Yeast gene Subunit function

vV, A 73 69 VMA1L Catalytic site, regulation (?)
B 58 57 VMA2 Noncatalytic site, targeting (?)
C 40 42 VMAS Activity, assembly
D 34 32 VMAS Activity, assembly
E 33 27 VMA4 Activity, assembly
F 14 14 VMA7 Activity, assembly
G 15 13 VMA10 Activity, assembly
H 50 54 VMA13 Activity (not assembly)

Vo a 100 95 VPH1/STV1 H* transport, assembly, targeting
d 38 36 VMA6 Activity, assembly
c 17 17 VMA3 H* translocation, DCCD site
c 17 17 VMAIL H* translocation, DCCD site (?)
c 19 23 VMA16 H* translocation

aand d subunits of V, are exposed on the cytoplasmic
side of the membrane, whereas the a, ¢, ¢/, and ¢’
subunits have significant lumenal domains.

The proximity of subunitsin the V-ATPase com-
plex has been analyzed by cross-linking using the
cleavable cross-linking reagent DTSSP followed by
two-dimensional SDS-PAGE (Adachi et al., 1990b).
The results identified extensive contact beween the A
and B subunits as well as between the C, D, and E
subunits of V; and the ¢ subunit of V,, suggesting that
the C, D, and E subunits form part of the bridge that
structurally couples the V4, and V, domains.

The V-ATPases are evolutionarily related to the
F-ATPases of mitochondria, chloroplasts, and bacteria
[that normally function in ATP synthesis (Weber and
Senior, 1997; Fillingame, 1997; Cross and Duncan,
1996)], both in overall structure (Adachi et al., 1992b)
and in the sequence of specific subunits (Puopoloet al.,
1991, 1992a). Unlike the situation for the F-AT Pases,
however, the dissociated V , domain does not hydrolyze
MgATP (Puopolo et. al., 1992b) and the free V,
domain does not act asapassive proton channel (Zhang
et al., 1992). Nevertheless, DCCD-inhibitable passive
proton conductance has been observed for the reassem-
bled V, domain (Zhang et al., 1994), suggesting that
this domain is responsible for proton transport. The
factors regulating passive proton conductance through
V have not yet been elucidated.

One recently discovered feature of the V-ATPase
structure is the presence of asecond or peripheral stalk
(Wilkens and Forgac, unpublished observations) that
likely functions as a stator necessary for interna rota-
tion of the V-ATPase molecule. The subunit composi-

tion of this stator is uncertain, but possible candidates
include subunits G, H, and the N-terminal soluble
domain of subunit a. The rotary mechanism (which is
likely shared with the F-ATPases) is thought to be
essential to coupling of proton transport and ATP
hydrolysis (Vik and Antonio, 1994; Junge et al., 1996).

Structure and Function of V; Subunits
Nucleotide Binding Subunits (A and B)

Considerable evidence has been obtained indicat-
ing that both the A and B subunits of V, participate
in nucleotide binding. Thus, initia studies indicated
that the A subunit was modified by N-ethylmaleimide
(NEM) and 7-chloro-4-nitrobenz-2-oxa-1,3-diazole
(NBD-C1) in an ATP-protectable manner and this
modification correlated with loss of activity (Aral et
al., 1987h). The A subunit is also labeled by 2-azido-
[32P]ATP such that modification of one A subunit per
V-ATPase complex is sufficient to completely inacti-
vate the enzyme (Zhang et al., 1995). Modification of
the A subunit by 2-azido-[3?P]ATP occurs at both rap-
idly and slowly exchangeable sites, although inhibition
of activity is only associated with modification of the
rapidly exchangeable site. These results suggested that
the nucleotide binding site on the A subunit corres-
ponds to the catalytic site of the enzyme.

