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ABSTRACT: Vacuolar-type ATPases (V-ATPases) acidify numer-
ous intracellular compartments in all eukaryotic cells and are
responsible for extracellular acidification in some specialized cells. V-
ATPases are large macromolecular complexes with at least 15
different subunits, some of which are found in multiple copies. The
main roles of all V-ATPase subunits have been established except for
the e subunit, encoded by the gene VMA9 in Saccharomyces
cerevisiae, and the Ac4S subunit, which is not found in the S.
cerevisiae enzyme. Here we demonstrate that when the S. cerevisiae
V-ATPase is solubilized with the detergent dodecylmaltoside
(DDM), Vma9p is removed. We further demonstrate that after
Vma9p has been removed by detergent the purified enzyme is still
able to perform fully-coupled ATP-dependent proton pumping.
This observation shows that Vma9p is not necessary in vitro for this

principal activity of the V-ATPase.

he vacuolar-type ATPase (V-ATPase) from Saccharomyces

cerevisiae consists of subunits A;B;CDE;FG3Hac,c’,c” de,
where x, y, and z denote unknown stoichiometries. Subunits
with uppercase letter names are part of the soluble V, region,
whereas subunits with lowercase letter names are part of the
membrane-bound Vg region. The A;B; subcomplex consists of
the catalytic subunits with nucleotide binding sites." ATP
hydrolysis in the A;B; oligomer induces rotation of the rotor
subcomplex consisting of subunits DFdc,c’,c”,. The rotation of
the membrane-bound part of the rotor against the membrane-
bound a subunit drives the translocation of protons across the
lipid bilayer. The three peripheral stalk subcomplexes,z_4 each
consisting of a heterodimer of subunits E and G, prevent the a
subunit from rotating along with the central rotor. The soluble
N-terminal portion of the a subunit, together with the C
subunit, links the three peripheral stalks.”*> The H subunit
serves to inhibit ATP hydrolysis in the dissociated V| region,
providing a regulation-by-dissociation mechanism.®” Of all of
the subunits of the yeast V-ATPase, only the subunit e has an
unclear role.

The e subunit was identified as a hydrophobic component of
the V-ATPase from bovine chromaffin granules purified by blue
native polyacrylamide gel electrophoresis.” The corresponding
subunit of the V-ATPase from the plasma membrane of the
midgut and Malpighian tubule of the tobacco hornworm
Manducca sexta was subsequently identified.” The bovine and
M. sexta e subunits were originally thought to correspond to S.
cerevisiae Vmale,8 a protein involved in V-ATPase assembly
that is localized to the endoplasmic reticulum membrane."
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Subsequently, it was shown that Vma9p is the e subunit in S.
cerevisiae."" Vma9p is homologous with Vma2lp and could be
immunoprecipitated in a Vg assembly complex containing
Vma21p.'?

Previously, single particle electron cryomicroscopy (cryo-
EM) maps were determined for the M. sexta V-ATPase” and
the S. cerevisiae V-ATPase.” The resolution of these maps was
not sufficient to allow a-helices to be identified in the
membrane region of the complex, as has been done for the
Thermus thermophilus V/A-ATPase."® To give insight into the
role of Vma9p in the S. cerevisiae enzyme, we designed
experiments where we added a protein tag to Vma9p to localize
it in the membrane region of the V-ATPase. To our surprise,
these experiments and subsequent investigation showed that
our preparation of detergent-solubilized V-ATPase lacked the
Vma9p subunit, which was presumably removed by the
detergent extraction of the complex from the membrane.
However, the V-ATPase lacking Vma9p still displayed fully-
coupled ATP-hydrolysis-driven proton pumping activity in
vitro. These results demonstrate that the role of the Vma9p is
not central to the in vitro proton pumping activity of the V-
ATPase.
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B METHODS

