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Abstract
Bone degradation by osteoclasts depends upon active transport of hydrogen ions to solubilize bone
mineral. This transport is supported by the parallel actions of a proton ATPase and a chloride channel
located in the osteoclast ruffled membrane. We have previously identified a novel chloride channel,
p62, which appears to be the avian counterpart to CLIC-5b and is expressed coincident with the
appearance of acid secretion as avian osteoclasts differentiate in culture. In this article, we show that
suppression of CLIC-5b in differentiating avian osteoclasts results in decreased acidification by
vesicles derived from these cells and decreased ability of the cells to resorb bone. Acidification is
rescued by the presence of valinomycin, consistent with a selective loss of chloride channel but not
proton pump activity. Osteoclast bone resorption is known to be dependent on the expression of the
tyrosine kinase, c-Src. We show that CLIC-5b from osteoclasts has affinity for both Src SH2 and
SH3 domains. We find that suppression of expression of Src in developing osteoclasts results in
decreased vesicular acidification, which is rescued by valinomycin, consistent with the loss of
chloride conductance in the proton pump-containing vesicles. Suppression of c-Src causes no change
in the steady state level of CLIC-5b expression, but does result in failure of proton pump and CLIC-5b
to colocalize in cultured osteoclast precursors. We conclude that suppression of c-Src interferes with
osteoclast bone resorption by disrupting functional co-localization of proton pump and CLIC-5b.

Skeleton integrity requires that osteoclast-mediated bone resorption be intact and regulated
(1). Osteoclasts can remodel bone because these multinucleated cells secret sufficient acid into
the resorption compartment to solubilize bone mineral (2,3), an alkaline salt that becomes
increasingly soluble at pH values below 6 (4,5). The resorption compartment is delineated by
a circumferential tightly adherent sealing zone (6). The osteoclast plasma membrane enclosed
within the sealing zone differentiates into a highly specialized structure, the ruffled border.
Across this membrane the cell actively transports HCl, which dissolves bone mineral and
activates acid hydrolases required for bone resorption (7,8). The transport of HCl occurs in
two steps. An electrogenic ATP-dependent proton pump (9–12), inserts H+ into the resorption
compartment. Chloride ions follow passively through a parallel chloride conductance, short
circuiting the electrogenic pump and allowing the massive HCl secretion necessary during
bone resorption (10).
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We had previously identified a 62-kDa protein, p62, from avian osteoclast ruffled border that
could be reconstituted to form a DNDS2-sensitive chloride channel (13). This protein is
antigenically related to bovine CLIC-5b, a chloride channel of bovine kidney microsomal
membranes (14). Expression of avian p62 in differentiating avian osteoclasts is coincident with
the appearance of outwardly rectifying chloride conductance, valinomycin-independent
acidification, and the ability of cells to resorb bone (15), all consistent with the hypothesis that
p62 is the ruffled border chloride channel.

Recently, a second protein, ClC-7, has been demonstrated to be important in bone resorption
and proposed as being responsible for the ruffled border chloride conductance (16). ClC-7 is
a member of the ClC family of proteins, several members of which are well known to function
as plasma membrane chloride channels in a variety of cell types (17). The ClC channels are
completely unrelated to the p64/CLIC family of proteins. Osteoclasts of animals in which
ClC-7 was suppressed were abnormally elongated, had rudimentary ruffled borders and failed
to resorb bone. Taken together, these data strongly support the identification of ClC-7 as a
necessary component of the ruffled border acidification mechanism.

Osteopetrosis results when osteoclasts are underperforming. Defects in osteoclast
differentiation yield animals with dramatic dysfunction in the metabolism of bone including
osteopetrosis (18,19). Many (~50%) of the patients with malignant osteopetrosis have a
defective proton pump (20). A mild form of osteopetrosis has been associated with mutations
in the chloride channel ClC-7 (16). Studies on CD14 cells differentiated from patients with
osteopetrosis indicated that biallelic mutations in ClC-7 produced acidic resorption
compartments but were impaired in the removal of organic matrix (21). The ability of these
cells to acidify the resorption compartment suggests that ClC-7 may play a role other than
serving as the shunt chloride channel necessary for robust acidification.

In addition to the proton pump and putative channel proteins, c-Src, the non-receptor-tyrosine
kinase, is a key regulator of bone resorption (22). c-Src is highly expressed in osteoclasts
(23) and concentrated at the ruffled border (24). c-Src negative transgenic mice develop
osteopetrosis from decreased bone resorption (25). Microscopically, osteoclasts from these
mice were described to be elongated and have rudimentary or absent ruffled borders (26).
Therefore it appears that c-Src and its downstream signaling pathways support bone resorption
by mature osteoclasts by allowing full development of the ruffled border (27–29). A direct role
for Src in support of osteoclast acid transport has not been determined, but it is clearly required
to develop a functional ruffled border (2,30).

One mechanism by which c-Src could support the development of functional osteoclasts would
be the targeting of proton pump, chloride channel, or both to the ruffled border (3,10,15). p64,
the bovine kidney homolog of osteoclast p62, has been shown to be regulated by the Src
homolog, Fyn (31). When co-expressed with Fyn, p64 becomes tyrosine-phosphorylated and
the tyrosine-phosphorylated p64 is a ligand for the SH2 domain of Fyn. Furthermore, co-
expression of p64 with Fyn results in increased p64-associated chloride channel activity. These
observations led us to speculate that, like p64, the osteoclast chloride channel might be a ligand
for c-Src and that c-Src actions in osteoclasts could be mediated, at least in part, by that
interaction.