Several approaches have been taken to character-
ize the structure of the nucleotide binding site on the
A subunit. The first residue identified at this site was
the cysteine residue responsible for sensitivity of the
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V-ATPasesto sulfhydryl reagents, suchasNEM. Using
selective (and reversible) modification by cystine
(Feng and Forgac, 1992a), the key residue was identi-
fied as Cys-254 of the bovine coated vesicle V-ATPase
A subunit, located in the glycine-rich consensus
sequence GXGKTV. This residue is conserved as a
cysteine in all A subunit sequences, but isavalinein
the F-ATPase 8 subunit sequence. The glycine-rich
loop, also termed the Walker A sequence, is seen in
the X-ray crystal structure of F;, to wrap around the
terminal phosphates of ATP bound at the catalytic site
on the B subunit (Abrahams et al., 1994). Consistent
with our assignment, we have shown that mutagenesis
of the corresponding cysteine residue in the yeast V-
ATPase A subunit (Cys-261) to valine resultsin a V-
ATPase complex that is insensitive to NEM (Liu et
al., 1997). Interestingly, the C261V is also resistant to
NBD-C1 (Liu et al., 1997), suggesting that this cys-
teine residue is also responsible for the sensitivity of
the V-ATPases to this reagent.

We also observed that Cys-254 was able to form
a disulfide bond with a second cysteine residue in
the same A subunit (Feng and Forgac, 1992b) and
identified that residue as Cys-532 (Feng and Forgac,
1994). Cys-532 is located in the C-terminal domain
of the protein and is near residues labeled by 2-azido-
[3P]ATP (Zhang et al., 1995), suggesting that it isin
close proximity to the adenine binding pocket. Interest-
ingly, disulfide bond formation between Cys-254 and
Cys-532 leads to reversible inactivation of the V-
ATPase (Feng and Forgac, 1992b, 1994) and has led
to our suggestion that disulfide bond formation at the
catalytic site is involved in regulation of V-ATPase
activity in vivo (see below). Disulfide bond formation
does not appear to inhibit nucleotide binding to the
catalytic site, however, as evidenced by 2-azido-
[3?P]ATPlabeling. Instead, we have suggested an alter-
native mechanism by which disulfide bond formation
inhibits V-ATPase activity (Forgac, 1998). It was
observed from the X-ray crystal structure of F, that the
catalytic B subunit adopts two significantly different
conformations (Abrahams et al., 1994). One of these
conformations (termed the “closed” conformation) is
seen for the B subunit with ADP or AMP—PNP bound.
The other conformation (termed the “ open” conforma-
tion) has the nucleotide binding site unoccupied and
differs from the closed conformation in that the C-
terminal domain (possessing the adenine binding
pocket) is shifted away from the central domain (con-
taining the glycine rich loop sequence) by approxi-
mately 20 A. Each B subunit is believed to cycle
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between these conformations during catalysis. Because
Cys-532 islocated in the C-terminal domain of the V-
ATPase A subunit while Cys-254 is located in the
central domain, disulfide bond formation between
these cysteine residues would lock the enzyme into the
closed conformation, thus inhibiting catalytic activity.

To further characterize the catalytic nucleotide
binding site on the A subunit, we have also carried
out site-directed mutagenesis of the yeast V-ATPase
A subunit (Liu et al., 1997; MacLeod et al., 1998).
We have shown that mutation of E286 to Q, although
without effect on assembly or stability of the V-ATPase
complex, leads to complete loss of activity, consistent
with the postul ated role for the corresponding glutamic
acid residue in ATP hydrolysis by the F-ATPase B
subunit (Liu et al., 1997). Similarly, mutation of the
lysine in the glycine-rich loop sequence of the A sub-
unit (K263) also leads to loss of activity, although a
destabilization of the complex is also observed (Liu
et al., 1997). By contrast, mutation of a variety of
other residuesin the A subunit (including G250 in the
glycine-rich loop and C284 and C539, two of the three
conserved cysteineresidues) leadsto direct destabiliza-
tion of the A subunit itself.

