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Solubilization of mineralized bone by osteoclasts is largely
dependent on the acidification of the extracellular resorption
lacuna driven by the vacuolar (H�)-ATPases (V-ATPases)
polarized within the ruffled border membranes. V-ATPases
consist of two functionally and structurally distinct domains, V1
and V0. The peripheral cytoplasmically oriented V1 domain
drives ATP hydrolysis, which necessitates the translocation of
protons across the integral membrane bound V0 domain. Here,
we demonstrate that an accessory subunit, Ac45, interacts with
the V0 domain and contributes to the vacuolar type proton
pump-mediated function in osteoclasts. Consistent with its role
in intracellular acidification, Ac45 was found to be localized to
the ruffled border region of polarized resorbing osteoclasts and
enriched in pH-dependent endosomal compartments that
polarized to the ruffled border region of actively resorbing oste-
oclasts. Interestingly, truncation of the 26-amino acid residue
cytoplasmic tail of Ac45, which encodes an autonomous inter-
nalization signal, was found to impair bone resorption in vitro.
Furthermore, biochemical analysis revealed that although both
wild type Ac45 and mutant were capable of associating with
subunits a3, c, c�, and d, deletion of the cytoplasmic tail altered
its binding proximity with a3, c�, and d. In all, our data suggest
that the cytoplasmic terminus of Ac45 contains elements neces-
sary for its proper interactionwithV0 domain and efficient oste-
oclastic bone resorption.

Osteoclasts are terminally differentiatedmultinucleated cells
derived from the hematopoietic lineage that specialize in the

solubilization of mineralized bone material (1). Upon attach-
ment to the bone surface, the osteoclast undergoes a series of
cytoskeletal reorganization and polarization events that culmi-
nate in the formation of a unique apical membrane known as
the ruffled border. The ruffled border is the “resorptive
organelle” of the osteoclast and is formed by the polarized tar-
geting and fusion of acidified intracellular vesicles with the
plasmamembrane (2–4). These transport vesicles courier acid-
ifying machineries as well as osteolytic enzymes such as,
TRACP, cathepsin K, andmatrixmetalloproteinases (2, 5–7) to
the ruffled border membrane domain where each cargo plays a
discrete role in the resorptive function.VacuolarH�-adenosine
triphosphatases (V-ATPases)5 that line the ruffled border have
long been established to play a vital role in the resorptive proc-
ess. V-ATPases function to pump H� into the underlying
resorptive lacunae. This elevation in protons results in a highly
acidified microenvironment that solubilizes the mineralized
component of bone while providing optimal conditions for the
degradation of the exposed organic phase by collagenolytic
enzymes such cathepsin K (2, 7).
The importance of V-ATPase in osteoclastic bone resorption

is exemplified by studies employing specific inhibitors and gene
knock-out strategies to impair V-ATPase functions (8–11).
Furthermore, mutations in the human TCIRG1 gene, which
encodes for a osteoclast specific V-ATPase subunit, a3,
results in infantile malignant osteopetrosis, thus substanti-
ating the importance of V-ATPase in osteoclastic bone
resorption (12–15). The structural and functional analyses
of the V-ATPase complex in osteoclasts might facilitate the
development of anti-resorptive agents targeting specifically
the osteoclast V-ATPases (16).
V-ATPases belong to a unique class of ATPases responsible

for the acidification of intracellular compartments in all
eukaryotic cells (17, 18). In phagocytic cells such as macro-
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phages, V-ATPases are known to mediate cytoplasmic pH
homeostasis and the acidification of most intracellular
organelles. In addition, these macromolecular proton pumps
are crucial to a number of fundamental cellular processes,
including receptor recycling, protein processing and sorting,
and microbial degradation (19, 20). Structurally, V-ATPases
has been well modeled and are known to consist of two core
functional domains, V1 and V0 (17, 18). The V1 domain is
responsible for ATP hydrolysis and is composed of a 570-kDa
complex, which is made up of eight different subunits A–H,
with a molecular mass of 70–14 kDa, whereas the V0 domain
functions as a proton translocation unit located across the lim-
iting membrane.
TheV0 domain consists of a 260-kDa integral complex that is

made of several subunits withmolecularmasses of 100–17 kDa
(subunit a, d, c/c�, and c�), with six copies of the c/c� subunits
and single copies of a, d and c� subunits (21). The largest subunit
(subunit a) of 100 kDa of the V0 is a transmembrane glycopro-
tein displaying characteristics of an N-terminal hydrophilic
domain and a C-terminal hydrophobic domain with multiple
potential transmembrane helices (22). Four isoforms (a1, a2, a3,
and a4) of the 100-kDa subunit of the vacuolar proton-translo-
catingATPase have been identified (23–25). The second largest
single subunit (subunit d) of 38 kDa is a hydrophilic protein
containing no membrane helices (26) and has been found to be
tightly associated with V0 (27). The smallest subunits (subunits
c/c� and c�) of 17–19 kDa are highly hydrophobic proteins with
characteristics of proteolipids (18). In addition to the core sub-
units, a 45-kDa polypeptide, Ac45, has been reported to co-
purify with the V0 domain of V-ATPases from bovine adrenal
chromaffin granules (28) and is predicted to be oriented toward
the luminal side of the complex anchored to themembrane by a
single �-helix in the C terminus of the polypeptide. Currently,
the interaction of Ac45 with other subunits of V-ATPase com-
plex and its biological function remain to be elucidated.
In the present study, using a subtractive hybridization

approach we identified accessory V-ATPase subunit Ac45 in
osteoclasts. Ac45 was differentially expressed during osteoclas-
togenesis and found to localize to the ruffled border and endo-
somal compartments in polarized osteoclasts. To investigate
the potential role of Ac45 in osteoclasts, we expressed a cyto-
plasmic terminus deletion mutant (Ac45�C) that lacks the
26-amino acid internalization signal. Overexpression of
Ac45�C in osteoclasts showed a dramatic reduction on bone
resorption. Furthermore, using immunoprecipitation and
bioluminescence resonance energy transfer (BRET) assays, we
demonstrate, for the first time, that Ac45 specifically associates
with the V0 domain subunits a3, c, and c�. Interestingly, dele-
tion of the C-terminal tail (Ac45�C) altered Ac45 association
with subunits a3, c�, and d. In all, our studies suggest that the
cytoplasmic terminus of Ac45 is required for its proper inter-
action with V0 domain subunits and plays an important role in
osteoclastic bone resorption.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Transferrin Alexa Fluor 546,
Lysotracker, and rhodamine-conjugated phalloidin were pur-
chased from Invitrogen. Restriction enzymes and reverse