In this report, we separately disrupt expression of CLIC-5b and c-Src by avian osteoclasts
differentiating in culture (15). We present evidence that the avian ruffle border chloride

2The abbreviations used are: DNDS, 4,4′-diisothiocyanatostilbene-2,2′-disulfonate; RT-PCR, reverse transcription-polymerase chain
reaction; PIPES, 1,4-piperazinediethanesulfonic acid; PBS, phosphate-buffered saline; GST, glutathione S-transferase; AP656, affinity-
purified polyclonal antibody to CLIC-5b; E11, antibody to 31-kDa subunit of H+-ATPase.
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channel, p62, is the avian form of CLIC-5b. We observe that suppression of CLIC-5b
expression with antisense oligonucleotides reduces osteoclast bone resorption and decreases
acidification in vesicles prepared from cultured osteoclasts. Based on the response to
valinomycin, we conclude that the reduced acidification results from a decrease in chloride
channel activity. These observations support our proposal that CLIC-5b is a ruffled border
chloride channel and further confirm the importance of ruffled border chloride conductance in
acidification and bone resorption. We investigate the binding of CLIC-5b to Src and
demonstrate that the native protein is a ligand for both the SH2 and SH3 domains of Src. Finally,
we investigate the effects of antisense suppression of c-Src on acid transport by isolated
vesicles. Our data indicate that c-Src may be necessary for the functional expression of active
chloride channel in proton pump containing membrane domains of differentiating osteoclasts.

MATERIALS AND METHODS
Culture of Osteoclasts and the Preparation of Membrane Vesicles

Osteoclasts and bone marrow cells were isolated from the long bones of calcium-deprived
laying hens (Gallus domesticus), cultured and membranes prepared as described (10,15,32).
Membrane pellets were stored at −80 °C until analyzed.

Assay of Vesicle Acidification
Acidification of membrane vesicles was as previously described (10,15). In brief, membrane
vesicles formed in 140 mM KCl, 10 mM HEPES (pH 7.0) were diluted into the same buffer
containing 3.3 μM acridine orange, 2.5 mM ATP, and other reagents as indicated. The reaction
was started by adding 10 mM MgCl2 to the reaction mixture at 37 °C, and fluorescence was
followed in an SPF500 spectrofluorometer (excitation 460 nm and emission 520 nm). At the
end of each experiment 20 mM NH4Cl was added to determine the extent of intravesicular
acidification. Protein concentration was determined using the BCA protein assay method
(Pierce) and used to normalize results from different preparations. When studied in this manner
the stimulated acidification of the reconstituted ruffled border membrane vesicles has an
exponential time course. Therefore the quenching time course for each experiment was fitted
to a single exponential using the Levenberg-Marquardt algorithm and Origin software. This
analysis generated time constants for dequenching, t, and the size of the ATP-dependent
exponential component of the total dequenching, F520

time = 0 − F520
time = ∞. These values were

employed to compare the effects of antisense suppression of CLIC-5b or Src on reconstituted
vesicle acidification.

Isolation of p64-related Sequences from Chicken
A commercially available chicken genomic library (Stratagene, La Jolla, CA) was screened at
low stringency with a probe for the C-terminal portion of bovine p64, yielding a number of
individual isolates. Restriction fragments hybridizing to the p64 probe were subcloned into
plasmid vectors, random sequences generated and searched for homology with p64. One
fragment corresponding to the C-terminal portion of p64 (15) and a second corresponding to
the middle of the p64 coding region were found. Oligonucleotides from those genomic
sequences were used to generate cDNA from chicken osteoclast mRNA by reverse
transcription-polymerase chain reaction (RT-PCR). Northern blots of RNA from cultured
differentiating osteoclasts was carried out as previously described (15), using the cloned PCR
product as a probe. Several antisense oligonucleotides were selected from the sequence and
assessed for ability to suppress expression of p62 in cultured cells. The most effective of these,
5′-CATCTGTCTTGACTTCTCC, was used in the following experiments. Phosphorothioate
oligonucleotides containing this and matched complementary sense sequence was purchased
from Midland Scientific (Midland, Texas).
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Antisense Treatment of Osteoclasts
Marrow cells from calcium-deprived hens were isolated as described and cultured in the
presence of devitalized bone particles (15,32). After 24 h in culture, cells were exposed to
phosphorothioate oligonucleotide using streptolysin-O permeabilization (33,34). Cells were
washed in permeabilization buffer at 37 °C (137 mM NaCl, 100 mM PIPES at pH 7.4, 5.6 mM
glucose, 2.7 mM KCl, 2.7 mM EGTA, 0.1% bovine serum albumin) and then exposed to 50
μM oligonucleotide in the same buffer supplemented with 1 mM ATP, 5 mM dithiothreitol
and 0.5 units/ml streptolysin-O at 37 °C for 15 min. The cells were returned to growth medium
for 2 h, washed an additional time with growth medium and returned to culture. The cells were
harvested for analysis from 20 to 100 h after exposure to oligonucleotide. Avian c-Src
expression was suppressed using antisense oligonucleotides as previously described (33).

Bone Pitting Analysis
Marrow cells were plated directly onto ivory disks and exposed to oligonucleotide after 24 h
exactly as described above. Forty-eight hours later the disks were stained using a toluidine
blue-based two-stage procedure yielding the number of attached osteoclasts as well as the
number of pits (35,36).

Immunohistochemistry
Marrow cells were cultured onto thin microscope cover slips and exposed to oligonucleotide
as described above. At 72 h in culture, the cells were fixed in 4% paraformaldehyde/PBS for
10 min, rinsed with PBS and permeabilized with 0.1% Triton X-100/PBS for 1 min. The cells
were incubated overnight at 4 °C in 1:1000 dilution of AP656 (rabbit polyclonal antibody raised
against an 18-amino acid peptide from CLIC-5b (15)), washed and incubated overnight in
1:1000 mouse E11 (mouse monoclonal antibody specific for proton ATPase (37)), washed and
incubated overnight with species-specific fluorescent secondary antibodies. Cover slips were
mounted in Prolong antifade medium. Samples were viewed on a Zeiss LSM510 confocal
microscope and z-stacks of cells were taken at 0.3-micron steps. These stacks were used to
construct three-dimensional images that were analyzed using NOEsys, Research Systems, Inc.
and final figures produced with Photoshop.