We have also investigated the effect of mutation
of conserved aromatic residues in the C-terminal
domain of the A subunit (MacLeod et al., 1998). While
mutation of F538 to W caused a threefold decrease in
Vmax @nd mutation of Y532 to S caused a greater than
sevenfold increasein K,,,, the largest effects on activity
were observed for changes in F452. Mutation of F452
to A completely abolished V-ATPase activity. These
results suggest that all three of these aromatic residues
may play a role in formation of the adenine binding
pocket on the A subunit. Finally, we have mutagenized
two residues on the B subunit (Y 352 and R381) postu-
lated to be contributed by the B subunit to the catalytic
sites (Liu et al., 1996). Mutation of either residue to
serine led to complete loss of activity, suggesting that
these residues also play an important rolein ATP bind-
ing or hydrolysis.

A number of lines of evidence indicate that the
B subunit also partcipates in nucleotide binding. First,
the B subunit, like the A subunit, is labeled by 2-
azido-[*?P]ATP in an ATP-protectable manner (Zhang
etal., 1995). Labeling occursat arapidly exchangeable
site, suggesting that, as with the F-ATPases (Abrahams
et al., 1994), the catalytic sites are located at the inter-
face of the A and B subunits. The B subunit is also
modified by [*H]BzATP, with complete inhibition
occurring upon modification of one B subunit per V-
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ATPase complex (Vasilyeva and Forgac, 1996). Isola-
tion of the labeled peptide and sequence determination
localized the site of BzATP modification to the region
1164 to N171. If BZATP modification of the B subunit
causes inactivation of the V-ATPase, how do we know
that the nucleotide binding site on the B subunit is not
catalytic? The evidence for thisis asfollows. We have
shown that nucleotide binding to the catalytc site (as
measured by 2-azido-[*?P]ATP modification) is not
blocked by disulfide bond formation or cystine modifi-
cation of Cys-254, but is blocked by reaction of Cys-
254 with NEM (Feng and Forgac, 1994). By contrast,
BzATP modification of the B subunit is not blocked
by NEM but is inhibited by disulfide bond formation
or cystine modification (Vasilyeva and Forgac, 1996).
These results demonstrate that the nucleotide binding
site on the B subunit that is modified by BzATP is
distinct from the catal ytic nucleotide binding site. Nev-
ertheless, covalent modification of this noncatalytic
site by BzATP does |ead to inactivation of the enzyme.

To further probe the function of the noncatalytic
nucleotide binding site on the V-ATPases, we have
carried out site-directed mutagenesis of both B subunit
residues (Liu et al., 1996) and residues postulated to
be contributed by the A subunit to the noncatalytic
sites(MacLeod et al., 1998). In both cases, predictions
were made on the basis of the available X-ray crystal
structure of F; and sequence alignment of the nucleo-
tide binding subunits. In contrast to mutations at the
catalytic nucleotide binding sites, which had dramatic
effectson activity (Liu et al., 1996), changesin noncat-
alytic nucleotide binding site residues on the B subunit
(Y370, H180, and N181) caused only partial inhibition
(activities ranged from 40 to 80% of wild type). Simi-
larly, mutation of A subunit residues predicted to be
present at the noncatalytic sites (F479 and R483) aso
led to only partial loss of activity (30—70% of wild
type) (MacLeod et al., 1998). Interestingly, two A
subunit mutations (R483E and R483Q) led to a time-
dependent increase in V-ATPase activity following
addition to the assay buffer (MacLeod et al., 1998).
This result may be explained by the loss in these
mutants of endogenously bound nucleotide from the
noncatalytic sites during purification, suggesting that
occupancy of the noncatalytic sites may be required
for optimal activity.

Other V; Subunits

Asdescribed above, covalent crosslinking studies
have indicated that subunits C, D, and E of V; al

make contact with the 17-kDa ¢ subunit of the V,
domain (Adachi et al., 1990b), suggesting that these
V subunitsform part of the connective stalk(s) linking
V. and V,. Although no sequence homology exists
between the V and F-ATPases for any of the V; sub-
units, except subunits A and B, both subunits D and
E have a very high predicted o helical content, sug-
gesting that one of these polypeptides corresponds to
the v subunit. The vy subunit plays a particularly
important role in F, by undergoing rotation within the
asP3 hexamer during catalysis (Noji et al., 1997).