transcriptase were purchased from Promega (Sydney, Aus-
tralia), and DNA polymerase was from GeneWorks (Ade-
laide, Australia). GST-rRANKL160–318 recombinant proteins
were expressed and purified in our laboratory as previously
described (29). Anti-GFP rabbit polyclonal antibodies were
obtained from Abcam (Sapphire Bioscience Pty. Ltd., Sydney,
Australia). Anti-FLAG and anti-c-Myc monoclonal antibodies
were purchased from Sigma. A rabbit anti-Ac45 antibody
raised against the last 12 amino acids of mouse Ac45 was kindly
provided by Dr. E. Jansen (Department of Animal Physiology,
University of Nijmegen, TheNetherlands). The anti-Ac45 anti-
body was precleared by absorption with bacterial cell lysates
and purified by protein-agarose beads (30). Antibodies against
the a3 subunit of the V-type H�-ATPase were raised in guinea
pigs and were kindly provided by Dr. Jens C. Fuhrmann (Zen-
trum furMolekulareNeurobiologieHamburg, ZMNH,Univer-
sitat Hamburg, Falkenried, Hamburg, Germany) (31). Rabbit
polyclonal anti-d2 antibodies were raised against GST-d2 pep-
tide antigen produced in our lab and affinity-purified.
PCR-selected Subtractive Hybridization and Expression of

Ac45 by RT-PCR—The cDNA-subtracted library was con-
structed using RAW264.7 (driver) and RAW264.7-derived
osteoclasts (tester) according to the procedures of the Clontech
PCR-Selected cDNA subtractive hybridization kit (Clontech).
The cDNA sequence of the subtracted cDNA library was deter-
mined using BigDye termination reaction mix and automated
sequencer (PerkinElmer Life Sciences). To determine the tissue
distribution of Ac45 mRNA expression in normal mice, total
RNAwas isolated from various snap-frozen tissues using RNA-
zol solution according to the manufacturer’s instructions
(Ambion Inc., Austin, TX). For RT-PCR, single-stranded
cDNAwas prepared from 2�g of total RNA using reverse tran-
scriptase with an oligo(dT) primer. Cycle-dependent PCR was
carried out using 2�l of each cDNA (94 °C, 40 s; 54 °C, 40 s; and
72 °C, 40 s) with mouse Ac45 primers (forward, 5�-AGATCT-
ACCATGATGGCGGCAACAGT-3�; reverse, 5�-AGATCTT-
CCACAATCTGGGTCAAAGTGA-3�). Primers fora3 (for-
ward, 5�-GGATCCGAATTCATCATGGGCTCTATGTTC-
3�; reverse, 5�-GGATCCTCTAGACTAGTCACTGTCCAC-
AGT-3�), c (forward, 5�-GGATCCGAATTCGACATGGCTG-
ACATCAAG-3�; reverse,5�-GGATCCTCTAGACTACTTTGT-
GGAGAGGAT-3�), c� (forward, 5�-AGGATCCGAATTCATG-
ACGGGGCTGGAGTT-3�; reverse, 5�-AGGATCCTCTAGAC-
TAGTCACCCATCTTCA-3�), d1 (forward, 5�-GGATCCGAA-
TTCATGTCGTTCTTCCCGGA-3�; reverse, 5�-GGATCCT-
CTAGACTAAAAGATGGGGATGTA-3�), d2 (forward, 5�-
GGATCCGAATTCATGCTTGAGACTGCAGAG-3�; reverse,
5�-GGTCTAGATTATAAAATTGGAATGTAGCT-3�), and
calcitonin receptor (forward, 5�-TGGTTGAGGTTGTGC-
CCA-3�; reverse, 5�-CTCGTGGGTTTGCCTCATC-3�) were
also used to determine their expression during osteoclast for-
mation. As an internal control, the single-stranded cDNA was
PCR-amplified for 25 cycles using 36B4 primers (forward, 5�-
TCATTGTGGGAGCAGACA-3�; reverse,
5�-TCCTCCGACTCTTCCTTT-3�).
Construction and Expression of GST-Ac45 Fusion Protein—

The mouse Ac45 gene was PCR-amplified using mRNA iso-
lated from mouse osteoclasts with the Ac45 primers (forward,
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5�-AGATCTACCATGATGGCGGCAACAGT-3�; reverse, 5�-
AGATCTTCCACAATCTGGGTCAAAGTGA-3�). The PCR
product was cloned into a pCR 2.1 T/A cloning vector to make
pCR2.1-Ac45, and its sequence was confirmed. A 606-bp
BamHI andEcoRI restriction fragmentwas then subcloned into
the BamHI and EcoRI sites of the pGEX-3X tomake pGEX-3X-
Ac45. To express glutathione S-transferase (GST) fusion pro-
teins, plasmid pGEX-3X-Ac45 was transformed into the bacte-
rial strain BL-21. Following growth in Luria-Bertani medium
containing 100 �g/ml of ampicillin for 3 h at 30 °C, isopropyl
�-D-thiogalactopyranoside was added to a final concentration
of 0.1 mM, and the bacterial culture was incubated for a further
4 h at 30 °C. Bacteria were harvested and lysed in a standard
SDS sampling buffer (Bio-Rad).
Immunofluorescence and Confocal Analysis—For immun-