Western Blotting
For detection of CLIC-5b, membrane preparations were analyzed by SDS-PAGE and probed
with the AP656 antibody raised against a 18-amino acid peptide from CLIC-5b (15). For
detection of Src, whole cell lysates were separated by SDS-PAGE, blotted, and probed with
antibody raised against an avian Src (Upstate Biotechnology, Lake Placid, NY) using
Supersignal detection reagents (Pierce).

Immobilized Src Homology Domain Binding Studies
Regions encoding chicken Src SH2 domain (amino acids 145–240) and SH3 domain (amino
acids 86–140) were generated by RT-PCR from chicken osteoclast RNA using standard
methods, and inserted into plasmid pGEX-KG. This resulted in plasmids encoding glutathione
S-transferase (GST) fused to the N terminus of either Src SH2 or SH3 domains as reported
previously for Fyn SH2/SH3 (38). Fusion proteins were purified from bacteria and 1 mg of
each was immobilized on 1 ml of Affi-Gel-15 beads (Bio-Rad). Membrane fractions from
mature osteoclasts were solubilized in 150 mM NaCl, 10 mM Tris, pH 8.0, 1.4% n-octyl
glucoside and insoluble debris removed by centrifugation at 100,000 × g for 1 h. For
phosphatase treatment, 5 units of alkaline phosphatase (Promega) were added per mg of
solubilized protein and incubated at room temperature for 30 min. Solubilized protein, 350
μg, was incubated with 20 μl of 50% suspension of Affi-Gel-15 beads bearing either GST
(control beads), GST-SH2 fusion protein, or GST-SH3 fusion protein for 1 h at 4 °C. The beads
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were washed four times with solubilization buffer, suspended in Laemmli loading buffer,
separated by SDS-PAGE and probed for CLIC-5b with affinity-purified antibody 656 as
described previously (15).

Immunoprecipitation and in Vitro Kinase Assay
1 ml of crude 656 antiserum or of preimmune serum was immobilized on 2 ml of resin using
the carbolink system (Pierce). Nonspecific binding sites were blocked by incubation with 1
mg/ml bovine serum albumin in PBS for 1 h. Membrane fractions from freshly isolated mature
osteoclasts were solubilized in 200 mM sucrose, 10% glycerol, 10 mM Tris, pH 8.0, 1 mM
EDTA, 1.4% n-octyl glucoside, 0.1 mM phenylmethylsulfonyl fluoride, and 0.1 mM sodium
orthovanadate. Insoluble debris was removed by centrifugation and protein concentration
determined. Overnight 300 μg of solubilized protein were incubated with 20 μl of 50%
suspension of immune or preimmune beads at 4 °C with gentle mixing. Beads were washed
with three changes of solubilization buffer followed by three changes of 200 mM LiCl, 200
mM Tris (pH 8), and finally one change of 20 mM HEPES (pH 7.4), 5 mM MgCl2, and 0.1
mM Na3VO4. The washed beads were then suspended in 10 μl of the same buffer and 1 μl of
[γ-32P]ATP (3000 Ci/mM, 20 mCi/ml) was added for a 20-min incubation at room temperature.
Fifteen microliters of 2×Laemmli loading buffer was added, the samples separated by SDS-
PAGE and 32P-labeled proteins detected by autoradiography. As a positive control, 1 μl of
purified human Src (Upstate Biotechnology, Lake Placid, NY) was added to an identical
reaction mixture without the antibody beads.

RESULTS
Proton Pump and Chloride Permeability in HCl Transport by Osteoclast Membrane Vesicles

Proton transport into membrane vesicles prepared from osteoclasts is electrogenic and therefore
a compensating short circuit current is required for significant acidification (10,11). In these
vesicles, endogenous sodium and potassium permeabilities are absent but chloride in the
extravesicular medium permits robust acidification (10,13). The chloride requirement can be
overcome by introducing potassium permeability with valinomycin, a potassium ionophore.
In the presence of equal intra- and extravesicular potassium concentration, valinomycin will
clamp vesicle membrane potential at zero, thus permitting acidification of the vesicle interior
to proceed at the maximum rate supported by the proton pump. We have previously shown
that an imbalance of chloride permeability and proton transport by osteoclast membrane
vesicles can be revealed by the effect of valinomycin on acidification (15). If the chloride
permeability of these vesicles is adequate to prevent generation of a membrane potential by
the proton pump, valinomycin will have no additional effect on acidification. Conversely, if
chloride permeability is limiting, valinomycin will collapse the membrane potential resulting
from pump activity and thus enhance acidification.

To study membrane potential-limited acidification in osteoclast vesicles we apply valinomycin
and determine whether the rate or extent of acidification is increased. The kinetics of vesicle
acidification was determined using an acridine orange technique as previously described (10,
11). In this assay, acidification of intravesicular space leads to accumulation of acridine orange
inside the vesicles and quenching of fluorescence (39). Under these conditions acidification is
an exponential approach to the steady state resulting from a balance of v-H+-ATPase activity
and vesicle proton leak (40). In the presence of extravesicular chloride, vesicles acidify rapidly,
as detected by quenching of acridine orange fluorescence, Fig. 1. Addition of valinomycin in
the presence of chloride had minimal effect, indicating that these vesicles have sufficient shunt
permeability to allow maximal acidification by the amount of proton pump present (10,15).
Substitution for chloride with the impermeant anion, sulfate, or addition of the anion channel
inhibitor, DNDS, reduced acidification. In either case electrogenic H+ transport by the pump
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generates a membrane potential, which increases proton leak and inhibits pump activity thereby
raising the steady-state pH. Fig. 1, A and C show that acidification in the presence of sulfate
or DNDS was completely rescued by valinomycin and that restoration of a charge
compensation mechanism allows acidification to proceed. In Fig. 1B, acidification was blocked
by the proton pump inhibitor, bafilomycin A1 and valinomycin had no effect. Thus the response
to valinomycin can be used to distinguish between reduced anion permeability, which is
valinomycin reversible, and reduced proton pump activity, which is valinomycin-resistant, as
possible causes of reduced vesicle acidification. In subsequent experiments, we have used the
presence or absence of a valinomycin-dependent component of acidification to discern if the
chloride channel activity is limiting vesicle acidification.