We have demonstrated that it is possible to reas-
semble the dissociated V, domain back onto stripped
coated vesicles containing the free Vy domain and
restore ATP-dependent proton transport (Puopolo and
Forgac, 1990). We have used this in vitro reassembly
system to evaluate the requirements for individua V.
subunits (Puopolo et al., 1992b). A stable V; subcom-
plex lacking subunit C can beisolated following disso-
ciation of V,; with Kl and ATP and removal of the
chaotrope by dialysis (Puopolo et al., 1992b). We have
found that readdition of this V,(-C) subcomplex to
stripped vesicles restores approximately 50% of con-
trol proton transport, although the resultant complex
is unstable to detergent solubilization and density gra-
dient sedimentation. Readdition of purified subunit C
restores full activity and stability. Others have sug-
gested an absolute requirement of Ca ATPase activity
by V4, on the presence of subunit C (see Stone et al.,
thisvolume), and it is possible that some of the activity
observed using the V,(-C) complex is due to residual
subunit C associated with the V, domain, athough
thiswould not explain the observed differencein stabil-
ity of the complex before and after addition of purified
subunit C.

We have also previously reported the presencein
the purified V-ATPase complex of the 50-kDa subunit
of the AP-2 adaptin complex (Myers and Forgac,
1993b) and the dependence on AP50 of activity and
stability of the reassembled V-ATPase (Liu et al.,
1994). Further examination has revealed that AP50
constitutes only approximately 15% of thetotal protein
at the 50 kDa position, the remaining protein (which
is blocked at the N-terminus) corresponds to bovine
subunit H, which in yeast is encoded by the VMA13
gene (Stevens and Forgac, 1997). Thus, it is subunit
H that is required for activity and stability of the reas-
sembled V-AT Pase, although both subunit H and AP50
are removed upon cystine treatment (Liu et al., 1994),
suggesting a communication between these proteins
and the catalytic nucleotide binding site of the enzyme.
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The ability to restore reassembly to a V-ATPase
depleted of subunit H by addition of AP-2 also suggests
the possibility that subunit H may directly associate
with the AP-2 complex.

Structure and Function of V, Subunits
Subunits ¢, ¢’ and ¢’

Subunit ¢ was initially identified as a highly
hydrophobic polypeptide of 17 kDathat is responsible
for the sensitivity of the V-ATPases to DCCD (Arai
et al., 1987a). Subsequent studies demonstrated that
this subunit has sequence homology to subunit c of
Fo, from which it appears to have been derived by
genedupication and fusion (Mandel et al., 1988). Thus,
the V-ATPase subunit ¢ is 17 kDa and contains four
transmembrane segments, with a buried glutamic acid
residue in TM4 that is the site of DCCD reaction and
is essential for proton transport. By contrast, the F-
AT Pase subunit ¢ contains two transmembrane helixes
with the essential buried carboxyl group in TM2 (Fill-
ingame, 1997). Interestingly, subunit ¢ appearsto con-
tribute the same number of transmembrane helixes (24)
to the integral domain for both V- and F-ATPases,
since there are 6 copies of this subunit in V, (Arai et
al., 1988) as compared wth 12 copiesin F, (Fillingame,
1997). This means that there are one-half as many
buried carboxyl groups in the Vq domain as in Fy,
leading to the suggestion that this structural difference
isresponsible for the differencein H*/ATP stoichiome-
try of the V- and F-ATPases (Cross and Taiz, 1990).
Interestingly, in both cases, reaction of asingle subunit
c with DCCD is sufficient to completely block proton
transport by the complex (Arai et al., 1987a).