Yeast Strains and Plasmids. The S. cerevisiae strain
MMI112 (MATa his3-A200 leu2 lys2 stvl::LYS2 ura3—S2
vphl::LEU2), containing a stvl and vphl double deletion, was
a gift from Dr. M. Manolson. MMI112 was modified by
homologous recombination to introduce a 3XFLAG tag
(DYKDHDGDYKDHDIDYKDDDDK) at the C terminus of
VMAL followed by the URA3 marker from C. albicans to
produce yeast strain SABY47. Chromosomal modification by
homologous recombination was done as described previously.’
Yeast strain BY4741 cwh36A (MATa his3A1 leu2 metl$ ura3
cwh36::KanMX), containing a vma9 deletion, was a gift from
Dr. P. Kane. A 3XFLAG tag was added to the C terminus of
VMAI1 to produce strain SABYSS in the same manner
described for SABY47. Plasmids with versions of VMA9 and
VPH1 were created by restriction free cloning'* of genes into
the plasmid p413—ADHI1, which also contains the S. cerevisiae
HIS3 nutritional marker and was a gift from Dr. J. Fillingham.
For constructs including a MBP label, the MalE gene was
incorporated by restriction free cloning. For HA-tagged
constructs, the HA tag (YPYDVPDYA) and a six-amino-acid
linker (ALNVAL) were added with a QuikChange reaction
(Agilent Technologies Inc.). Yeast strains SABY49, SABYS],
SABY60, SABY61, SABY62, and SABY63 were transformed
with plasmids pSAB19, pSAB22, pSAB2S, pSAB30, pSAB31,
and pSAB32, respectively, using standard lithium acetate
transformation. Transformation of yeast with these p413—
ADH1-based plasmids was verified by growth on SD-His plates.
A summary of yeast strains is given in Table 1.

Table 1. Yeast Strains Used in This Work

strain plasmid relevant phenotype

MM112 n/a® AVphlpAStvlp

SABY47 n/a Vmalp-3XFLAG, AVphlpAStvlp

BY4741 cwh36A  n/a AVma9p

SABYSS n/a Vmalp-3XFLAG, AVma9p

SABY49 pSAB19  Vmalp-3XFLAG, Vphlp from plasmid

SABYS1 pSAB22  Vmalp-3XFLAG, Vphlp—MBP from
plasmid

SABY60 pSAB25  Vmalp-3XFLAG, Vma9p from plasmid

SABY61 pSAB30  Vmalp-3XFLAG, Vma9p—MBP from
plasmid

SABY62 pSAB31  Vmalp-3XFLAG, Vma9p—HA from plasmid

SABY63 pSAB32  Vmalp-3XFLAG, Vphlp—HA from plasmid

“Not applicable.

Growth of Yeast and Purification of V-ATPase. Yeast
with chromosomal modifications only were grown in an 11 L
Microferm fermentor (New Brunswick Scientific) with YPD
medium (10 g/L yeast extract, 20 g/L peptone, and 20 g/L
glucose). Yeast strains containing plasmids were grown in 11 L
of SD-His (1.74 g/L yeast nitrogen base without amino acids or
ammonium sulfate, 5 g/L ammonium sulfate, 2 g/L drop-out
medium supplement without histidine, and 20 g/L glucose). V-
ATPase was purified via the 3XFLAG tag on Vmalp with M2
sepharose affinity matrix (Sigma) as described previously.” The
Vma- growth phenotype was detected by growth on YPD agar
plates supplemented with 4 mM ZnCl,.

Immunoprecipitation. Yeast membranes prepared as
described® were resuspended in lysis buffer (8 g/L NaCl, 0.2
g/L KCl, 144 g/L Na,HPO,, 024 g/L KH,PO,, 80 g/L
sucrose, 20 g/L sorbitol, 20 g/L glucose, 5 mM 6-aminocaproic
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acid, 5 mM benzamidine, S mM EDTA, and 10 mg/L PMSF at
pH 7.4) and solubilized with 1% (w/v) n-dodecyl-f-n-
maltopyranoside (DDM) (Affymetrix) for 1 h at 4 °C.
Solubilized membranes were clarified by ultracentrifugation,
and 40 uL of anti-HA agarose bead slurry (Pierce) was added
to the supernatant and incubated for 1 h at 4 °C. Beads were
collected by centrifugation and washed three times with 500 xL
of TBS (50 mM Tris and 150 mM NaCl at pH 7.5) containing
0.05% (w/v) DDM. Bound protein was eluted from the beads
by boiling in SDS sample buffer without a reducing agent.