ofluorescent staining, RAW264.7 cells or osteoclasts cultured
on glass coverslips or dentine slices were fixed with 4%
paraformaldehyde in PBS for 10 min at room temperature and
washed four times with PBS. Fixed cells were treated with 0.1%
of Triton X-y100 for 5 min and washed. The anti-Ac45 anti-
body was added at final dilution of 1:100 and incubated for 1 h
at room temperature. A secondary antibody labeled with fluo-
rescence (Sigma) was used at final dilution of 1:300. For the
subcellular localization of Ac45, endocytic or lysosome tracers
were added to the RAW264.7 cells. Lysotracker was added to
cell culture at a final concentration of 1�Mand incubated for 30
min. Transferrin Alexa Fluor 546 was added to a final concen-
tration of 20 �g/ml and incubated for 30 min. For co-localiza-
tion of Ac45 and a3, the anti-Ac45 antibody was added at final
dilution of 1:100, and the anti-a3 was added at a final dilution of
1:200. Secondary antibodies were labeled with rhodomine for
the anti-Ac45 antibody and fluorescence for the anti-a3 anti-
body, respectively. Fluorescent images were collected on a Bio-
Rad MRC 1000/1024 UV laser scanning confocal microscope.
High numerical aperture Nikon 10�, 40�, and 60� oil immer-
sion objectives were used in this study. In some experiments,
optical sectioning of entire cells at 0.1 �M was acquired using a
Z step. The serial optical section stacks fromeach cell were used
for reconstruction of three-dimensional images. For F-actin co-
staining, 0.3 �M rhodamine-conjugated phalloidin (Invitrogen)
was used.
Western Blot—The proteins were separated on SDS-PAGE

gels and then transferred to nitrocellulose by electroblotting as
previously described (30). The blots were incubated in 5% dry
skimmilk inTris-buffered saline (TBS; 0.05MTris, 0.15MNaCl,
pH 7.5) for 1 h and probed with rabbit anti-Ac45 polyclonal
antibody, rabbit anti-d2 antibody, mouse anti-�-tubulin anti-
body, or rabbit anti-GFP antibody at final concentrations of
1:200, 1:1000, 1:2500, or 1:2000 in TBS containing 5% skim
milk, respectively. The blots were washed 10 min with TBS
three times and incubated with peroxidase conjugated IgG
(Sigma) at 1:1000 in TBS containing 5% skim milk. Following
three washes with TBS, the antibody reactivity was detected by
ECL (Amersham Biosciences) according to the manufacturer’s
instructions.
Production of Retroviruses—Retroviral vectors pMx-Ac45-

IRES-EGFP and pMx-Ac45�C-IRES-EGFP were constructed
by inserting full-length mouse cDNA of Ac45 and mutated

Ac45�C, in which the 26-residue cytoplasmic tail (amino acids
437–463) of Ac45 is truncated, into pMx-IRES-EGFP vector
(kindly provided by Dr. Kitamura, University of Tokyo). Retro-
virus packaging was performed by transfection of the pMx vec-
tors into packaging cell line plat E cells (32). Virus stocks were
prepared by collecting the media from cultures 48 h after
transfection.
Osteoclastogenesis and Retroviral Transduction—To gener-

ate osteoclast precursors, freshly isolated bone marrow cells
were cultured for 3 days with 10 ng/ml M-CSF in �-modified
essential medium supplemented with 10% fetal calf serum.
Adherent cells were used as osteoclast precursors. For retrovi-
ral transduction, the osteoclast precursors were transduced
with viral supernatants in the presence of polybrene (2 �g/ml).
On day 2 of transduction, puromycin (2 �g/ml) was added into
the culture to select gene-integrated cells. The cells were then
cultured with M-CSF (10 ng/ml) and RANKL (the receptor
activator of NF-�B ligand; 100 ng/ml) for 5 or 6 days at 37 °C in
an atmosphere of 5% CO2/95% air and were fed every 2 days by
replacing half of the spent medium with fresh medium and
M-CSF and RANKL. The cells were fixed and stained for
TRACP activity to identify osteoclasts. TRACP� cells contain-
ing �3 nuclei were scored as osteoclasts or osteoclast-like cells
(OCLs). Osteoclastic bone resorption assays were done as pre-
viously described (33).
Immunoprecipitation—For co-immunoprecipitation of

Ac45 andAc45�CmutantwithV0 subunit a3, COS-7 cells were
seeded to a density of 2 � 106 in 10-cm Petri dishes and 24 h
later were co-transfected with 2 �g each of Ac45-EYFP and
Myc-a3 or with Ac45�C-EYFP with Myc-a3 using PolyFect
transfection reagent (Qiagen). Twenty four hours post-trans-
fection, medium containing transfection complexes were
removed and replaced with fresh Dulbecco’s modified Eagle’s
mediumand incubated for further 24 h.After 24 h the cellswere
washed twice in ice-cold 1� PBS prior to lysis with 1 ml of lysis
buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA,
and 1% Nonidet P-40) containing Complete protease inhibitor
mixture (RocheApplied Science). The lysateswere scraped into
1.5-ml tubes on ice, passed through a 23.5-gauge needle, and
cleared by centrifugation at 14000 rpm at 4 °C for 30 min. The
lysates were then precleared with incubation with Sepharose
G bead slurry (GammaBind G Sepharose; Amersham Bio-
sciences) for 2 h at 4 °C.Onemilligramof total proteinwas then
incubated at 4 °C overnight with 5 �g of anti-GFP antibody
(Abcam; Sapphire Bioscience). Antibody-bound proteins were
then captured by incubation with washed (twice with lysis
buffer) Sepharose G beads at 4 °C for 2 h. Protein-bound beads
were then washed three times with lysis buffer, and proteins
were eluted with the addition of 2� SDS sampling buffer con-
taining 2% �-mercaptoethanol. Boiled samples were separated
on 10% SDS-polyacrylamide gel followed by overnight transfer
to nitrocellulose membrane (Amersham Biosciences). After
overnight transfer, the membranes were blocked with 5% (w/v)
skim milk powder in TBS-T (10 mM Tris-HCl, pH 7.5, 150 mM
NaCl, 0.1% (v/v) Tween 20) and then probed with anti-Myc
(Sigma) antibody diluted 1/1000 in 1% (w/v) skim milk powder
in TBS-T. After washing three times with TBS-T, the mem-
branes were incubated with horseradish peroxidase-conju-
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gated secondary antibody diluted 1/5000 in 1% (w/v) skim
milk powder in TBS-T. The membranes were then devel-
oped using the enhanced chemiluminescence system (Amer-
sham Biosciences).
BRET Assays—PCR-based methodology was used to gener-

