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Abstract
One mechanism of regulating V-ATPase activity in vivo involves reversible dissociation into its
component V1 and V0 domains, which in yeast occurs in response to glucose depletion. V-ATPase
complexes containing the Vph1p isoform of subunit a (VCC) are targeted to the vacuole whereas
Stv1p-containing complexes (SCC) are targeted to the Golgi. Overexpression of Stv1p results in
mistargeting of SCC to the vacuole. We have investigated the role of the a subunit isoform and cellular
environment in controlling dissociation using vacuolar protein sorting (vps) mutants which
accumulate proteins in either the prevacuolar compartment (PVC) (vps27Δ) or a post-Golgi
compartment (PGC) (vps21Δ). Dissociation of both VCC and SCC depends upon cellular
environment, with dissociation most complete in the vacuole and least complete in the PVC. The
dependence of dissociation on V-ATPase activity was also investigated using both concanamycin
and inactivating mutations. Concanamycin partly blocks dissociation of both VCC and SCC in all
three compartments, with inhibition generally greater for SCC then VCC. The R735Q mutant of
Vph1p results in loss of both ATPase and proton transport whereas the R735K mutant lacks proton
transport but has 10% of wild type ATPase activity. For VCC in the vacuole, dissociation is
completely blocked for the R735Q but not the R735K mutant. Significant dissociation of VCC is
observed for both mutants in the PVC and PGC, indicating that V-ATPase activity is not absolutely
required for dissociation. Similar results were obtained for SCC, although dissociation of SCC is
again generally more sensitive to activity than VCC. These results suggest that the cellular
environment is important both in controlling in vivo dissociation of the V-ATPase and the dependence
of this process on catalytic activity. Moreover catalytic activity is not absolutely required for V-
ATPase dissociation.

Introduction
The vacuolar (H+)-ATPases (V-ATPases1) are a family of ATP-dependent proton pumps that
both acidify intracellular compartments and pump protons across the plasma membrane (1–
4). Within intracellular compartments, V-ATPases function in receptor-mediated endocytosis,
intracellular membrane traffic, degradation and processing of proteins, and coupled transport
of small molecules, such as neurotransmitters. They also assist in the entry of envelope viruses,
such as influenza virus, and the killing of cells by toxins, such as diphtheria toxin and anthrax
toxin (5). V-ATPases are also present in the plasma membrane of cells, where they function
in bone resorption (6), renal acidification (3), sperm maturation (7), pH homeostasis (8) and
tumor metastasis (9). V-ATPases are thus potential targets in treating such diseases as
osteoporosis and cancer.
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The structure and mechanism of V-ATPases resembles that of the F-ATPase (10). V-ATPases
are composed of a peripheral V1 complex consisting of eight subunits (A-H), that hydrolyzes
ATP and an integral V0 complex consisting of six subunits (a, d, e, c, c′ and c″), that conducts
protons (1–4). The V0 complex includes a ring of proteolipid subunits (c, c′ and c″) onto which
subunit d sits (11). Subunit a is a 100 kDa protein composed of a hydrophilic amino-terminus
and a hydrophobic carboxyl-terminus that is in contact with the proteolipid ring (12). V-
ATPases operate by a rotary mechanism (13,14) in which the c-ring rotates relative to subunit
a, with proton transport driven by interactions at the subunit a-proteolipid interface (12).

Subunit a is also important for targeting the V-ATPase to different membranes in the cell. In
yeast there are two isoforms of subunit a, Vph1p and Stv1p (15,16). Vph1p targets V-ATPases
to the vacuole whereas Stv1p causes V-ATPases to be retained in the Golgi (16,17). The amino-
terminus of subunit a contains the signal responsible for targeting of V-ATPases (18). In a
strain disrupted in both Vph1p and Stv1p, over-expression of Stv1p results in the appearance
of a significant number of Stv1p-containing complexes in the vacuole (16–18). V-ATPase
complexes containing Vph1p and Stv1p also differ in assembly and activity. Stv1p-containing
complexes localized to the vacuole show lower assembly of V0 and V1 as well as a 4-fold lower
coupling of proton transport to ATP hydrolysis relative to Vph1p-containing complexes (17).
In mammals there are four isoforms of subunit a (a1–a4) (6,19,20). The a3 isoform is present
in the plasma membrane of osteoclasts and mutations in the a3 gene cause the disease
osteopetrosis (21). The a4 isoform is expressed in the plasma membrane of renal intercalated
cells and mutations cause the disease renal tubule acidosis (22).