Expression of CLIC-5b during Osteoclast Differentiation
p62 is antigenically related to a microsomal chloride channel of bovine kidney, p64 (15), a
member of the CLIC family of chloride channels (41). Mammals have 6 distinct CLIC genes,
named CLIC 1 through 6. Bovine p64 is a product of the CLIC-5 gene (14,42). We used bovine
p64-specific probes to identify CLIC-related sequences in cDNA from avian osteoclasts. Using
a combination of genomic library screening and mRNA-based RT-PCR, a 519-base pair PCR
product named C2C3 was isolated and its sequence determined. The resulting sequence shows
80.2% identity to the corresponding region of bovine p64 and encodes a protein sequence which
corresponds to amino acids 240–414 in the p64 sequence with 88% identity. The sequence
exactly matches an avian genomic sequence on the long arm of chromosome 3, divided into 5
exons. This sequence is more closely related to mammalian CLIC-5 than to any other CLIC
family member, and therefore is a putative avian version of CLIC-5.

To determine whether this sequence could encode p62, C2C3 was used to probe mRNA from
cells at different stages of osteoclast differentiation as shown in Fig. 2. No message was
detected with this probe in mononuclear cells isolated from chicken bone marrow and kept in
culture for 1 day. In cells that had been cultured for 5 days and allowed to differentiate into
multinucleated osteoclasts, two messages were detected, one of about 9.5 kb and one of about
4.4 kb. Culture in the presence of bone led to an increase in expression of both these messages.
Thus, the C2C3 cDNA sequence hybridizes to two messages which, like p62 itself, appear as
cells differentiate in culture, and are more abundant when cells are grown in the presence of
bone.

CLIC-5 is unique among the mammalian CLIC genes in that it is subject to alternate splicing
with two distinct coding regions for the first exon. In humans, one (exon 1-A) encodes a short
N-terminal domain, resulting in a protein with predicted molecular mass of 28179, and a
second, upstream exon (exon 1-B) encodes much larger N-terminal domain, resulting in protein
with predicted molecular mass of 46537 (CLIC5b). Based on size of the protein, we expect
p62 to correspond to the longer version, CLIC-5b. Unlike the remainder of the highly conserved
CLIC-5 coding regions, exon 1-B is not tightly conserved across species. We used bovine and
human sequences to search for an upstream exon encoding the CLIC-5b and discovered a
potential coding region lying about 38,000 bp upstream of exon 2. This sequence encodes an
open reading frame encoding 158 amino acids that shows 25% identity, 50% similarity to the
human exon 1b. The last 9 amino acids encoded in exon 1 are highly conserved among all
CLICs. 7 of the last 9 amino acids encoded by the putative chicken 1-B are identical to the
corresponding motif in human exon 1-B. A second motif of particular interest is the SH2
binding site which occurs at position 33 in the bovine CLIC-5b sequence, and is conserved at
position 33 in the chicken sequence. A motif with consensus EDLPSPSSFTIQ present in all
mammalian CLIC-5b sequences (occurring at position 133 in the human sequence) occurs in
a partially corrupted version (EDpaSPSStTtm) at position 38 in the chicken sequence. On the
basis of these sequence similarities and the Northern blot results, we believe this sequence
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encodes exon 1B of the chicken CLIC-5 gene and that the avian CLIC-5b protein is the chloride
channel protein we had previously called p62. The sequence is displayed in Fig. 3. The
predicted molecular mass of this protein is 43,970.

Antisense Suppression of p62 during in Vitro Osteoclast Differentiation
A sense-antisense pair of phosphorothioate oligonucleotides derived from position 649 to 667
in the avian CLIC-5b coding region were tested as follows. The results shown are for the most
effective oligonucleotides. Oligonucleotide was introduced into differentiating osteoclast
precursors using the streptolysin-O technique (33,34). Twenty hours after exposure to
oligonucleotide, membrane fractions from the cultured cells were prepared for immunoblotting
and for characterization of proton transport activity (10,15). For immunoblotting, equal
amounts of protein were separated by SDS-PAGE, blotted, and probed with antibody to
CLIC-5b as shown in Fig. 4A. Treatment of cells with antisense oligonucleotide (lane 2) clearly
decreased the level of CLIC-5b compared with that of cells treated with the sense
oligonucleotide (lane 1). The oligonucleotide treatment had no effect on lower molecular
weight CLIC proteins also recognized by the antibody. These lower molecular weight CLIC
proteins are expressed in many cell types and their expression does not change as osteoclasts
differentiate (15,43–45).

To determine whether suppression of CLIC-5b had an effect on acid transport, membranes
prepared from control cells, and cells treated with sense or antisense oligonucleotide were
assayed for acidification as shown in Fig. 4. We assessed whether chloride transport was
limiting for each membrane preparation by determining acidification in the presence (open
symbols) and absence (line) of valinomycin. A compares the time dependence of acidification
for vesicles from control cells (top) that had been exposed to streptolysin-O but with no
oligonucleotide to cells treated with sense oligonucleotides (middle) and cells treated with
antisense oligonucleotides (bottom). As in Fig. 1, control and sense-treated vesicles show rapid
acidification which is not enhanced by valinomycin indicating that chloride channel charge-
compensation is not limiting proton pump dependent acidification. In contrast, the vesicle
preparation from cells treated with antisense oligonucleotides shows reduced acidification that
is rescued by valinomycin, Fig. 4B. Analysis of acidification by curve fitting was used to
determine the time constant of acidification, t, and extent of acridine orange acidification-
dependent fluorescence quenching. This analysis is summarized in Fig. 4, C and D. Compared
with control and sense-treated cells, cells treated with antisense oligonucleotides display a
significant reduction in both the rate and extent of acidification. This behavior is consistent
with a loss in chloride channel activity in the vesicles from antisense-treated cells without a
major change in proton pump activity and is the predicted outcome if the antisense
oligonucleotide from CLIC-5b selectively suppressed expression of the ruffled membrane
chloride channel.