Unlike the case of F,, the V, domain contains
two additional proteolipid subunits, both of which have
homology to subunit ¢ (Stevens and Forgac, 1997).
Subunit ¢’ also contains four transmembrane segments
with the buried carboxyl in TM4 while subunit ¢’
contains five transmembrane segments with the buried
carboxyl in TM3. While it is unclear why the V-
ATPases require three proteolipid subunits, genetic
studiesin yeast have demonstrated that each V-ATPase
complex must contain at |east one copy of each proteo-
lipid subunit (Hirata et al., 1997).

Reassembly studiesof Vy haverevea ed that while
low levels of DCCD-inhibitable passive proton con-
duction are observed with the ¢ (and ¢’) subunitsalone,
maximal proton conduction requires the presence of
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the remaining V subunits (a,d,c”) as well (Zhang et
al., 1994).

Subunit a

Subunit aisa 100-kDatransmembrane glycopro-
tein (Adachi et al., 1990b) that contains an amino
terminal hydrophilic domain and a carboxyl terminal
hydrophobic domain containing 6—7 putative trans-
membrane segments (Manolson et al., 1992). Reas-
sembly and reconstitution studies have revealed that
it aids in proton conduction by the Vo, domain (Zhang
et al., 1994) and that it possesses a hinding site for
the specific V-ATPase inhibitor bafilomycin (Bowman
et al., 1988). In yeast, subunit a is encoded by two
homologous genes (VPH1 and STV1), which encode
proteinsthat aretargeted to different intracel lular desti-
nations. Thus, Vphlp istargeted to the vacuole, while
Stvlp is targeted to some other intracellular compart-
ment, possibly endosomes or Golgi (Manolson et al.,
1994). We have investigated the role of subunit ain
proton transport and assembly of the V-ATPase com-
plex using a combination of site-directed and random
mutagenesis. Our initial studies revealed that mutation
of three charged residues buried in the transmembrane
sector (E789, H743, and K593) lead to significant
decreases in activity that are not attributable to
decreases in stability or assembly of the V-ATPase
complex (Leng et al., 1996). These studies suggested
that the 100-kDa subunit is the functional V-ATPase
homolog to the F-ATPase a subunit, which plays a
crucia role in proton conductance by F, (Cain and
Simoni, 1988). More recent studies have revealed that
while charged residues at positions 789 and 743 of
Vphlp are not absolutely required for proton transport,
both residuesarein aposition to significantly influence
activity, as revealed by the altered pH dependence of
proton transport for all of the mutations at these two
positions (Leng et al., 1998). These results suggest
that buried charged residues in the C-terminal trans-
membrane segments of subunit aplay arolein proton
conductance, possibly by allowing protons to reach
the buried carboxyl groups of subunit c.

A number of additional mutations effecting activ-
ity were identified by random mutagenesis (Leng et
al., 1998). Thus, mutation of either L739 or L746 to
S led to amost complete loss of activity, possibly by
turning the helix containing H743 away from the pro-
ton conduction pathway. Similarly, mutation of H729
to R in the loop preceding the penultimate transmem-
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brane segment caused inhibition of >90% of proton
transport activity. By contrast, a cluster of five muta
tionsin the region L800 to G814 led to loss of assem-
bly, suggesting that this region at the C-terminus of
the a subunit plays an important role in the interaction
between the V, and V, domains (Leng et al., 1998).

Subunit d

Subunit d is unique among the Vq subunits in
possessing no putative transmembrane helixes (Wang
et al., 1988), but in remaining tightly bound to the
Vo domain (Zhang et al., 1992), presumably through
protein—protein interactions with other V, subunits.
Although subunit d has been shown to be exposed on
the cytoplasmic side of the membrane (Adachi et al.,
1990a), nothing is known concerning its function.

REGULATION OF VACUOLAR
ACIDIFICATION

Considerable evidence has accumulated that cells
are ableto maintain distinct intracellular compartments
at different pH and thisis clearly important in the role
that vacuolar acidification plays in various cellular
processes (Stevens and Forgac, 1997). Several mecha-
nisms have been proposed for how vacuolar acidifica-
tion is controlled in vivo; several of these are
discussed below.