SDS-PAGE and Western Blotting. Proteins from 12% or
15% acrylamide SDS-PAGE gels were either stained with
Coomassie R-250 or transferred to nitrocellulose membranes
for Western blotting. For Western blots, membranes were
blocked in 3% (w/v) bovine serum albumin in TBS containing
0.1% (w/v) Tween-20 (TBST) for 1 h at room temperature.
Membranes were incubated with either anti-FLAG monoclonal
antibody (anti-FLAG M2, Sigma-Aldrich) or anti-HA mono-
clonal antibody (HA.11 clone 16B12, Covance) followed by
goat anti-mouse IgG horseradish peroxidase conjugate (Bio-
Rad Laboratories). ECL Western blotting substrate (Pierce)
was used to visualize peroxidase-coupled antibodies on
photographic film. Membranes to be reprobed with a second
primary antibody were stripped by incubating in 60 mM Tris—
HCI (pH 6.8), 0.7% (w/v) f-mercaptoethanol, and 2% (w/v)
SDS for 30 min at 50 °C. Membranes were washed with water
and TBST before blocking again.

Liposome Reconstitution. Twenty milligrams of POPC
and DOPA at a ratio of 19:1 (w/w) in chloroform (Avanti)
were mixed. The lipids were dried under a stream of nitrogen to
form a thin film on the inside of a test tube and placed under
vacuum for at least 1 h. The lipid cake was resuspended in
buffer (1 mL) containing 20 mM Tricine—NaOH (pH 8.0), 40
mM Na,SO,, 20 mM succinic acid, and 5 mM p-
mercaptoethanol. The resuspended lipid was subjected to
three cycles of being heated to 65 °C and vortexing for 10 s
before being frozen and thawed. The heat—freeze—thaw
process was repeated five times before extruding the lipids
through a 0.2 um filter (Avanti). Five milligrams of liposomes
were mixed with Triton X-100 at a ratio of 1:0.8 (w/w) with 1
mM MgSO, for 10 min at room temperature. Purified V-
ATPase was added to the solution at 20:1 (w/w) lipid:protein
and allowed to incubate at room temperature for 1 h. Detergent
was removed by adding 80 mg/mL Biobeads (Bio-Rad) and
rotating the solution for 2 h at 4 °C. Two subsequent additions
of 160 mg/mL Biobeads were made and incubated for 4 h and
overnight, respectively. Negative stain electron microscospy with
uranyl acetate was performed as described previously.'

ATPase Assay. ATP hydrolysis was measured with an
enzyme-coupled assay based on one described previously:' 50
uL of purified V-ATPase, or proteoliposomes containing
reconstituted V-ATPase, was added to SO mM HEPES (pH
8.0), 3 mM MgCl,, 0.2 mM NADH, 1 mM phosphoenolpyr-
uvate (Sigma-Aldrich), 10 units of pyruvate kinase (Sigma-
Aldrich), and 2S5 units of L-lactic dehydrogenase (Sigma-
Aldrich) in a total volume of 0.5 mL. ATP (2 mM) was added
to start the reaction and the loss of NADH was monitored at
340 nm on a Ultraspec 2100 pro (GE Healthcare Life
Sciences). A 100 uM stock solution of bafilomycin Al
(Bioshop Canada) was made in ethanol and used at 1 uM.

Proton-Pumping Assay. Proton pumping was assayed
using 9-amino-6-chloro-2-methoxyacridine (ACMA, Sigma-
Aldrich) fluorescence quenching. Proteoliposomes (S0 uL)
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were added to 1 mL of ACMA Quench Buffer (20 mM
Tricine—KOH, 10 mM MgCl,, and 300 mM KCl at pH 8.0)
with 2 yM ACMA from a 200 uM ACMA stock solution
prepared in water with 200 gM HCI. ATP was added to 2 mM
to begin proton pumping. Fluorescence was excited at 410 nm
and emission monitored at 490 nm with a PTI fluorometer
(Photon Technology International). One micromolar nigiricin
(Tocris Biosciences) was added to uncouple the membranes.