Effect of CLIC-5b Suppression on Bone Resorption
A two stage toluidine blue staining method was used to study bone resorption (35). Chicken
marrow mononuclear cells were plated on dentine slices. At specified time points, the number
of attached cells and the number of resorption pits were determined (33,46,47). The ratio of
resorption pits to attached cells was used to evaluate bone resorption. Without oligonucleotide
treatment bone resorption was linear for 96 h (Fig. 5A) after which the number of bone attached
cells begins to decline. All subsequent studies were done at 72 h when pit production was
linear, and cell number was stable. To characterize pit formation when acid transport is reduced
the potent proton pump inhibitor, bafilomycin A1, was applied to cultured osteoclasts (48).
Bafilomycin A1 was added 24 h after cell attachment to dentine and followed with pit and cell
number determination at 72 h (Fig. 5B). The bafilomycin effect saturated at ~50 nM producing
a decrease in pits per cell from 0.9 to 0.6, reflecting the maximum inhibition of pit formation

Edwards et al. Page 7

J Biol Chem. Author manuscript; available in PMC 2007 March 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



that can be achieved by blocking proton transport at 24 h. Because at 50 nM new pitting appears
to be blocked, we used residual cell pitting to represent the ability of the cells to initiate a
resorption pit within 24 h of culture on bone. To determine the effect of CLIC-5b suppression
on pit generation, bone marrow mononuclear cells were plated directly on whale dentine slices.
After 24 h in culture, the cells were subjected to streptolysin-O treatment with either sense or
antisense oligonucleotide as above. In addition, some cultures received no treatment (control
cells) and some were treated with 100 nM bafilomycin at 24 h as above. Cells were continued
in culture for an additional 48 h after which the number of resorption pits per cell was
determined (Fig. 5C). Control cells generated 0.79 ± 0.022 pits per cell (n = 346) while cells
treated with bafilomycin generated 0.58 ± 0.049 pits per cell (n = 103). Cells treated with sense
oligonucleotide generated 0.79 ± 0.029 pits per cell (n = 195) and cells treated with antisense
oligonucleotide generated 0.68 ± 0.032 pits per cell (n = 206). The difference in pit formation
between sense- and antisense-treated cells is significant (p = 0.012). Thus, suppression of
expression of CLIC-5b in differentiating osteoclasts reduces the ability of these cells to resorb
bone.

Binding of CLIC-5b by Immobilized SH2 or SH3 Regions
Because bovine CLIC-5b, p64, is known to bind to the SH2 region of the Src family member,
Fyn (31), we investigated whether avian CLIC-5b could bind to the SH2 or SH3 domains of
Src. Solubilized osteoclast membrane protein was incubated with immobilized GST fusion
proteins containing Src SH2 or Src SH3 domains. After extensive washing the bound protein
was separated by SDS-PAGE and probed with AP656 for high molecular weight CLIC-5b
cross-reactive protein. Fig. 6 shows that CLIC-5b binds to both the SH2 and SH3 domains of
Src. Typical SH2 binding is critically dependent on phosphorylation of a tyrosine residue within
SH2 ligand but SH3 binding is independent of phosphorylation (49,50). We treated the
solubilized osteoclast membrane proteins with alkaline phosphatase prior to exposure to
immobilized Src fusion proteins. The phosphatase treatment eliminated binding to the
immobilized SH2 but not SH3 domains, Fig. 6.

A tandem immunoprecipitation in vitro kinase assay was used to assess whether as isolated
from cells CLIC-5b is associated with an osteoclast kinase. Solubilized osteoclast membrane
protein was immunoprecipitated with the 656 antiserum or with preimmune serum. After
extensive washing, the immunoprecipitates were suspended in a kinase reaction mixture
containing g-32P-ATP to permit labeling by precipitated kinase activity. The reaction products
were then separated by SDS-PAGE and phosphorylated proteins were detected by
autoradiography (Fig. 6B). As a positive control, purified human Src was incubated in the
kinase reaction mixture. As expected, the human Src labeled itself, resulting in a single labeled
band of 60 kDa (Fig. 6B, lane 1). The immunoprecipitate displayed kinase activity (Fig. 6B,
lane 2) that was not present in preimmune serum-treated sample (Fig. 6B, lane 3). The kinase
activity immunoprecipitated with 656 antisera labeled protein bands of 60, 35, and 30 kDa in
the immunoprecipitate. It is tempting to speculate that the 60 kDa protein could be c-Src, but
we have not been able to characterize this band further. CLIC-5b itself, which would be
expected to run above 60 kDa, does not appear to be labeled.

Antisense Suppression of Src during Osteoclast Differentiation
It has previously been shown that antisense suppression of Src or use of a tyrosine kinase
inhibitor decreases the ability of osteoclasts to resorb bone (27,28,51). Whether disruption of
c-Src affects acid transport by osteoclasts has not previously been investigated. The binding
of CLIC-5b by immobilized SH2 or SH3 domains and co-immunoprecipitation with CLIC-5b
of a kinase activity suggested to us that c-Src might regulate acid transport through effects on
CLIC-5b. Using antisense oligonucleotides against c-Src we studied the effect of Src
suppression on acid transport activity of membranes isolated from in vitro differentiated
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osteoclasts. Bone marrow mononuclear cells were plated in the presence of bone particles and
after 24 h the cells were treated with sense or antisense Src oligonucleotides (33). Twenty hours
later, membranes were prepared, and the levels of both c-Src and CLIC-5b protein expression
were determined by Western blotting (Fig. 7, A and B). As expected, sense oligonucleotide had
no effect upon levels of either protein. In contrast, antisense c-Src oligos greatly decreased the
level of c-Src in these cells without a detectable effect on the level of CLIC-5b.