An important mechanism of controlling V-ATPase activity in vivo involves reversible
dissociation of the V1 and V0 domains (1,2). Reversible dissociation has been shown to regulate
V-ATPase activity in both yeast and insect cells (23,24), and has recently been implicated in
control of acidification in renal cells (25) and in dendritic cells (26), where V-ATPases are
essential for antigen processing. A distinctive feature of dissociation of V-ATPases is that the
free V1 domain does not hydrolyze MgATP (27) and free V0 is not passively permeable to
protons (28). This property is essential to avoid generation of an uncoupled ATPase activity
in the cytosol or an unregulated passive proton conductance in cellular membranes.

In yeast dissociation of V-ATPase complexes is induced by glucose depletion, occurs rapidly
and reversibly and does not require new protein synthesis (23). Various signaling pathways
involved in response to glucose depletion appear not to be involved in this process (29),
although dissociation (but not reassembly) requires an intact microtubular network (30). By
contrast, reassembly (but not dissociation) requires a novel cytoplasmic complex termed
RAVE, which is also important for normal assembly of the V-ATPase (31,32). Thus
dissociation and reassembly appear to be independently controlled processes. Dissociation has
also been shown to require catalytic activity (29) and to be blocked by chloroquine which
neutralizes internal acidic compartments (33).

Previous results from our lab have shown that Vph1p-containing complexes localized to the
vacuole undergo glucose-dependent dissociation whereas Stv1p-containing complexes
localized to the Golgi do not (17). By contrast, Stv1p-containing complexes localized to the
vacuole do show dissociation. Trafficking of Vph1p-containing complexes to the vacuole can
be blocked using vacuolar protein sorting (vps) mutants. Strains disrupted in VPS27 accumulate
proteins (including Vph1p) in a prevacuolar compartment (PVC) whereas vps21 mutants retain
proteins (including Vph1p) in a post-Golgi compartment (34). Vph1p-containing complexes
localized to the PVC or post-Golgi compartments showed glucose-dependent dissociation, but
less completely than when localized to the vacuole (17). In order to determine whether the a
subunit isoform plays any role in controlling in vivo dissociation, we have now examined the
dissociation behavior of both Vph1p and Stv1p-containing complexes in wild type, vps21Δ
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and vps27Δ strains. The dependence of dissociation on activity has also been examined in these
strains. The results suggest that the intracellular environment plays an important role in
controlling both dissociation behavior and its dependence on activity.

Experimental Procedures
Materials and Strains

Zymolyase 100T was obtained from Seikagaku America, Inc. Concanamycin A were
purchased from Fluka. The mouse monoclonal antibody 8B1 against the yeast V-ATPase
subunit A was purchased from Molecular Probes; the monoclonal antibody 3F10 against the
HA antigen conjugated to horseradish peroxidase and protease inhibitors were purchased from
Roche. Restriction endonucleases, T4 DNA ligase, and other molecular biology reagents were
from Invitrogen and New England Biolabs. Dithiobis [succinimidyl propionate] was purchased
from Pierce. SDS, nitrocellulose membranes, Tween 20 and horseradish peroxidase-
conjugated goat anti-mouse/rabbit IgG were purchased from Bio-Rad. The chemiluminescence
substrate for horseradish peroxidase was from Kirkegaard & Perry Laboratories. Protein A-
Sepharose, protein G-agarose and most other chemicals such as dithiothreitol were purchased
from Sigma. Materials for E. coli and yeast culture and carrier DNA were purchased from BD
Biosciences.

Yeast strain MM112 (MATa vph1::LEU2 stv1::LYS2 his3-Δ 200 leu2 lys2 ura3-52) (16) was
used for VPS21 or VPS27 gene knockout and for HA-Vph1p or HA-Stv1p expression. Yeast
cells were grown in yeast extract-peptone-dextrose medium or synthetic dropout medium
(35).

Yeast Gene Replacement
The strains MM112 vps21Δ and MM112 vps27Δ were constructed following the protocol of
two-step gene disruption (36). The VPS21 and VPS27 genes were replaced by homologous
recombination in MM112 by the marker gene Kanr and the strains MM112 vps21Δ and MM112
vps27Δ were selected using media containing the antibiotic G418.

Transformation and Selection
The single copy plasmid pRS316 carrying the HA-VPH1 sequence (pRS316-VPH1::HA, also
called pSKN12) or the HA-STV1 sequence (pRS316-STV1::HA, also called pSKN11) and the
high copy plasmid YEp352 carrying HA-Stv1p (YEp352-STV1::HA, also called pSKN14)
were constructed previously (17), and were transformed into yeast strain MM112 by the lithium
acetate method (37). The transformants were selected on uracil minus (Ura−) plates. For co-
transformation of yeast strains with HA-Stv1p and untagged Vph1p, the VPH1 gene was
subcloned into pRS413, a vector containing the HIS3 selectable marker. A yeast strain carrying
pSKN14 was transformed with pRS413-Vph1p and then selected on uracil and histidine minus
(Ura−His−) plates.