ate the following constructs for BRET assays. These include
pcDNA-Rluc-V-ATPase-a3, pcDNA-Rluc-V-ATPase-d, pcDNA-
Rluc-V-ATPase-c, pcDNA-Rluc-V-ATPase-c�, pcDNA-Ac45-
EYFP, and pcDNA3.1-Ac45 mutant-EYFP. Primers a3 forward
(5�-GGATCCGAATTCATCATGGGCTCTATGTTC-3�) and
a3 reverse (5�-GGATCCTCTAGACTAGTCACTGTCCAC-
AGT-3�) were used tomake pcDNA-Rluc-V-ATPase-a3. Prim-
ers c forward (5�-GGATCCGAATTCGACATGGCTGACAT-
CAAG-3�) and c reverse (5�-GGATCCTCTAGACTACTTTG-
TGGAGAGGAT-3�) were used to make pcDNA3.1-Rluc-V-
ATPase c. Primers c� forward (5�-AGGATCCGAATTCATG-
ACGGGGCTGGAGTT-3�) and c� reverse (5�-AGGATCCTC-
TAGACTAGTCACCCATCTTCA-3�) were used to make
pcDNA-Rluc-V-ATPase-c�. Primers d1 forward (5�-GGATC-
CGAATTCATGTCGTTCTTCCCGGA-3�) and d1 reverse
(5�-GGATCCTCTAGACTAAAAGATGGGGATGTA-3�)
were used to make pcDNA3.1-Rluc-VATPase d. Primers Ac45
forward (5�-AGATCTACCATGATGGCGGCAACAGT-3�)
andAc45 reverse (5�-AGATCTTCCACAATCTGGGTCAAA-
GTGA-3�) were used to make pcDNA-Ac45-EYFP. Ac45 for-
ward primer (5�-AGATCTACCATGATGGCGGCAACAGT-
3�) and Ac45 mutant reverse primer (5�-GGTACCTGCAGA-
CCATAGGTGAATATG-3�) were used to make pcDNA3.1-
Ac45�C-EYFP, which expressed Ac45 (amino acids 437–463).
Sequencing analysis was used to verify the identity of each con-
struct. BRET assays were performed as previously described
(34). In brief, COS-7 cells were transiently transfected in 6-well
plates using PolyFect (Qiagen), and the cells were assayed 48 h
post-transfection. The transfected cells were detached with
0.05% trypsin/PBS and washed twice in PBS. Approximately
20,000 cells/well were assayed in a 96-well plated. The coelen-
terazine (h form) (Invitrogen) was added to a final concentra-
tion of 5�M, and readingswere collected immediately following
this addition using the Mithras LB940 BRET plate reader
(Berthold Technologies, Inc., Germany). Repeated readings
were taken, and the BRET ratios for the co-expression of Rluc
and EYFP constructs were normalized against the BRET ratios
for the Rluc expression construct alone.

RESULTS

Identification, Expression, and Localization of Ac45 in
Osteoclasts—In an effort to identify differentially expressed
genes that are important to osteoclast differentiation and func-
tion, we employed a subtractive hybridization approach using
mRNAderived fromRAW264.7 cells treated in the presence or
absence of RANKL for 7 days to form multinucleated oste-
oclasts (supplemental Fig. S1A). From a total of 198 clones ana-
lyzed, one clone was found to encodemouse Ac45 (supplemen-
tal Fig. S1, B and C). This sequence has been deposited in the
GenBankTM (accession number of AY033882) and is identical
to an unpublished version of mouse C7–1 sequence (Gen-
BankTM accession number AB031290), with the exception that
it encodes an additional 327 bases at its 3�-untranslated region.

The homologues of Ac45 gene have previously been cloned
from bovine adrenal medulla (28), the Xenopus intermediate
pituitary gland (35), and the rat frontal cortex (36), but no coun-
terpart have been identified in yeast V-ATPases based on the
genomic sequencing of Saccharomyces cerevisiae (17).

As an initial step to confirm the gene expression of Ac45 in
osteoclasts, cycle-dependent PCR was carried out using mouse
osteoclast cDNA (supplemental Fig. S1D). To determine the
expression of Ac45 during osteoclastogenesis, 30 cycles of PCR
amplification within the linear range of amplification was used
as compared with other V0 subunits a3, c, c�, d1, and d2 (Fig.
1A). Semi-quantitative RT-PCR analysis using cDNA time
course derived from RANKL-stimulated RAW264.7 cells (days
0–5) revealed that Ac45 was up-regulated approximately
�2-fold (Fig. 1B) during the course of osteoclastogenesis. By
comparison, the a3 subunit was found to display �4-fold
increase, and d2 expression was also highly induced following
RANKL stimulation. On the other hand, subunit c� and d1
appeared to be constitutively expressed in both osteoclasts and
their precursor cells (Fig. 1,A and B). In addition, we examined
the tissue distribution ofAc45 from selectedmouse organs (Fig.
1C). The results revealed that the level of Ac45 mRNA expres-
sionwas high in the brain, the heart, and osteoclasts followed by
kidney, muscle, thymus, spleen, liver, and lung (Fig. 1D). The
relative abundance of 36B4 mRNA expression was used as an
internal control (Fig. 1, A and C).

Next, we examined the protein expression and subcellular
localization of Ac45 protein using a polyclonal anti-Ac45 anti-
body that had been raised against a synthetic peptide represent-
ing the C terminus (amino acids 452–463) of mouse Ac45.
First, to validate the specificity of the anti-Ac45 antibody, a
C-terminal region ofAc45 (amino acids 261–463) (Fig. 2,A and
B) was expressed as a recombinantGST fusion protein in BL-21
Escherichia coli using the pGEX expression system (Fig. 2C).
Western blot analysis showed that the purified anti-Ac45 anti-
body specifically reactedwith theGST-Ac45 (amino acids 261–
463) fusion protein but not with GST alone or other bacterial
proteins (Fig. 2, D and E). To further confirm the specificity of
this antibody to Ac45, RAW264.7 and osteoclast lysates were
used to test for endogenous Ac45 expression. A band corre-
sponding to the predicted size (�45 kDa) was detectable in
both RAW264.7 and RAW264.7 cells-derived osteoclast-like
cells (Fig. 2F). Furthermore, the protein expression of the d2
subunit was used as a positive control because this subunit is
highly up-regulated in osteoclasts as compared with its precur-
sor cells (36).
We next examined the subcellular localization of Ac45 in