Disulfide Bond Formation at the Catalytic Site

As described above, we had previously shown
that disulfide bond formation between Cys-254 and
Cys-532 of the bovine V-ATPase A subunit leads to
reversible inactivation of the V-ATPase in clathrin-
coated vesicles (Feng and Forgac, 1992b, 1994). More-
over, we found that a significant fraction of the V-
ATPase in native clathrin-coated vesicles existsin this
reversibly inactivated, disulfide-bonded state (Feng
and Forgac, 1992b). To test whether this disulfide bond
formation was due to oxidation of the V-ATPase during
isolation of coated vesicles, we monitored the disulfide
bonded state of the enzyme for various times after
isolation of the vesicles in the absence of reducing
agents or molecular oxygen. We find that, even in the
absence of reducing agents, the fraction of Cys-254

in the reduced form increases with time, indicating
that reduction of the Cys-254—Cys-532 disulfide bond
comes about via thiodisulfide exchange involving a
third A subunit cysteine residue that exists as a free
sulfhydryl (Feng and Forgac, 1994). Thus, the 50% of
the enzyme that is observed in the oxidized state after
the 1-day isolation procedure is actually a lower esti-
mate and thefraction that existsin this statein clathrin-
coated vesicles in vivo is likely significantly higher.
This is consistent with the observation that endocytic-
coated vesicles in vivo do not appear to be acidic
organelles (Forgac, 1992), despite the presence of
immunoreactive V-ATPase (Marquez-Sterling et al.,
1991). Interestingly, the V-ATPasein synaptic vesicles,
which would be expected to be constitutively active
in neuronal cells, is in the fully reduced state, even
when isolated under the same conditions as the coated
vesicle enzyme (Rodman et al., 1994).

We have conducted a preliminary test of the role
of disulfide bond formation in regulation of vacuolar
pH in the Golgi using yeast (Liu et al., 1997). In vma~
mutants lacking a functional V-ATPase, a delay and
partial missorting in delivery of newly synthesized
vacuolar proteins from the Golgi to the vacuole is
observed (Stevens and Forgac, 1997). This suggests
that vacuolar acidification plays a role in vacuolar
protein targeting in yeast. If thisrole is similar to that
in targeting of newly synthesized lysosomal proteins
in mammalian cells (see first section), expression of
a congtitutively active V-ATPase in the Golgi might
cause a similar missorting phenotype in yeast. The
C261V A subunit mutant that is unable to form the
inhibitory disulfide bond at the active site would be
predicted to give rise to such a constitutively active
enzyme. We observed that while this mutant was, in
fact, resistant to inhibition by NEM or oxidation, no
change was observed in the targeting of the soluble
vacuolar protein carboxypeptidase Y (Liuetal., 1997).
This suggests that disulfide bond formation may not
be regulating V-ATPase activity in the Golgi, at least
in yeast. Alternatively, vacuolar acidification may be
playing a somewhat different role in targeting in yeast
and mammalian cells. Interestingly, results on anaysis
of CYSA mutants that show altered redox potential as
a result of a defect in cysteine biosynthesis suggest
that disulfide bond formation can play arolein regulat-
ing V-ATPase activity in vivo (Oluwatosin and
Kane, 1997).

Most recently, we have demonstrated that disul-
fide bond formation at the cataytic site of the V-
ATPase can be induced by the nitric oxide-generating



reagent S-nitrosoglutathione (SNG) (Forgac, 1999).
While the concentrations of SNG required for inhibi-
tion are relatively high (Ko 5 200—400 6 ), suggesting
that this does not represent ameans of globally chang-
ing V-ATPase activity in the cell, it is possible that the
concentration of nitric oxide (or the glutathi one adduct)
may become high enough inthevicinity of an activated
nitric oxide synthase to effect the activity of nearby
V-ATPase molecules. In fact, nitric oxide synthases
localized to particular sites within the cell (for exam-
ple, the plasma membrane) have been observed and
could be responsible for maintaining V-ATPasesin the
corresponding membranesin an inactive state. Interest-
ingly, once formed, the inhibitory disulfide bond is
not readily reduced by intracellular levels of reduced
glutathione (Forgac, 1999), suggesting that cleavage
may in fact occur through a thiodisulfide bond
rearrangement, as was originally postulated (Feng and
Forgac, 1994).