Construction of Mutants
Site-directed mutagenesis was performed to introduce mutations R795K and R795Q on EcoRI-
BamHI fragments of the HA-Stv1p using the Altered Sites II In Vitro Mutagenesis System
(Promega). The mutagenic oligonucleotides are designed as 5′-
CATCATATCTACAACTTTGGGCACTA-3′ and 5′-AGCATCATATCTAAAACTTTGGG
CACTAT-3′ for R795Q and R795K respectively. Mutations were confirmed by DNA
sequencing. Fragments containing the indicated mutations were then substituted back into the
pSKN14 (YEp352-STV1::HA). Cloned plasmids were again confirmed by DNA sequencing.
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The EcoRI-BamHI region of HA-Vph1p was substituted by the corresponding sequence from
either the R735Q or R735K mutant of Vph1p constructed previously (38).

In Vivo Dissociation of Yeast V-ATPases in Response to Glucose Deprivation
In vivo dissociation of yeast V-ATPases was induced by glucose deprivation as described
before (23) with some modification. The yeast strains MM112, MM112 vps21Δ and MM112
vps27Δ expressing either normal levels of Vph1p (using pSKN12) or high levels of Stv1p
(using pSKN14) were grown overnight, diluted in fresh media to an absorbance at 600 nm of
0.1–0.2 and grown to an absorbance of 0.6–0.8. Cells were harvested and converted to
spheroplasts by addition of 0.3 mg/ml Zymolyase in lysis buffer (YEPD, 0.1 M Tris Mes pH7.5,
0.7 M sorbitol, 2 mM dithiothreitol) and incubated for 30 min at 30° C. Cells were then split
into 2 aliquots and incubated in YEP (without glucose) and YEPD medium (with 2% glucose)
at 30 °C for 15 min. Spheroplasts were pelleted and lysed in PBS pH7.2 containing 1%
C12E9, protease inhibitors and 1 mM dithiobis [succinimidyl propionate]. For concanamycin
A inhibition experiments, the inhibitor was added to the medium to a final concentration 1
μM in the final 10 min of spheroplasting and then kept at this concentration until spheroplasts
were lysed.

V-ATPase complexes were immunoprecipitated from the lysate using the antibody 8B1 against
subunit A and protein A-Sepharose followed by electrophoresis on 7.5% acrylamide gels and
transfer to nitrocellulose. Western blotting was then performed using the horseradish
peroxidase-conjugated monoclonal antibody 3F10 against HA to blot the a subunit of the V0
domain or the antibody 8B1 against the A subunit to blot the V1 domain followed by a
horseradish peroxidase-conjugated secondary antibody. Dissociation of the V-ATPase
complex is reflected as a reduction in the amount of subunit a (in V0 complexes) co-
immunoprecipitated by the antibody directed against subunit A (in the V1 complexes).
Densitometry analysis was performed using the software ImageJ (http://rsb.info.nih.gov/ij/).

To determine the linearity of the signal obtained in the Western blotting experiments, a titration
was performed analyzing the signal obtained with varying amounts of the immunoprecipitates
using both the anti-HA and anti-A subunit antibodies. Over the intensity range employed in
these experiments (relative intensities of approximately 1,000 to 16,000 units), the signal
obtained was linear with the amount of HA-Vph1p loaded but showed some deviation from
linearity for subunit A. This may be because detection of subunit A involved both a primary
antibody (8B1) and an HRP-conjugated secondary antibody whereas detection of HA-Vph1p
was done directly using an HRP-conjugated anti-HA antibody (3F10), eliminating the necessity
of a secondary antibody. Quantitation of assembly was done by measuring the amount of
subunit a precipitated, which was linear. The slight non-linearity of signal with the amount of
subunit A was not a problem because samples were matched for the amount of subunit A within
a given experiment and nearly matched between experiments.