Membrane vesicles were prepared from control cells and from cells treated with c-Src sense
or antisense oligonucleotides, and vesicle acidification kinetics were determined (Fig. 7C). The
acidification of vesicles from control cells was robust, as previously shown, and there was no
significant enhancement of acidification by valinomycin. Vesicles from sense oligonucleotide
treated cells are indistinguishable from the control cells. Vesicles from Src antisense
oligonucleotide-treated cells show reduced acidification that is returned to control levels by
valinomycin addition. Analysis by curve fitting shows that only the antisense-treated cells were
significantly altered in acidification kinetics (Fig. 7, D and E). Furthermore, the decreased
acidification was restricted to a slower rate of acidification, a pattern which was distinct from
the changes we saw in the cells with CLIC-5b suppressed (Fig. 7D and see above). These results
are consistent with short term suppression of Src resulting in loss of shunt chloride conductance
in the osteoclast membranes with no significant loss of overall pump activity. Because the
expression of CLIC-5b is not reduced, possible explanations are that c-Src affects the channel
activity of CLIC-5b or that it affects the targeting of CLIC-5b to proton pump containing
membranes.

Immunohistochemistry of Normal and Antisense Src-suppressed Osteoclasts
To determine whether c-Src effects co-localization of proton pump and CLIC-5b, we studied
the sub-cellular distribution of CLIC-5b and H+-ATPase in osteoclasts using high affinity
antibodies, fluorescent species-specific secondary antibodies and confocal microscopy. The
cells were analyzed by optical sections of 0.3 microns and corresponding z-planes merged to
determine overlap. The resulting images were normalized to cytoplasmic background intensity
for comparison and the z-stack collapsed to one plane. In this way it is easy to see the difference
in pump and channel overlap but the individual vesicles are not being displayed. Control cells
are shown in Fig. 8A. These cells are cultured on glass and do not form a ruffled membrane
but display enlarged intracellular compartments that have been reported to be acid (52–55).
Identical patterns of staining were observed in untreated cells and cells treated with c-Src sense
nucleotide or cells mock-treated with nucleotide, Fig. 8, A and B. A different pattern was
observed in cells treated with c-Src antisense nucleotide as shown in Fig. 8C. These cells
demonstrate a significant reduction in overlap of the proton pump and the CLIC staining. The
remaining overlap varied among antisense-treated cells but was always significantly reduced.
The overlap of pump and channel appeared to occur in localized regions of the cell but because
the cells were not polarized to a bone surface a detailed morphological analysis seemed
unwarranted. Thus, suppression of expression of c-Src results in failure to form the large
intracellular compartment that contains both proton pump and chloride channel.

DISCUSSION
In this article, we have explored the relationships between acid transport activity of membranes
derived from avian osteoclast, bone pitting by avian osteoclasts and the expression of both p62
and c-Src. Our data lead to several major conclusions: 1) Chloride conductance indeed plays
a critical role in osteoclast-mediated bone resorption acid transport; 2) expression of p62, now
identified as avian CLIC-5b, is necessary for the functional expression of ruffled border
chloride conductance and osteoclast bone resorption; 3) CLIC-5b is a ligand for the SH2 and
SH3 domains of Src in vitro, and is associated with a kinase activity in vivo, and 4) suppression
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of c-Src in developing osteoclasts results in loss of charge-compensating chloride conductance
in proton pump-containing vesicles and the loss of co-localization of proton pump and CLIC-5b
in cultured osteoclasts. These results indicate for the first time that in addition to the many
effects of c-Src upon osteoclast differentiation and survival it has a direct effect upon acid
transport in the ruffled border membrane.

Importance of Chloride Conductance in Osteoclast Acid Transport and Bone Resorption
The molecular mechanism of bone resorption requires massive acid secretion (2–5). It has been
established that the resorption compartment acidifies through the action of a bafilomycin-
sensitive electrogenic v-type proton ATPase (56,57). This requires charge neutralization which
is proposed to be provided by a chloride channel activity in avian and mammalian osteoclasts
(15,16). Fig. 1 shows that acidification of membrane vesicles reconstituted from avian
osteoclasts is inhibited both by bafilomycin and by substitution of an impermeant ion, sulfate,
for chloride. A key observation for this article is that the inhibition caused by decreasing anion-
mediated charge compensation (in this case, by substituting sulfate for chloride) is completely
overcome by valinomycin while inhibition caused by suppressing proton pump activity directly
(i.e. with bafilomycin) is not. Thus, the acidification in the presence of valinomycin is a measure
of the level of proton pump activity in the membranes. The difference between acidification
in the absence and presence of valinomycin is a direct reflection of the degree to which the
chloride conductance compensates for the proton pump electrogenic activity in the acidifying
vesicles. If valinomycin has no effect on acidification, it follows that there is sufficient chloride
conductance to allow acidification to the full capacity of the proton pump activity available.
If valinomycin enhances acidification, the chloride conductance is not adequate for the
available level of proton pump activity. We used this assessment of chloride channel activity
in acidifying vesicles to compare vesicle preparations from cells in which we manipulated p62
or Src expression levels.