Reversible Association and Dissociation of
V,; and V,

Kane has demonstrated that in yeast, glucose dep-
rivation results in a rapid dissociation of V4 and Vg
domains and that this effect isreversed upon readdition
of glucose (Kane, 1995). This suggests that there is a
dynamic equilibrium between assembled and dissoci-
ated V-ATPase complexes that plays a role in control-
ling vacuolar acidification in yeast. A similar
conclusion has been reached from studies of changes
in V-ATPase assembly during molting in insects (Sum-
ner et al., 1995).

In mammalian cells we have found evidence for
the existence of free V, domains in the cytoplasm
of MDBK cells (Myers and Forgac, 1993a). We also
observe the presence of a significant population of
free Vo, domains in clathrin-coated vesicle membranes
(Zhang et al., 1992). Interestingly, free V, domains
are not active in hydrolysis of MgATP (Puopolo et al.,
1992b) and free V, domains are not normally func-
tional as passive proton channels (Zhang et al., 1992),
as expected if significant populations of these free
complexesexistinthecell. Whether adynamic equilib-
rium between assembled and dissociated V-ATPase
complexes exists in mammalian cells similar to that
observed in yeast and insect cells remains to be
determined.

Forgac

Changes in Coupling Efficiency of Proton
Transport and ATP Hydrolysis

We have observed that a variety of conditions
cause a change in the efficiency of coupling of proton
transport and ATP hydrolysis by the V-ATPases. Thus,
solubilization of the V-ATPase with detergent gives
rise to an enzyme whose ATPase activity is not inhib-
ited by DCCD, despite the physical attachment of the
V,; and V, domains and reaction of the solubilized
protein with DCCD (Arai et al., 19874). High concen-
trations of ATP cause a partial uncoupling of the V-
ATPaseinwhich ATP hydrolysis continuesto increase,
but proton transport plateaus and then decreases with
increasing concentration (Arai et al., 1989). Mild pro-
teolysis also causes a partial uncoupling of the V-
ATPase, since treatment with low concentrations of
trypsin causes a complete loss of proton transport
despite the continued presence of 50% of control levels
of ATPhydrolysis(Adachi etal., 1990a). Most recently
we have found that sodium azide is able to completely
inhibit proton transport by the V-ATPase without
effecting ATP hydrolysis, despite the fact that it is not
acting as a proton ionophore (Vasilyeva and Forgac,
1998). These results suggest that the V-ATPase is
poised to show an altered coupling of proton transport
and ATP hydrolysis and that this may represent an
important mechanism of controlling vacuolar acidifi-
cation in vivo. The norma intracellular signals that
effect this coupling efficiency, however, remain to
be identified.

Changes in Chloride Channel Activity

We have demonstrated that proton transport by
the coated vesicle V-ATPaseis an el ectrogenic process,
requiring the movement of another charged species to
dissipate the membrane potential established during
proton transport (Arai et al., 1989). We aso showed
that in coated vesiclesthis dissipation of the membrane
potential is accomplished by a chloride channel that
isdistinct fromtheV-ATPase (Arai et al., 1989). More-
over, we observed that the activity of this chloride
channel is regulated by phosphorylation by cAMP-
dependent protein kinase (Mulberg et al., 1991). Thus,
dephosphorylation of the chloride channel decreased
chloride conductance and AT P-dependent acidification
while phosphorylation by PKA increased both activi-
ties. These results suggest that changes in the activity
of a chloride channel required for vacuolar acidifica-
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tion represents an important mechanism by which the
pH of intracellular compartments can be controlled.
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