Immunoisolation of compartments carrying HA-Stv1p
The strains MM112, MM112 vps27Δ and MM112 vps21Δ were co-transformed with pPRS413-
VPH1 and YEp352-STV1::HA, cultured, harvested and converted to spheroplasts as described
under the procedure for measurement of in vivo dissociation. Spheroplasts were lysed by
osmotic shock in the absence of detergent in solubilization buffer (50 mM Tris-HCl pH 7.5, 1
mM EDTA, and 1% glycerol), followed by sedimentation twice for 1 min at 3,000×g to remove
unbroken cells and nuclei. Supernatants were precleared by addition of protein G agarose,
incubation for 1 hour and sedimentation at 3,000×g for 1 min. Supernatants were then incubated
with the anti-HA antibody (3F10) plus protein G agarose overnight at 4°C. The compartments
carrying HA-Stv1p were then precipitated by sedimentation and the proteins eluted from the
beads with SDS sample buffer and separated by SDS-PAGE. The presence of both HA-Stv1p
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and Vph1p in the immunoprecipitates were detected by Western blotting using the monoclonal
antibodies against HA (3F10) and Vph1p (10D7), respectively.

Other Procedures
Vacuolar membrane vesicles were isolated using the protocol described previously (39).
Quinacrine staining of yeast was performed as previously described (40). Protein
concentrations were determined by the method of Lowry (41). ATPase activity was measured
using a coupled spectrophotometric assay in the presence or absence of 1 μM concanamycin
A as described previously (33). ATP-dependent proton transport was measured in transport
buffer (25 mM MES-Tris, pH 7.2, 5 mM MgCl2) using the fluorescence probe 9-amino-6-
chloro-2-methoxyacridine in the presence or absence of 1 μM concanamycin, as described
previously (42).

Results
Stv1p-containing complexes localized to the Golgi show reduced assembly with V1 relative
to Vph1p-containing complexes localized to the vacuole

Previous results from our laboratory have demonstrated that V0 complexes containing the
Stv1p isoform of subunit a, when localized to the vacuole through overexpression, showed
significantly lower levels of assembly with the V1 domain than V0 complexes containing
Vph1p, thus giving rise to the approximately 10-fold difference in ATPase activity for these
two complexes (17). Because the vacuolar environment is different in a number of respects
from that of the Golgi, it was of interest to determine whether this reduced assembly with V1
was also observed for Stv1p-containing complexes present in their normal cellular
environment, namely the Golgi. HA-tagged Stv1p was expressed at low levels in the yeast
strain MM112 using the single-copy plasmid pRS316. As a control HA-tagged Vph1p was
also expressed in MM112 using the same plasmid. Complexes containing either HA-Vph1p
or HA-Stv1p were immunoprecipitated using the antibody 3F10 directed against the HA tag.
After SDS-PAGE, the precipitants were Western blotted using the anti-HA antibody and an
antibody directed against subunit A of the V1 domain. Since subunit A is co-
immunoprecipitated with subunit a only when the V1 and V0 domains are assembled, the
amount of subunit A precipitated using the anti-HA antibody is a reflection of the degree of
assembly of the V1 and V0 domains. As can be seen in Fig. 1 (left two lanes), Vph1p-containing
complexes localized to the vacuole show much better assembly with V1 than do Stv1p-
containing complexes localized to the Golgi. Thus, the difference in assembly behavior of
Vph1p and Stv1p-containing complexes is not an artifact of mislocalization of Stv1p to the
vacuole. For comparison, the degree of assembly of Stv1p localized to the vacuole through
overexpression is also shown (Fig. 1, lane3). For this experiment, the amount of antibody used
to precipitate HA is limiting, such that no significant difference between the HA signal in lanes
2 and 3 is observed. To determine whether Stv1p-containng complexes localized to the Golgi
might be unstable during solubilization and immunopreciptation, the experiments were
repeated in the presence of the specific V-ATPase inhibitor concanamycin, which has been
shown to inhibit both Vph1p and Stv1p-containing V-ATPases (17). As can be seen in Fig. 1
(lanes 4 and 5), the difference in assembly of Vph1p-containing complexes in the vacuole and
Stv1p-containing complexes localized to the Golgi was observed even in the presence of
concanamycin, although Stv1p-containing complexes in the vacuole show much higher
assembly with V1 in the presence of concanamycin (lane 6). This latter result rules out the
possibility that the HA epitope in the HA-Stv1p-containing complexes is not accessible in
intact V1V0.