Identification of p62 as Avian CLIC-5b
Although we have not yet demonstrated the expression of p62 channel activity from
recombinant avian CLIC-5b, the evidence that CLIC-5b and p62 are one and the same is
persuasive. First, we had previously raised antisera against a peptide derived from a partial
cDNA sequence, which has proven to be the avian CLIC-5, and found that this antisera
recognizes p62 (15). Second, the developmental regulation of p62 protein in osteoclasts
parallels that of CLIC-5b mRNA presented in this article (15). Third, CLIC-5b has a predicted
molecular mass of 43,970 Da but the apparent molecular mass on SDS-PAGE is ~62,000 Da.
This anomolous electrophoretic mobility has been previously reported and is a feature of
several CLIC family proteinses (14,43,44,58–63). Finally, the sequence of CLIC-5b contains
potential Src homology domain interaction motifs that could account for the observed binding
of p62 to these domains. Therefore, we conclude that p62 is the avian version of CLIC-5b.

Suppression of p62 Expression
Antisense oligonucleotides derived from the avian CLIC-5 gene sequence suppressed
expression of p62 without affecting the levels of other CLIC family members recognized by
our antibody. Suppression was transient and not secondary to cell death or disruption of the
osteoclast phenotype (not shown). We examined the effect of antisense suppression of
osteoclast p62 in two ways: we characterized acid transport activity of vesicles derived from
treated cells, and we assessed the ability of the treated cells to generate resorption pits on bone.
Acidification of vesicles was assayed in the presence or absence of valinomycin as outlined
above. We found that suppression of expression of p62 resulted in decreased valinomycin-
independent acidification with rescue of acidification to control levels in the presence of
valinomycin. This finding is diagnostic of a loss in short-circuiting chloride conductance
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without a change in proton pump activity. To assay the capacity of cells to resorb bone, we
used a simple determination of number of pits per cell as has been previously reported (35,
36). With this assay, we found that the rate of appearance of pits per cell is linear up to 100 h
of culture. Pit formation is inhibited in a saturable manner by addition of bafilomycin after 24
h of culture, down to a minimum of about 0.6 pits per cell. The residual pit formation in the
presence of saturating bafilomycin represents the pitting, which cannot be prevented by
inhibition of acid transport starting after 24 h of culture and thus would represent the minimal
level one would expect from complete inactivation of the ruffled border chloride conductance.
Because bone resorption is dependent on acid transport, we presume this residual pit formation
in the presence of bafilomycin is caused by the ability of a fraction of the cells to initiate a pit
within 24 h. It is important to note that this method of assessing pit formation makes no measure
of pit area or depth. Thus, large differences in total bone resorbed may be masked if an inhibited
cell is capable of initiating a pit, no matter how shallow. The comparison of bone pitting by
cells exposed to oligonucleotides, bafilomycin, or control, indicates that antisense suppression
of p62 results in a decrease in the ability of the cells to generate pits on bone to about 50% of
the maximal extent of inhibition seen with bafilomycin. These data demonstrate that antisense
suppression of p62 not only decreases acid transport activity in isolated membrane vesicles,
but also has a meaningful effect on the integrated function of osteoclasts.

CLIC-5b, ClC-7, and the Ruffled Border Chloride Conductance
Prior evidence had led us to hypothesize that p62 is the ruffled border chloride channel: p62
co-purifies with chloride channel activity isolated ruffled border (13); expression of p62 is
correlated with the appearance of short circuiting chloride conductance in differentiating
osteoclasts in culture (15); and p62 is antigenically related to a family of known chloride
channels (14,15). The experiments reported here, that is, the identification of p62 as CLIC-5b,
and the suppression of CLIC-5b using antisense oligonucleotides with the coincident loss of
short circuiting chloride conductance and decrease in bone resorption, further support the
proposed role of CLIC-5b in osteoclasts. However, recent reports indicate that a different
lysosomal chloride channel protein, ClC-7, is required for normal bone resorption by
mammalian osteoclasts (16,64). Subsequently, osteoclasts from one patient with mutations of
ClC-7 were reported to have normal acidification of the bone resorption compartment in culture
(21). In ClC-7−/− mice lysosomal pH remains acidic and correction of the ClC-7 defect in
osteoclasts reverses the bone resorption defect but not the neuro-degeneration and lysosomal
storage phenotype seen in cultured neurons from these animals (65). Both CLIC-5b or ClC-7
have been immunolocalized to the ruffled border, both are members of families of known
chloride channel or transporter proteins, and for both, suppression of expression leads to
decreased bone resorption. It is unclear if these observations represent conflicting data or, as
seems more likely, the regulation of acidification and bone resorption are complex processes
with multiple sites where chloride transport can exert an influence. CLIC-5b and ClC-7 could
be cooperating components of anion transport activity in the ruffled border membrane that
supports bone resorption. Alternatively ClC-7 and/or CLIC-5b could carry out non-redundant
essential functions in the endomembranes during the cycle of osteoclast differentiation and
bone resorption.

A potential resolution of this question is indicated by recent studies on the transport mechanism
of the intracellular subgroup of the ClC channel family. These studies indicate that ClC-3, -4.,
and -5 are anion/H+ exchange transporters whose activity will increase the membrane potential
(66,67). The transport activity of ClC-7 has not been defined and therefore how it supports
lysosomal and osteoclast function remains unclear (16,64,65). Our work supports the
conclusion that the CLIC-5b channel supports acidification in avian osteoclasts and is
consistent with the results from ClC-7 mutant animals (21,65).
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c-Src, Cytoskeleton, and Osteoclast Bone Resorption
The genetic disruption of c-Src expression leads to osteopetrosis in vivo (25,26) and
dramatically decreases the ability of osteoclasts to resorb bone in vitro (68). c-Src is important
in osteoclast signaling (27–29,33,51,69), polarization (30,70–72) and survival (73–75)
undoubtedly reflecting the global nature of cellular reorganization during osteoclast
differentiation. Many of the Src effects upon osteoclasts derive from the importance of the
cytoskeleton for osteoclast movement and bone attachment (70–72,76). The disruption of
cortactin, a c-Src substrate, has been shown to inhibit osteoclast bone resorption.3 To resorb
bone the osteoclast must secret sufficient H+ across the ruffled border membrane to dissolve
the alkaline bone mineral (4). In mature osteoclasts c-Src and F-actin are concentrated along
the H+-secreting ruffled border (33,77) and the v-H+-ATPase and Src co-localize with the
cytoskeleton (78). Recently CLIC-5 protein has been shown to associate with F-actin and
specifically the c-Src substrate ezrin in placental microvilli (42). We have studied binding
between CLIC-5b and c-Src as well as the relationship between c-Src suppression and H+
transport in osteoclast membranes. Previously bovine CLIC-5b was reported to bind to and be
phosphorylated by Fyn (31); however, the relationship between c-Src and acid transport in
osteoclasts has not been studied directly.