B RESULTS

Dodecylmaltoside-Solubilized V-ATPase Does Not
Contain Vma9p. In a previous cryo-EM map of the yeast
V-ATPase, the c-ring subcomplex in the membrane region
could be readily resolved from the other membrane-intrinsic
proteins.® The yeast strain used for isolating V-ATPase had the
STV1 gene removed, and consequently the remaining trans-
membrane density was presumed to correspond to Vphlp and
Vma9p. To localize Vma9p in the map, we prepared a yeast
strain with the VMA9 gene removed from the chromosomal
DNA and instead carried on a plasmid. The yeast strain also
included a 3XFLAG tag at the C terminus of Vmalp (subunit
A) to facilitate V-ATPase purification. Yeast strains with defects
in the V-ATPase complex are known to be unable to grow on a
variety of media, includinig those supplemented with one of
several heavy metal salts.'””"® Yeast were grown on rich medium
containing 4 mM ZnCl,, showing that the strain harboring the
VMAS9 gene on a plasmid contained a functional V-ATPase"
and the strain lacking VMA9 did not (Figure 1A). We then
prepared a strain where the Vma9p was fused to a C-terminal
maltose binding protein (MBP). MBP labels expressed as
fusions with proteins of interest have been used previously to
locate subunits in low resolution cryo-EM maps.”® The yeast
strain with the Vma9p—MBP fusion protein similarly had a
functional V-ATPase complex, as demonstrated by growth on
YPD with 4 mM ZnCl, (Figure 1A). To our surprise, V-
ATPase purified from the strain with a Vma9p—MBP fusion did
not appear to contain the Vma9p—MBP protein, as judged by
SDS-PAGE (Figure 1Cijii). One would expect the Vma9p—
MBP fusion to have a molecular mass of ~51 kDa and to
appear with a density comparable to other subunits found with
a stoichiometry of 1 in the complex (e.g., subunits D, C, or H).
We also prepared a yeast strain with a V-ATPase lacking the
chromosomal STV1 and VPH1 genes and with a Vphlp—MBP
fusion protein produced from a plasmid. This strain also had a
functional V-ATPase (Figure 1B). In contrast to V-ATPase
from the strain with a Vma9p—MBP fusion protein, the
Vphlp—MBP fusion protein was readily distinguishable from
unmodified Vphlp on an SDS-PAGE gel (Figure 1Ciii).

To further investigate if Vma9p was associated with the
DDM:-solubilized V-ATPase preparation, we prepared a yeast
strain where the VMA9 gene carried on a plasmid had a C-
terminal HA epitope tag. We reasoned that the nine residue HA
tag is less likely to lead to dissociation of a subunit from a
complex than the much larger MBP label. The strain was viable
and harbored a functional V-ATPase, as judged by growth of
the yeast on YPD including 4 mM ZnCl, (Figure 1A). This
result agrees with the earlier observation that yeast encoding
Vma9p-3xHA grows on medium with CaCl,."" For a control,
we also prepared a strain with a HA-tagged VPHI gene on a
plasmid. Similar to the Vma9p—HA strain, the Vphlp—HA
strain was viable and contained a functional V-ATPase (Figure
1B). V-ATPase was purified from both the Vph1p—HA and the
Vma9p—HA strains using the 3XFLAG tag. The resultant

855

@ mvmag  YPD YPD + ZnCl,

Avma9 + p(VMAY)
Avma9 + p(VMA9-MBP)
(®) Avmag + p(VMA9-HA)

Bli

YPD YPD + ZnCl,
(D Avph1Astv1
(2) Avph1Astvl + p(VPH1)
(3 Avph1Astv1 + p(VPH1-MBP)
(®) Avph1Astv1 + p(VPH1-HA)
& 3 5
H = I e = £ =
Ci & 3 i s 3 i = 3
250
e 78 730 —  aMBP
. 100 | w— — 100 |Se— a
13(5) —_—— 9 - 75— A
m — /;/H 50— -ﬁH 50 S B/H
. — s C — == C
50g!<— 37 e = g 37— =R g
TE = 5 — — 5 — e E
s = D 20 IS 20 ¢
| ——
25 L E N -_