Qi and Forgac Page 5

J Biol Chem. Author manuscript; available in PMC 2008 August 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Cellular environment influences glucose-dependent dissociation of V-ATPase complexes
containing either isoform of subunit a

In order to examine the dependence of in vivo dissociation of the V-ATPase on cellular
environment, experiments were performed using yeast strains disrupted in two genes of the
CPY (carboxypeptidase Y) pathway. V-ATPase complexes containing Vph1p employ the CPY
pathway for delivery to the vacuole (34,43,44). Yeast strains disrupted in the VPS27 gene
accumulate proteins in a PVC as a result of a defect in budding of vesicles from this
compartment (43). In strains disrupted in VPS21, proteins accumulate in Golgi-derived vesicles
due to the inability of these vesicles to fuse with the PVC (34). The ability of HA-tagged Vph1p
and Stv1p-containing complexes to undergo dissociation in response to glucose depletion was
examined in wild type cells as well as cells disrupted in either VPS27 or VPS21. HA-Stv1p
was overexpressed using a high copy plasmid, under which conditions a significant amount of
HA-Stv1p is mistargeted to the vacuole in a strain that is wild type for the CPY pathway
(17).

To test whether Vph1p and overexpressed Stv1p are localized to the same compartments in
the vps21Δ and vps27Δ strains, HA-tagged Stv1p and untagged Vph1p were co-expressed in
the same yeast strain. Following cell lysis by osmotic shock in the absence of detergent, the
compartments containing HA-Stv1p were immunoprecipitated using the monoclonal antibody
3F10 against the HA tag plus protein G agarose. The immunoprecipitates were then analyzed
by Western blot for both HA and Vph1p using the respective monoclonal antibodies. As can
be seen in Fig. 2, lanes 1–3, Vph1p is co-immunoprecipitated with HA-Stv1p in wild type cells
as well as the vps21Δ and vps27Δ strains. By contrast, no significant co-immunoprecipitation
was observed if immunoprecipitation was performed on cell lysates from cells expressing either
Vph1p or HA-Stv1p which were mixed before immunoprecipitation (Fig. 2, lane 4). These
results suggest that Vph1p and overexpressed HA-Stv1p are present in the same compartments
in both the wild type cells and the vps21Δ and vps27Δ mutant strains.

To determine the amount of glucose-dependent dissociation occurring in each strain,
spheroplasts were incubated in the presence or absence of glucose for 15 min at 30° C followed
by detergent solubilization and immunoprecipitation of V1 and V1V0 complexes using an
antibody specific for subunit A. Following SDS-PAGE, Western blotting was performed using
both the antibody against subunit A and an antibody against the HA epitope tag present in
subunit a. The amount of HA-Vph1p or HA-Stv1p co-immunoprecipitated with subunit A thus
reflects the degree of association between the V1 and V0 domains. Representative results are
shown for both HA-Vph1p (Fig. 3a) and HA-Stv1p (Fig. 3c). Band intensities were determined
by densitometry and the results from at least three independent determinations are shown in
the bar graphs (Figs. 3b and 3d). The values shown represent the ratio of the degree of assembly
observed in the absence of glucose divided by the degree of assembly observed in the presence
of glucose. As can be seen, Vph1p-containing complexes showed the greatest degree of
glucose-dependent dissociation when localized to the vacuole and the least amount of
dissociation when localized to the PVC. These results are in agreement with earlier findings
using non-tagged Vph1p (17). Stv1p-containing complexes show nearly the same dependence
of dissociation on cellular environment, with dissociation being most complete in the vacuole
and least complete in the PVC. Thus Stv1p-containing complexes appear to show the same
behavior with respect to glucose-dependent dissociation as Vph1p-containing complexes, not
only when localized to the vacuole (17), but also when present in other cellular compartments.

Cellular environment affects the dependence of in vivo dissociation on catalytic activity
Previous results have demonstrated that glucose-dependent dissociation of Vph1p-containing
V-ATPase complexes localized to the vacuole depends upon catalytic activity (29). In order
to determine whether this dependence of dissociation on activity extends to Stv1p-containing
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complexes and to both Vph1p and Stv1p-containing complexes localized to other
compartments, the effect of the specific V-ATPase inhibitor concanamycin on dissociation was
examined. As can be seen in Fig. 3a and b, concanamycin was able to partially block
dissociation of Vph1p-containing complexes localized to the vacuole, the PVC and the post-
Golgi compartments, with the greatest effect observed for V-ATPases present in the vacuole.
Similar results were obtained for Stv1p-containing complexes (Fig. 3c and d), although more
complete inhibition of dissociation was observed for Stv1p-containing complexes relative to
Vph1p-containing complexes in all compartments except the post-Golgi compartment. In
particular, complete inhibition of dissociation was only observed for Stv1p-containing
complexes localized to both the vacuole and the PVC. These results suggest that the dependence
of dissociation on activity is influenced by both the cellular environment and, to some extent,
by the a subunit isoform present.