osteoclasts and their mononuclear precursors by immun-
ofluorescent staining. Confocal analyses revealed that Ac45
localizes to punctuate vesicular structures distributed
throughout the cytoplasm of both RAW264.7 cells-derived
osteoclasts and their precursor cells (Fig. 2G). These struc-
tures were often enriched near the perinuclear region of the
cell and co-localized with transferrin. Little to no co-local-
ization was observed with Lysotracker, suggesting that Ac45
was preferentially expressed in early rather than late endo-
somal/lysosomal compartments (Fig. 2G). Importantly,
Ac45 showed significant overlap with V-ATPase subunit a3,
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confirming its association with the V-ATPase complex in
osteoclast-like cells (Fig. 3, A–F). In bone resorbing oste-
oclasts, Ac45 co-localized with transferrin consistent with
the localization observed on glass (Fig. 3, G and H). This
overlap was largely toward the ruffled border region of the
osteoclast (Fig. 3I). In addition, Ac45 showed significant
overlap with filamentous actin (F-actin) at the sealing zone,
suggesting that Ac45 is targeted toward the ruffled border
membrane in polarized osteoclasts (Fig. 3, J–L). Taken
together, these findings indicate that Ac45 associates with

endocytic compartments within
the ruffled border region of oste-
oclasts during born resorption.
Deletion of the Cytoplasmic Tail

of Ac45 Impairs Osteoclastic Bone
Resorption—It is well accepted that
during bone resorption V-ATPases
accumulate in the ruffled border
membrane of osteoclasts whereby
they actively secrete protons to dis-
solve the underlying mineralized
bone. Given the fact that Ac45 also
localized to the ruffled border
region of osteoclasts, we reasoned
that Ac45 might play an important
role in the V-ATPase-mediated
bone resorption process. To address
this possibility we adopted a muta-
tional approach and deleted the
26-amino acid cytoplasmic tail of
Ac45 (Ac45�C). The 26-residue
cytoplasmic tail of Ac45 has been
previously shown to contain auton-
omous targeting information dis-
tinct from previously described
routing determinants (38). Thus, we
hypothesized that the cytoplasmic
tailmay be important forAc45 asso-
ciation and function with the
V-ATPase complex and therefore
osteoclastic bone resorption.
To explore this notion, retroviral

constructs (Ac45-IRES-GFP and
Ac45�C-IRES-GFP) were gener-
ated and retroviruses were pro-
duced using the plat E packaging
cell line (Fig. 4A). Bonemarrow cells
were subsequently transduced with
the virus, and up to 90%of cells were
deemed to be GFP positive (�) for
each group (data not shown). Fol-
lowing transduction, osteoclast for-
mation was induced through the
addition of M-CSF and RANKL.
After 7 days, resulting multinucle-
ated cells were fixed and stained for
TRACP activity. Approximately
95% of all osteoclasts were GFP (�)

in each group as judged by confocalmicroscopy (Fig. 4,B,E, and
H). In addition, quantitative analysis of multinucleated (�3
nuclei/cell) TRACP positive cells yielded no significant differ-
ence among the three retrovirally transduced groups (Fig. 4, C,
F, I, andK). Next, we examinedwhether overexpression ofAc45
or Ac45�C affected osteoclastic bone resorption. To this end,
retrovirally transduced bonemarrow cells were cultured on the
dentine slices in the presence of M-CSF and RANKL. After 2
weeks, multinucleated cells were subsequently removed, and
resorption lacunae were visualized under scanning electron

FIGURE 1. A, different V0 subunits expression profiles during osteoclastogenesis. RAW264.7cells were treated
with RANKL (100 ng/ml) for different time periods (0, 1, 3, and 5 days). RT-PCR analysis was carried out using
specific primers to Ac45 and V0 subunits including a3, c, c�, d1, and d2. Calcitonin receptor (CTR) and 36B4
primers were used as control for osteoclastogenesis and house keeping gene, respectively. TRACP staining in
a parallel experiment was also included with OCLs highlighted with circles. B, the expression of each subunit
relative to 36B4 during osteoclastogenesis was expressed as the fold change over mock. C, RT-PCR analysis of
Ac45 (upper panel) and 36B4 (lower panel) in various mouse tissues. D, the relative expression of Ac45 in various
tissues relative to 36B4.
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microscopy. As shown in Fig. 4 (D, G, and L), no significant
difference in bone resorptionwas observed in osteoclasts trans-
duced with GFP or wild type Ac45. In contrast, osteoclasts
expressing Ac45�C displayed a dramatic reduction in bone
resorption capacity when compared with GFP and Ac45 groups
(Fig. 4, J andL). Notably, resorptionwas not completely abolished,
probably reflecting the presence of untransfected osteoclasts,
given that the population is 95% GFP-positive. In addition, to

explore the molecular mechanism of
impairedosteoclasticboneresorption
by Ac45�C, we tested whether over-
expression of Ac45�C in osteoclasts
could result in mislocalization of V0
a3 subunit. By using specific anti-a3
antibody, immunostaining analysis
showed that there is no observable
difference among the EYFP, Ac45-
IRES-GFP, and Ac45�C-IRES-GFP
osteoclasts (supplemental Fig. S2,
A–I). Together, these data hint that
the cytoplasmic tail of Ac45may play
an important role inosteoclastic bone
resorption.
Ac45 Specifically Associates with

V0 Subunits of the V-ATPase
Complex—Ac45 has been previ-
ously reported to co-purify with the
V0 sector of the V-ATPase complex
(28). However, its precise associa-
tion with specific subunits of the V0
domain of the V-ATPase complex
has not yet been established.
Because of Ac45 apparent function
in osteoclast bone resorption, we
sought to clarify its association with
the V-ATPase complex in an effort
to shed further insight into its
potential role. To this end, we
examined the association of Ac45
with other V0 subunits. Having
established that Ac45 co-localizes
with a3 in osteoclasts, we initially
confirmed this physical association
by co-immunoprecipitation. For
this purpose COS-7 cells were co-
transfected with Ac45-FLAG or
Ac45�C-FLAG and a3-Myc,
EYFP-c, or EYFP-c�, and immuno-
precipitation was carried out 48 h
post-transfection. Following immu-
noprecipitation (IP), bound a3, c, or
c�, proteins was detected using an
anti-Myc or anti-GFP antibody,
respectively. As shown in Fig. 5B,
both Ac45 and Ac45�C interacted
with a3, suggesting that theC termi-
nus is not required for its associa-
tion with the a3 subunit. Similarly,

the c and c� subunits were also immunoprecipitated with Ac45
aswell as with theC-terminal deletionmutant. These data indi-
cate that both Ac45 wild type and the C-terminal truncation
mutant Ac45�C is incorporated into the V0 complex. Consid-
ering that all these V0 subunits are membrane-bound proteins,
we also co-transfected Ac45 or Ac45�Cwith Rab3D gene encod-
ing a membrane bound vesicle protein (3) into COS-7 cells to
exclude the possibility of nonspecific interactions shown in these