Figure 1. Characterization of yeast strains with tagged versions of
Vphlp and Vma9p. (A) Four different yeast strains were spread on (i)
nonselective rich medium and (ii) rich medium containing 4 mM
ZnCl,, which selects for a functional V-ATPase complex. The strains
were (1) SABYSS, which lacks Vma9p, (2) SABY60, which encodes
Vma9p on a plasmid, (3) SABY61, which encodes a Vma9p—MBP
fusion protein on a plasmid, and (4) SABY62, which encodes a
Vma9p—HA fusion protein on a plasmid. All four strains grew on the
nonselective medium and only the strain lacking Vma9p altogether did
not grow on the ZnCl, medium, suggesting that all Vma9p fusion
proteins were functional. (B) Four different yeast strains were spread
on (i) nonselective rich medium and (ii) rich medium containing 4
mM ZnCl,. The strains were (1) SABY47, which lacks Vphlp and
Stvlp, (2) SABY49, which encodes Vphlp on a plasmid, (3) SABYS],
which encodes a Vphlp—MBP fusion protein on a plasmid, and (4)
SABY63, which encodes a Vphlp—HA fusion protein on a plasmid. All
four strains grew on the nonselective medium and only the strain
lacking Vphlp altogether did not grow on the ZnCl, medium,
suggesting that all Vphlp fusion proteins were functional. (C) SDS-
PAGE gels stained with Coomassie Brilliant Blue of V-ATPase purified
from strain SABY61 do not show the expected ~52 kDa Vma9p—MBP
fusion with either (i) 12% or (ii) 15% polyacrylamide gels. The
expected position of the Vmap9p—MBP fusion is indicated with an
arrow. In comparison, V-ATPase from strain SABYS1 shows an
increased mass for the Vphlp—MBP fusion compared to that of wild-

type Vphlp (iii).

protein preparation was visualized by SDS-PAGE and probed
by Western blotting to detect the HA-tagged subunit. The
Coomassie Blue-stained SDS-PAGE gel showed that both V-
ATPase complexes could be isolated with similar abundance
(Figure 2A). However, although the HA-tagged Vphlp could
be detected in the Vphlp—HA strain by Western blotting
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Figure 2. Detection of HA-tagged Vphlp and Vma9p. (A) An SDS-PAGE gel stained with Coomassie Brilliant Blue shows that V-ATPase could be
purified with similar yields from strains SABY62 and SABY63, which contain HA-tagged Vma9p and Vphlp, respectively. Three dilutions of the
sample are shown for each specimen. (B) Western blotting with an antibody directed against the HA tag is able to detect the Vphlp—HA fusion
protein, but not the Vma9p—HA fusion protein, in the two V-ATPase preparations shown in (A).

(Figure 2B), no HA-tagged protein could be detected in the
strain with Vma9p—HA. This experiment suggests that the HA-
tagged Vma9p is not part of the DDM-solubilized V-ATPase
preparation.

One potential source of error in the experiment described
above is that the Vphlp—HA protein and Vma9p—HA protein
have dramatically different expected masses: ~135 and ~9 kDa,
respectively. It is therefore possible that, due to different masses
or because of other differences in their chemical properties, the
Vma9p—HA did not transfer as effectively as the Vphlp—HA to
the nitrocellulose membrane used for Western blotting.
Therefore, we carried out the converse experiment using anti-
HA affinity matrix to immunoprecipitate V-ATPase followed by
probing for the presence of the 3XFLAG-tagged Vmalp by
Western blotting. The resulting Western blot showed that
3XFLAG-tagged Vmalp could be detected for the Vphlp—HA
strain but not for the Vma9p—HA strain (Figure 3A). Due to