It should also be noted that treatment with concanamycin partly stabilized Stv1p-containing
complexes even in the presence of glucose, as seen from the ratio of staining of subunits a and
A in the presence and absence of concanamycin (Fig. 3c). These results may suggest that Stv1p-
containing complexes are partly destabilized and that this instability can be partly overcome
by inhibition of the complex.

Dissociation behavior of inactive mutants of the V-ATPase when localized to different
intracellular compartments

As noted above, in most cases concanamycin did not show complete inhibition of in vivo
dissociation of the V-ATPase, particularly for Vph1p-conaining complexes. Because of the
possibility that concanamycin may not have equal accessibility to V-ATPases in all
compartments, it was of interest to determine the effect of inactivating mutations on glucose-
dependent dissociation. We had previously shown that R735 in TM7 of Vph1p is essential for
proton transport by the V-ATPase (38). Any substitution of the arginine at this position
(including the conservative R735K mutation) leads to complete loss of proton transport activity
(38). Moreover, all mutants except R735K completely lacked ATPase activity (the latter mutant
retained some residual uncoupled ATP hydrolysis). Quinacrine staining of cells expressing the
R735K and R735Q mutants of Vph1p confirms that no detectable acidification of intracellular
compartments is observed in these strains (Fig. 4). Dissociation of V-ATPase complexes
containing Vph1p bearing these two mutations were compared, first for V-ATPases localized
to the vacuole. Under these conditions, complete inhibition of dissociation for the R735Q
mutant was observed whereas significant dissociation of the R735K mutant occurred (Fig.
5a,b). These results suggest that ATPase activity rather than proton transport is more critical
for glucose-dependent dissociation, at least for Vph1p-containing complexes localized to the
vacuole. By contrast, both Vph1p mutants showed significant dissociation when localized to
either the PVC or the post-Golgi compartment. These results indicate that catalytic activity
(either proton transport or ATPase activity) is not absolutely required for in vivo dissociation.
Moreover, the cellular environment affects the dependence of in vivo dissociation on catalytic
activity.

For Stv1p, we observed that mutation of R795 (the residue that corresponds to R735 in Vph1p)
to lysine leads to loss of 93% of wild type ATPase activity whereas mutation to glutamine
leads to loss of 100% of ATPase activity. Dissociation of complexes containing these mutant
forms of Stv1p were then compared in the wild type, vps21Δ and vps27Δ strains. As can be
seen in Fig. 5c and d, the mutant forms of Stv1p dissociated somewhat less completely than
Vph1p in almost all cases, although only for the R795Q mutant in the vacuole and PVC was
dissociation nearly completely blocked. Thus some degree of dissociation of Stv1p-containing
complexes was observed even for completely inactive mutants, consistent with the
concanamycin results described above.
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Discussion
Reversible dissociation of V-ATPase complexes represents an important but as yet
incompletely understood process for regulating acidification in vivo. Because V-ATPases
reside in multiple cellular compartments, it might be predicted that not all of the V-ATPases
in the cell would show the same degree of dissociation in response to a given stimulus. This
prediction is supported by the observation that the degree of dissociation of the V-ATPase in
yeast in response to glucose depletion does depend upon the cellular environment. Thus, V-
ATPase complexes localized to the vacuole show the greatest degree of dissociation, those
localized to the PVC or post-Golgi compartments show intermediate dissociation behavior,
while those localized to the Golgi (at least for complexes containing Stv1p) do not dissociate
at all (Figure 2 and reference 17). The failure of Golgi-localized V-ATPases to dissociate in
response to glucose depletion is not due to an intrinsic property of Stv1p, since Stv1p localized
to compartments other than the Golgi dissociates efficiently. It might be argued that Stv1p-
containing complexes are already associated to such a low level that no further dissociation is
possible. However, because Stv1p shows similarly low levels of assembly in both the Golgi
and the vacuole, even in the presence of glucose (Fig. 1 and reference 17), but shows
dissociation when localized to the vacuole but not the Golgi, this possibility is ruled out. The
ability of the cell to retain Golgi-localized V-ATPases in an assembled state, even in the
absence of glucose, may indicate that the Golgi V-ATPase, even though less active than that
present in the vacuole, nevertheless serves an indispensable function.

In addition to providing a more alkaline pH to the Golgi compartment, does the lower level of
assembly of Stv1p-containing V-ATPases localized to the Golgi serve any additional function?
One possibility is that the free V0 domains present as a result of this lower assembly participate
in membrane fusion reactions occurring in this compartment. The V0 domain has been
postulated to participate directly in membrane fusion based upon studies of homotypic vacuole
fusion in yeast (45,46). In this model, V0 domains in adjacent membranes pair in a trans
complex that follows trans-SNARE pairing but that promotes fusion of the tethered
membranes. Recent studies of vesicle fusion in Drosophila and C.elegans (47,48) suggest that
this role may not be restricted to yeast. The presence of additional free V0 domains in Golgi
membranes may reflect the high degree of membrane fusion occurring in this compartment.
Additional studies will be required to determine whether free V0 domains participate in fusion
of vesicles involved in movement of proteins between Golgi stacks.