FIGURE 2. Expression and localization of Ac45 in OCLs. A and B, expression of GST-Ac45 and Western analysis
with an anti-Ac45 antibody. A, molecular structure of the mouse Ac45. S, signal sequence; TM, transmembrane
region. C-terminal amino acid residues 452– 463 were used for the generation of anti-Ac45 rabbit polyclonal
antibody. B, a cDNA fragment encompassing amino acid residues 261– 463 of mouse Ac45 was cloned into the
pGEX-3X expression vector. C, Coomassie Blue-stained polyacrylamide gel showing the induction and expres-
sion of GST-Ac45261– 463 fusion proteins in E. coli. MW, molecular mass. D and E, Western blot analysis of GST
fusion proteins using a rabbit anti-GST antibody (D) or a rabbit anti-Ac45 antibody (E). F, Western blot analysis
of Ac45 in RAW cell-derived osteoclasts and their precursor cells. A band corresponding to a 45-kDa protein
was detected using the Ac45 antibody in both in RAW cell-derived osteoclasts and their precursor cells. Protein
expression of V-ATPase subunit d2 was used as positive control, and anti-�-tubulin was used as an internal
control. G, confocal microscopy analysis of Ac45 protein localization in osteoclastic precursor RAW264.7 cells
and in no-resorbing OCLs. RAW264.7 cells or RAW cell-derived osteoclasts were seeded on glass coverslips.
Transferrin Alexa Fluor 546 was added to a final concentration of 50 �g/ml and incubated for 30 min. Lysotracker
was added to cell culture at 1 �l/ml and incubated for 30 min. The cells were fixed with 4% paraformaldehyde in PBS
and stained with purified anti-Ac45 antibody. Fluorescent-labeled secondary antibody was used, and fluorescent
images were recorded using a confocal laser scanning microscope (MRC-1000 Bio-Rad). The cells stained with
secondary antibody only were used as the negative control and showed no staining signals.
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IP results. No interaction was detected between either Ac45 or
Ac45�CandRab3Dproteins (data not shown), indicating that the
IP observed for a3, c, and c�with Ac45 andAc45�Cwas a specific
interaction.

Although IP provides important
confirmation of protein-protein
interaction, it does not quantitatively
reflect the protein association in liv-
ing cells. Therefore we examined this
interaction in live COS-7 cells by
BRET analysis. EYFP-tagged Ac45 or
Ac45�C and Rluc-tagged V0 a3, c, c�,
or d fusion proteins (Fig. 5C) were co-
expressed in COS-7 cells, and the
BRET ratios were determined by
measuring theRluc activity andEYFP
activity.As showninFig. 5E, the ratios
of Ac45-EYFP and Rluc-a3 were sig-
nificant higher compared with EYFP
control, again confirming Ac45 asso-
ciation with the a3 subunit. In addi-
tion, Ac45-EYFPwild type was found
to associate with Rluc-c and Rluc-c�,
but not Rluc-d. The BRET signals
werehighest betweenAc45 and the c�
subunit followedby subunits c anda3,
suggesting that Ac45 is most tightly
associated with the c� subunit of the
V0 domain. Like Ac45-EYFP,
Ac45�C-EYFP also interacted with
V0 subunit c; however, this associa-
tion ismarkedly lowerwith subunit c�
as compared with wild type Ac45,
suggesting that the cytoplasmic tail of
Ac45maybe part of a specific binding
element that is required for efficient
interaction with subunit c�, hence a
reduction but not total attenuation of
interactionbetween the two subunits.
Furthermore this reduced association
of Ac45�C with the c� subunit may
also account for the impaired resorp-
tive activity of osteoclasts overex-
pressingAc45�C. Interestingly, how-
ever, Ac45�C showed a slight
increase in BRET ratiowith a3 and d1
as compared with wild type. This
enhancement may reflect conforma-
tional changes in Ac45 because of a
deletion at its C terminus. Again to
test for specificity of the BRET assay,
EYFP-Rab3D was used as a control.
EYFP-Rab3D did not interact with
any of the Rluc-tagged V0 subunits
(data not shown).

DISCUSSION

Generation of a continuous pro-
ton gradient across the osteoclastic ruffled border domain is
critical to its resorptive function (2, 5). Previous studies have
shown that various V-ATPase subunits play important roles in
osteoclast differentiation and function (9, 24, 39). Targeted dis-

FIGURE 3. Confocal microscopy analysis of Ac45 co-localization with a3 in OCLs. A–E, osteoclasts cultured
on glass coverslips were fixed and permeabilized in 0.1% Triton X-100. The cells were immunostained with
primary rabbit Anti-Ac45 and guinea pig anti-a3 for 2 h followed by secondary goat anti-rabbit Alexa Fluor 546
(A) and fluorescein isothiocyanate-conjugated anti-guinea pig (B) for 45 min, respectively. Co-localization was
examined following the overlaying of the Ac45 and a3 signals (C). D–F, higher magnification of the boxed area.
G–I, osteoclasts seeded onto bone slices for 3 days were incubated with Alexa Fluor 546-conjugated transferrin
(G) for 30 min followed by fixation and permeabilization. The cells were immunostained with an anti-Ac45
antibody (H) for 2 h and then with secondary goat anti-rabbit Alexa Fluor 488 for 45 min before confocal
analysis. Co-localization between Ac45 and transferrin filled endosomal vesicles were observed in z-x or vertical
section imaging (I). J–L, confocal microscopy analysis of Ac45 protein localization in resorbing osteoclasts.
Following 3-day culture on bone slices, osteoclasts were fixed and permeabilized in 0.1% Triton X-100. The cells
were again immunostained for with an anti-Ac45 antibody (J) and secondary goat anti-rabbit Alexa Fluor 488.
F-actin was stained with rhodamine-conjugated phalloidin (K). Ac45 was observed to extensively co-localize
with F-actin surrounding the resorption lacunae (L).
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ruption of the ATP6I gene in mouse that encodes the osteoclast
specific a3 subunit of the vacuolar proton pump, termed OC116,
confersa severeosteopetroticphenotypebecauseof the inabilityof
the osteoclast-like cells to carry out resorption lacunae acidifica-
tion (9). Furthermore, mutations in the TCIRG1 gene, which
encodes for the human a3 subunit, have been reported in patients
affected by infantile malignant osteopetrosis, a heterogene-
ous autosomal recessive disorder of bone metabolism (12–
15). In addition, recent study has shown that V0 subunit d2 is
important for osteoclast fusion (37). Although these studies
highlight the importance of V-ATPase activity in osteoclast
function, the precise role(s) of the individual subunits that
comprises the V-ATPase complex in osteoclast differentia-
tion and function remains to be elucidated.
In this study, using a subtractive hybridization approach, we