Vma9-HA

<
T
[}
©
£
>
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Vph1-HA
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Pull down: HA
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Figure 3. Detection of the 3XFLAG-tagged Vmalp from V-ATPase
complexes containing HA-tagged subunits. (A) V-ATPase was
immunoprecipitated using the HA tag from the detergent-solubilized
membrane extracts of strains SABY62 and SABY63, containing HA-
tagged Vma9p and Vphlp, respectively. The presence of V-ATPase
was detected by probing the immunoprecipitate with an antibody
directed against the 3XFLAG-tagged Vmalp subunit of V-ATPase. V-
ATPase could be successfully immunoprecipitated from strain SABY63
but not SABY62. (B) The Western blot from (A) was stripped of
antibodies and reprobed with an antibody against the HA epitope. The
blot shows that both Vphlp—HA and Vma9p—HA were successfully
immunoprecipitated, but only Vphlp—HA was associated with
Vmalp-3XFLAG.
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the small quantities of material used for this immunoprecipi-
tation experiment, purified V-ATPase could not be visualized
by Coomassie staining. This experiment suggested again that
Vma9p is not associated with V-ATPase in DDM, with the
known association of Vphlp served as a positive control for the
assay.

An additional confounding factor for this immunoprecipita-
tion approach is that the HA tag may not be accessible to the
anti-HA matrix in detergent-solubilized V-ATPases. Conse-
quently, a Western blot of the HA-tagged immunoprecipitate
for each strain was reprobed for the presence of the HA-tagged
target. As seen in the blot (Figure 3B), Vma9p—HA could be
detected from the Vma9p—HA strain, indicating that it was
effectively immunoprecipitated in the experiment shown in
Figure 3A. Further, the Vphlp—HA was also detected, along
with a lower molecular weight contaminant, explaining the
successful coprecipitation of Vmalp-3XFLAG and Vphlp—HA.
The Vma9p—HA protein detected was from detergent-
solubilized cell membranes, indicating that, like the V-ATPase,
Vma9p is in the membrane fraction of cells but is separated
from the V-ATPase upon immunoprecipitation or purification
in the detergent-solubilized state.

V-ATPase Lacking Vma9p Shows Fully-Coupled ATP
Hydrolysis Activity. Although V-ATPase with a HA-tagged
Vma9p was shown to be functional by growth of yeast on YPD
with 4 mM ZnCl,, it is possible that including the HA-tag
destabilizes the interaction of Vma9p with the rest of the
complex, leading to its dissociation in detergent. If Vma9p was
necessary for V-ATPase activity, its dissociation would become
apparent only in functional analysis of the purified V-ATPase in
vitro. Therefore, we measured the ATP hydrolysis activity of
detergent-solubilized V-ATPase preparations with HA-tagged
Vma9p, HA-tagged Vphlp, and no HA-tagged subunits.
Detergent-solubilized V-ATPase with Vmalp-3XFLAG and
no other modifications has a specific activity of 1.82 + 0.04
pmol of ATP min~' mg™".> The absence of the Vma9p—HA
from the preparation does not affect the rate of ATP hydrolysis.
Further, the activity of the different preparations were all
indistinguishable (Figure 4A), suggesting that the HA tag
attached to Vphlp and Vma9p does not affect enzyme activity.
The V-ATPase activity from all of these preparations was
inhibited >95% by bafilomycin. Bafilomycin is known to bind to
the ¢ subunits (Vma3p, Vmallp, and Vmal6p) of V-ATPase,”!
and inhibition of ATP hydrolysis by bafilomycin consequently
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Figure 4. In vitro functional analysis of V-ATPase complexes. (A)
Detergent-solubilized V-ATPase with HA-tagged Vma9p and Vphlp
had ATPase activities that were indistinguishable from each other. V-
ATPase with an HA-tagged Vma9p reconstituted into liposomes had
an ATPase indistinguishable from wild-type (100% activity), and its
activity could be completely inhibited with 1 M bafilomycin. (B)
Negative stain electron microscopy shows that V-ATPase complexes
(black arrows) were successfully reconstituted into liposomes. The
scale bar corresponds to 200 A. (C) V-ATPase with an HA-tagged
Vma9p reconstituted into liposomes displayed ATP-dependent
quenching of ACMA fluorescence, which could be alleviated with
the ionophore nigericin.

demonstrates coupling of the activities of the V| and V, regions
of the complex.