It was previously observed that in vivo dissociation of V-ATPase complexes depends upon
catalytic activity. This was demonstrated for Vph1p-containing complexes localized to the
vacuole (29). In the present paper we demonstrate that this dependence of dissociation on
activity is, in most cases, not absolute. Thus, while treatment with concanamycin in all cases
at least partially blocks dissociation of both Vph1p and Stv1p-containing complexes, in most
cases this inhibition of dissociation is incomplete. For Vph1p-containing complexes, in
particular, 20–40% of dissociation is still observed, even in the presence of concanamycin.
This is also true for inactivating mutants of Vph1p, where only the R735Q mutant localized
to the vacuole shows complete inhibition of dissociation. For Stv1p, both concanamycin and
inactivating mutations generally lead to more complete inhibition of dissociation than for
Vph1p. Even for Stv1p-containing complexes, however, partial dissociation is observed when
these complexes are localized to the post-Golgi compartment. These results clearly indicate
that catalytic activity is not absolutely required for in vivo dissociation of the V-ATPase
complex.

The molecular basis for the dependence of dissociation on cellular environment remains
uncertain. It has previously been observed that neutralization of acidic compartments with
chloroquine leads to at least partial inhibition of dissociation (33). This suggests that one
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environmental factor affecting dissociation is the lumenal pH, such that when the lumenal pH
becomes too alkaline, dissociation is inhibited. Inconsistent with this conclusion is the
observation that Stv1p, when localized to the vacuole, shows very low levels of proton
transport, yet still dissociates efficiently in response to glucose depletion. Moreover,
completely inactive mutants of Vph1p still show dissociation when localized to compartments
other than the vacuole. The absence of quinacrine staining of these compartments in strains
expressing mutant forms of Vph1p suggests that they are not being acidified by some other
mechanism. Thus, while lumenal pH may partly control dissociation in certain cases, this
cannot be the only environmental factor affecting this process. It is likely that specific proteins
or lipids localized to different cellular compartments help control in vivo dissociation.

It is important to note that the studies described employ yeast mutant strains that are disrupted
in normal intracellular trafficking, and that it is therefore possible that some of the differences
observed in dissociation behavior are a secondary consequence of disruption of trafficking,
such as the failure of an important regulatory molecule to reach its correct cellular destination.
While this possibility cannot be ruled out, it is important to note that the vps21Δ and vps27Δ
mutants used in these studies have fewer pleiotropic effects than other yeast trafficking mutants.
For example, class C vps mutants, which are defective in proteins involved in multiple
membrane fusion events (49,44), are characterized by the absence of identifiable vacuoles. By
contrast, vps21Δ and vps27Δ mutants can form and maintain identifiable vacuoles. Moreover,
although CPY cannot be targeted to the vacuole in these mutants, processing of CPY in the
ER and Golgi is normal (43,34). In addition, targeting of ALP to the vacuole via a pathway
distinct from the CPY pathway as well as vacuolar processing of ALP is normal in the
vps21Δ and vps27Δ mutants (50,34). These results suggest that it is less likely that the observed
differences in dissociation are a secondary consequence of defective trafficking.

An additional question emerging from these results is why the dependence of dissociation on
activity is in turn a function of the cellular environment. One possibility is that for dissociation
to occur, the V-ATPase must adopt a particular conformational state, and that by inhibiting
activity, the enzyme is prevented from achieving the necessary conformational state and is
hence blocked in its dissociation. It is possible, however, that as a result of environmental
factors within the cell (interaction with unique proteins or lipids localized to particular
organelles), the V-ATPase adopts different stable conformations in the inhibited state. Thus
the inhibited conformation in the vacuole may be incompatible with dissociation whereas the
inhibited state in the PVC may be identical to the state necessary for dissociation to occur. This
may also explain why Vph1p and Stv1p show a different dependence of dissociation on activity.
Additional probes of the conformational state of the complex are required to address this
possibility