identified accessory V-ATPase subunit Ac45 in osteoclasts.
Furthermore, Ac45 was found to be differentially expressed
during osteoclastogenesis, albeit at a lesser degree than that of
V-ATPase subunits a3 and d2. By immunofluorescence, Ac45

was found to co-localize with pH-
dependent transferrin, consistent
with previous reports indicating
that V-ATPases are enriched on
endocytic compartments (18, 40).
This finding is also in line with pre-
vious localization studies of Ac45 in
the Xenopus (38). In addition, Ac45
was found associate with the ruffled
border and sealing zone of resorbing
osteoclasts as evidenced by its sig-
nificant co-localization with the a3
V-ATPase subunit and F-actin.
These findings are consistent with
the notion that V- ATPases are
transported to the ruffled border via
actin filaments (2, 41–43). Studies
by Nakamura et al. (42) demon-
strated that V-ATPases associate
with the detergent-insoluble actin
cytoskeleton of osteoclast and that
this interaction is crucial for oste-
oclast function (42). In addition,
V-ATPases have been shown to
bind to actin filaments and to be
transported to the polarized ruffled
border membrane by actin-myosin
II contraction (41). More recently,
V1 subunits B and C have also been
shown to directly associate with fil-
amentous actin in osteoclasts (44,
45). Whether Ac45 targeting is also
actin-dependent will be the focus of
future investigations.
Knock-out of specific V-ATPase

subunits commonly result in
embryonic lethality (46–49), point-
ing to an essential role for the
V-ATPases in early embryonic

development. Targeted disruption of theAc45 gene inmice has
been reported to inhibit blastocyst development (50), indicat-
ing that Ac45 is indispensable for cell functioning and survival.
It has previously been shown that the cytoplasmic tail of Ac45
contains autonomous targeting information that is capable of
mediating endocytosis of Ac45 from the cell surface to vacuolar
structures (38). Therefore in an effort to investigate the poten-
tial function of Ac45 in osteoclasts, we overexpressed a deletion
mutant of Ac45 lacking the C-terminal domain in osteoclasts
and examined its effect on bone resorption. Strikingly, overex-
pression of Ac45�C was found to dramatically reduce oste-
oclastic bone resorption, indicating that theC-terminal domain
is an important requirement for osteoclastic function. Unfor-
tunately because of the lack of appropriate reagents, at this
stage we are unable to determine whether the deletion of the
C-terminal domain impairs the targeting of Ac45 to the ruffled
border or the proton translocation of the V-ATPase itself.
Immunostaining analysis using specific antibody to V0 subunit
a3 suggests that this C-terminal deletion of Ac45 seemed not
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FIGURE 4. The effect of overexpression of Ac45 or Ac45�C on osteoclast formation and osteoclastic bone
resorption. A, schematic representation of GFP, Ac45-IRES-GFP, and Ac45�C-IRES-GFP constructs. Bone mar-
row cell derived osteoclasts transduced with GFP (B–D), Ac45-IRES-GFP (E–G), or Ac45�C-IRES-GFP (H–J) retro-
viruses. Transduced cells were seeded on glass coverslips or 96-well culture plates or bone slices in the pres-
ence of RANKL and M-CSF. After 7 days on the glass coverslips or the culture dishes, the cells were fixed and
processed for confocal analysis (B, E, and H) or TRACP staining (C, F, and I). In 96-well culture plates, TRACP
positive OCLs were counted, and no significant difference was observed between all groups (K). The cells on
the bone slices were removed after 14 days of culture, and resorptive lacunae were examined by scanning
electron microscopy (D, G, and J). Quantitative analysis shows the percentage of bone slice surface occupied by
resorption lacunae (L). ***. p � 0.001.
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affect the intracellular localization of a3. This may indicate a
more direct role of the C-terminal truncation mutant of Ac45
itself in the V-ATPase function in osteoclasts. Although fur-
ther investigation comparing the V-ATPase activity of wild
type and C-terminal truncation mutant Ac45 will need to be
carried out to draw any conclusion, our data support a role
for Ac45 in the resorptive process of the osteoclasts.

Previous studies indicate that
Ac45 co-purifies with the V0 do-
main of the V-ATPase complex in
bovine chromaffin granules (28).
However, the precise localization
and subunit(s) association of Ac45
within the V-ATPase complex
remains unclear. Ultrastructural
analysis of the V-ATPase complex
has previously suggested that Ac45
may represent a globular density
orientated toward the luminal side
V0 domain subcomplex (51). This
proposed structure was found to be
associated and centered in the
asymmetric ring composed of six c
subunits and one c� subunit, with
the a subunit seen as peripheral
density next to ring of c/c� subunits
(51). In this study, our immunopre-
cipitation data showed that both
Ac45 and Ac45�C co-precipitated
with these V0 subunits in vitro. The
IP data indicate that both the wild
type Ac45 and the C-terminal trun-
cation mutant Ac45�C can interact
with the V0 subunits and are incor-
porated into the V0 subcomplex. A
recent study suggested that tagged
a3 subunit did not exhibit the cor-
responding localization as the
authentic protein (24), raising the
concern that tagged V-ATPase
subunits may cause misfolding or
mislocalization. However, other
groups have demonstrated that GFP-
tagged a3 and other a isoforms local-
ize to the proper intracellular com-
partments (52, 53).Moreover, studies
have used epitope-tagged V-ATPase
subunits to rescue the various defec-
tive phenotypes caused by knock out
of the corresponding V-ATPase sub-
units in yeast and fly (54) and oste-
oclasts (37) as well as in immunopre-
cipitation assays for the identification
of interacting V-ATPase subunits
(55–59).
V-ATPases are large multisub-