V-ATPase Lacking Associated Vma9p Can Pump
Protons. To further characterize the V-ATPase lacking
Vma9p, we reconstituted V-ATPase from the Vma9p—HA
strain asymmetrically into proteoliposomes, with the catalytic
V| region outside of the liposome. We confirmed the successful
reconstitution of V-ATPase by negative stain electron
microscopy (Figure 4B). Again, ATP hydrolysis by the
liposome-reconstituted enzyme could be inhibited completely
with bafilomycin (Figure 4A). Further, V-ATPase reconstituted
into liposomes was capabable of ATP-dependent 9-amino-6-
chloro-2-methoxyacridine (ACMA) fluorescence quenching,
which could in turn be alleviated by the addition of the
protonophore nigericin (Figure 4C). This assay has been used
extensively to monitor proton pumping by V-ATPases and F-
type ATP synthases.””> The observation that V-ATPase
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lacking Vma9p is capable of fully-coupled ATP-dependent
proton pumping demonstrates that Vma9p need not be
physically associated with the V-ATPase complex for this
enzyme function. To our knowledge, these experiments are also
the first published demonstration of ATP-driven proton
pumping by a purified and reconstituted V-ATPase, rather
than by vacuolar membranes that have been used to form
proteoliposomes.

B DISCUSSION

The experiments described above indicate that the DDM-
solubilzed S. cerevisiae V-ATPase does not contain Vma9p.
Subunits of membrane protein complexes can often be
dissociated by specific detergents. In studying the F-type ATP
synthase from S. cerevisiae mitochondria, it was found that
subunits e and g were removed when membranes were
solubilized with DDM or Brij-35.>*7>¢ Although it cannot be
formally excluded that Vma9p is only removed from the V-
ATPase complex when a tag such as MBP or HA is fused to the
protein, experiments with the complex containing an HA-
tagged e subunit demonstrate that the purified enzyme without
Vma9p appears indistinguishable from the wild-type complex in
vitro. The preparation of S. cerevisiae V-ATPase shows complete
sensitivity of its ATPase activity to the inhibitor bafilomycin, for
both the detergent-solubilized and the lipid-membrane-
reconstituted specimens. Bafilomycin binds to the c-ring of
V-ATPase, blocking rotation of the rotor and proton
transport.”" Thus, inhibition of ATPase activity by bafilomycin
indicates that the ATP hydrolysis and proton translocation
activities of the enzyme are tightly coupled in the preparation.
Coupling in the detergent-solubilized enzyme is in contrast to
the F-type ATP synthase, where many detergent-solubilized
preparations are not sensitive to oli%omycin, an inhibitor of
proton translocation in that enzyme.””*®

Because Vma9p is not necessary for ATP-dependent proton
pumping in vitro, the question arises: what is the role for the
protein? It is possible that Vma9p may be necessary for proton
pumping in vivo. Several V-ATPase subunits have been
proposed to have additional roles in the cell not related to
proton translocation.”® > The remarkable property of Vma9p
is that, unlike other V-ATPase subunits, it does not appear to
also have an essential role for proton pumping, at least in vitro.
As with other V-ATPase subunits, deletion of VMA9 results in
the full Vma- growth phenotype in yeast, which do not acidify
the vacuole."’ Vma9p has been shown to be a vacuolar protein,
and its presence in the vacuole depends on the presence of the
Vo region.11 Deletion of any Vj region protein or V-ATPase
assembly factors prevents Vma9p from exiting the endoplasmic
reticulum or interacting with the Vma2lp assembly factor,
suggesting that Vma9 could also function as an assembly
factor.'” Furthermore, expression of the gene for the bovine
equivalent of Vma9p was shown to be tissue-specific, with high
level expression occurring in the kidney, adrenal gland, spleen,
and lung, low level expression in the heart, and negligible
expression in skeletal muscle and the brain cortex.® This tissue
specificity may be key to understanding the function of Vma9p.
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