In summary, our results suggest that both dissociation of the V-ATPase complex and the
dependence of dissociation on activity is a function of the cellular environment and the a subunit
isoform present, and that dissociation of the V-ATPase is not absolutely dependent upon
catalytic activity.
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Figure 1. Assembly properties of subunit a isoforms localized to their normal cellular environment
Yeast strain MM112 (vph1Δ stv1Δ) containing plasmids pSKN12 (pRS316-VPH1::HA) or
pSKN11(pRS316-STV1::HA) were grown to log phase, harvested, and converted to
spheroplasts with Zymolyase. Whole cell lysates were prepared by treatment with C12E9 (with
or without 1 μM concanamycin) and V0 complexes were immunoprecipitated using the
antibody 3F10 (Roche) against the HA epitope. Following SDS-PAGE, Western blotting was
performed using the antibody 8B1-F3 (Molecular Probes) against subunit A (Vma1p) as well
as 3F10 against HA. The amount of subunit A co-precipitated with the antibody against HA
is a reflection of the degree of assembly of V1 and V0.
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Figure 2. Presence of Vph1p in cellular compartments containing HA-Stv1p immunoisolated using
the antibody against HA
Yeast strains co-expressing Vph1p and HA-Stv1p (expressed using a high copy plasmid) were
lysed by osmotic shock in the absence of detergent to maintain the integrity of intracellular
compartments. Following removal of unbroken cells and nuclei by sedimentation,
immunoprecipitation was performed using the monoclonal antibody (3F10) against HA and
protein G agarose. Following SDS-PAGE, Western blotting was performed using both 3F10
(directed against HA) and 10D7 (specific for Vph1p). Lane 1–3: immunoisolated samples from
strains MM112, MM112 vps27Δ and MM112 vps21Δ, respectively, co-transformed with
pRS413-VPH1 and YEp352-STV1::HA; lane 5–7: whole cell lysates of the same strains. As a
negative control, whole cell lysates from the cells separately expressing either Vph1p or HA-
Stv1p were mixed in vitro followed by immunoprecipitation and Western blotting as described
above (lane 4).
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Figure 3. Dependence of glucose-dependent dissociation of Vph1p or Stv1p-containing complexes
on intracellular environment and the presence or absence of concanamycin
Yeast strains MM112, MM112 vps21Δ and MM112 vps27Δ expressing either HA-Vph1p or
HA-Stv1p were grown to an absorbance of 0.6–0.8, converted to spheroplasts, and incubated
in the presence or absence of 2% glucose for 15 min. Spheroplasts were lysed in the presence
of C12E9 and both V1 and V1V0 complexes were immunoprecipitated using the antibody 8B1
against subunit A. Following SDS-PAGE, Western blotting was performed using both the
antibody against subunit A and the anti-HA antibody (3F10) directed against the HA-tagged
subunit a. The degree of assembly of V1 and V0 is reflected in the amount of subunit a co-
precipitated with the antibody against subunit A. Where indicated V-ATPase activity was
inhibited by addition of 1 μM concanamycin A during the final 10 min of spheroplasting and
kept at this concentration through lysis. The results of a representative experiment are shown
on the left (panel A for Vph1p and panel C for Stv1p) and the average of three independent
determinations are shown on the right (panel B for Vph1p and panel D for Stv1p). Band
intensities were determined by densitometry and the results are expressed as the ratio of
assembly observed in the absence of glucose divided by the assembly observed in the presence
of glucose, where assembly is quantitated as the ratio of the intensity of subunit a divided by
the intensity of subunit A. Error bars correspond to average deviations.
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Figure 4. Quinacrine staining of yeast cells expressing wild type and mutant forms of Vph1p
localized to different cellular compartments
Yeast strains MM112, MM112 vps21Δ and MM112 vps27Δ expressing either HA-Vph1p (wild
type ) or HA-Vph1p containing the R735Q or R735 K mutations were stained with quinacrine
and observed by either phase contrast (left panels) or fluorescence microscopy (right panels)
as described under Experimental Procedures.
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Figure 5. Dependence of glucose-dependent dissociation V-ATPase complexes containing mutant
forms Vph1p or Stv1p on intracellular environment
Yeast strains MM112, MM112 vps21Δ and MM112 vps27Δ expressing either the R735K or
R735Q mutant forms of HA-Vph1p (top panels) or the R795Q or R795K mutant forms of HA-
Stv1p (bottom panels) were tested for glucose-dependent dissociation as described in the
legend to Fig. 2. The results of a representative experiment are shown on the left (panel A for
Vph1p and panel C for Stv1p) and the average of three independent determinations are shown
on the right (panel B for Vph1p and panel D for Stv1p). Results are again expressed as the ratio
of assembly observed in the absence of glucose divided by the assembly observed in the
presence of glucose, with error bars corresponding to average deviations.
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