unit complexes where their correct
assembly into functional units

requires dedicated assembly factors for orchestrating the
assembly events within the endoplasmic reticulum (60). In
yeast, several endoplasmic reticulum assembly factors, includ-
ing Vma12, Vma21, and Vma22, are responsible for V0 domain
assembly, an event that occurs independently fromV1 assembly
event (60, 61). However, at present, the mammalian homo-
logues of these chaperones remain to be identified. In addition,

FIGURE 5. A, schematic representation of Ac45-FLAG, Ac45�C-FLAG, a3-cMyc, EYFP-c, and EYFP-c� constructs
used for immunoprecipitation assays. B, immunoprecipitation analysis showing that Ac45 and Ac45�C interact
with a3, c, and c�, respectively. C, schematic representation of Ac45-EYFP, Ac45�C-EYFP, Rluc-a3, Rluc-c, Rluc-
c�, and Rluc-d1 constructs used for BRET assays. D, Western blot analysis of COS-7 cells transfected with EYFP,
Ac45-EYFP, or Ac45�C. Transfected COS-7 cells were lysed in standard sample buffer, and cell lysates (30 �l)
were subjected to analysis by SDS-PAGE and immunoblotting with anti-GFP rabbit polyclonal antibody. E, BRET
assays showing the levels of interaction of Ac45 with V0 subunits a, c, c�, and d1. COS-7 cells co-expressing
Ac45-EYFP or Ac45�C-EYFP and either Rluc tagged a3, c, c�, or d1 subunits were assayed following the addition
of coelenterazine and the BRET ratio relative to the Rluc alone expressing cells determined (normalized BRET
ratio). Similarly, the normalized BRET ratio was determined for cells co-expressing EYFP with each of the
Rluc-tagged subunits. The data represent the means from six independent experiments 	 S.E. p values � 0.05
indicate significant differences between Ac45-EYFP and EYFP alone control. p values � 0.05 indicate the
significant differences between Ac45 mutant and wild type (WT) Ac45.
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how different V0 subunits associate under physiological condi-
tions remains unclear. Although our data suggest that Ac45 is
incorporated into the V0 complex through its association with
subunits a3, c, and c�, the fact of an incomplete co-localization
between Ac45 and a3 could not conclude that Ac45 is a func-
tional essential subunit of the osteoclastic V-ATPases.
Nevertheless, using BRET analysis, we demonstrated that

Ac45 is in close proximity with V0 subunits c� � c � a3 � d.
These findings are in line with the notion that Ac45 is tightly
affiliated with the proteolipid c/c� ring proposed by Wilkens
and Forgac (62) based on their three-dimensional structure
analysis of the V0 domain. The high BRET signal for subunit c�
may reflect the close association of Ac45 within this ring. Inter-
estingly deletion of the c-terminal of Ac45 (Ac45�C) dramati-
cally decreased its association with c�. Significant reduction,
albeit not complete inhibition, in the interaction between
Ac45�C and c� suggests that the C-terminal domain may only
account for part of the Ac45-c� interacting domain. Additional
interacting elementswithinAc45�Cmay enable c� to remain in
close proximity, although not as efficient as the wild type
Ac45. In addition, the deletion of the C-terminal of Ac45 also
altered the affinity for subunits a3 and d, suggesting that the
loss of the C-terminal may also alter the conformation of
Ac45, thus increasing its proximity and association with sub-
units a3 and d. Future investigations will focus on elucidat-
ing the precise Ac45 structural domains required for
V-ATPase subunit interactions.
Previousmodeling studies have demonstrated that the asym-

metric protein ring (c, c�, c�, and the C terminus of a) of the V0
domain exists with two small openings on the luminal side and
one large opening on the cytoplasmic side (62). A globular pro-
tein and two cross-linked and elongated proteins have been
predicted to cover the central pore of luminal side and cytoplas-
mic opening, respectively. In the same study, Ac45 has been
suggested to be a mass located and covering the luminal side,
whereas the N terminus of a3 and d is localized in a way that
covers the gap on the cytoplasmic side of asymmetric proteo-
lipid ring (62). In addition, the rotation of the proteolipid ring
relative to the a subunit drives the active transport of protons
across the limiting membrane, an event of which is precisely
manipulated by conformational rearrangements of the sub-
units (a and d) and the c/c� proteolipid rotary ring (60, 62). The
three-dimensional resolution of this model of the structure of
V0 domain, together with our BRET results, suggests that the C
terminus of Ac45 may play an important role in covering the
luminal opening of the proteolipid ring and is required for the
correct conformational rearrangement of V0 domain during
proton translocation. Taken as such, the C-terminal deletion of
Ac45, although it does not affect the assembly of theV0 domain,
may actually impair the V0 rotary mechanism, thus perturbing
the stability and efficiency of the V-ATPase complex. This may
account for the reduction, albeit not complete inhibition, of
osteoclastic bone resorption observed in vitro.

Overall, based on these findings together with the previously
predicted model of the V0 domain (18), we proposed a revised
structural model of Ac45 with other subunits of the V0 domain
(Fig. 6). Ac45 appears to closely associate with the c� subunit
through its C-terminal tail, whereas the Ac45 N-terminal

region,whichhas beenpredicted to be locatedwithin the lumen
(51), may serve to anchor Ac45 with a3. According to current
models, rotational catalysis requires relative rotation of the c/c�
proteolipid ring relative to the a subunit. The interaction
between Ac45 and c�, as modeled in Fig. 6 may modulate rota-
tion of the c/c� ring and rotational catalysis. Truncation of the
C-terminal tail of Ac45 results in an altered association config-
uration with the V0 complex that might account for malfunc-
tions of V-ATPase during osteoclastic bone resorption.
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