Interaction of p62 with Src Domains
Because c-Src knockout mice fail to assemble a functional ruffled membrane, we hypothesized
that one role of c-Src in osteoclasts might have to do with assembly or activation of components
of the ruffled membrane acid transport mechanism. Using immobilized Src homology domains
as bait, we found that CLIC-5b in solubilized osteoclast membrane preparations is a ligand for
both the SH2 and SH3 domains of Src. Pretreatment of solubilized osteoclast membranes with
alkaline phosphatase eliminated the SH2 but not SH3 domain binding by CLIC-5b, consistent
with SH2 binding being dependent on tyrosine phosphorylation of CLIC-5b as previously
observed (31). The observation that CLIC-5b can bind to each of SH2 and SH3 domains of c-
Src suggests an additional possible role for this interaction. Binding to both SH2 and SH3
domains of Src activates the c-Src tyrosine kinase by disrupting an intramolecular
phosphotyrosine association (79–81). In osteoclasts Src kinase activity is important to maintain
viable bone-resorbing cells (51,73,82).

These studies indicate that p62 is capable of binding Src homology domains in vitro. To
determine whether CLIC-5b and c-Src form stable complexes in vivo, we used our p62 antisera
and immunoprecipitated kinase activity, which labels at least 3 proteins in the
immunoprecipitate, one of which is approximately the same size as c-Src itself. However, the
identity of the kinase pulled-down by CLIC-5b is undetermined. We do not see labeling of
CLIC-5b by the kinase activity in these precipitates but we showed above that osteoclast
CLIC-5b binding to Src SH2 domain was alkaline phosphatase-sensitive. Therefore
phosphorylation of this site would be precluded in Src-bound CLIC-5b.

Suppression of c-Src and Acid Transport
In a completely novel study we looked at the effect of suppression of c-Src expression during
osteoclast differentiation in culture on the acidification of isolated membrane reconstituted into
vesicles. For antisense suppression of c-Src, we used methods identical to those previously
reported to effectively suppress c-Src in this same cell preparation (33) and we confirmed
suppression of steady state Src levels by Western blotting. We found that c-Src suppression
did not reduce osteoclast number in our cultures (83,84), and had consequences similar to that
of CLIC-5b suppression, with decreased acidification in the absence of valinomycin and rescue

3J. Cooper, personal communication.
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of acidification with valinomycin. As with the CLIC-5b suppression, this indicates a loss in
the chloride conductance without a significant change in proton pump activity. However, c-
Src suppression had no effect on the level of CLIC-5b as detected on Western blots. The control
level of total quenching seen reflects slight retention of chloride channel activity in these
vesicles and is consistent with our partial suppression of Src levels.

Our studies of vesicle acidification suggest a role for c-Src to bring together a chloride
conductance and the proton pump in the membranes of osteoclasts. This could result from
activation of the chloride channel in pump containing membranes or physical approximation
of the active channel and pump. Previously CLIC-4 and -5 proteins and the v-H+-ATPase have
been shown to associate with cytoskeleton proteins that are c-Src substrates (42,78,85). In these
studies the proton pump is found in cytoskeletal-associated vesicles while the soluble CLIC-
proteins directly interact with F-actin-based structures. In this model channel activity results
when the CLIC protein is inserted into the F-actin-associated membranes (42,59,86). Src family
tyrosine kinases as well as SH2 and SH3 interactions have now been implicated regulation of
a number of ion channels through a variety of mechanisms (31,87–91). These mechanisms
include direct regulation of channel activity through phosphorylation, as well as targeting of
channel proteins to the appropriate membrane compartment via SH2 and/or SH3 interactions.
Immunohistochemistry of CLIC protein and v-H+-ATPase protein in our cultured osteoclasts
supports the functional data and indicates that c-Src suppression reduces their colocalization
in the membranes of intracellular vesicles.

The mechanism by which c-Src delivers chloride channels to the ruffled border membrane
remains to be determined. However the valinomycin rescue of acidification rules out a
concerted modulation of channel and proton pump activity. The fact that CLIC-5b is a ligand
for both SH2 and SH3 domains of Src, and the similarity in the transport properties of
membranes from cells in which either CLIC-5b or c-Src has been suppressed suggest it is a
Src-mediated transfer of CLIC-5b to the ruffled border that allows acid transport. This means
that in addition to the several effects of Src on osteoclast survival, motility and bone attachment
it has a direct effect on the assembly of a functional acidification apparatus in osteoclasts.
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FIGURE 1. Chloride and proton pump dependence of osteoclast vesicle acidification
Acidification of vesicles prepared from osteoclasts differentiated in vitro was assayed using
the acridine orange quenching technique as described under “Materials and Methods.” In 140
mM KCl vesicles rapidly acidified (solid line, n = 9). A, in 93 mM K2SO4 acidification was
severely limited, (▵, n = 3). This inhibition was completely reversed by the addition of 1 μ
Mvalinomycin, (•, n = 3) restoring acidification to that by vesicles in 140 mM KCl, (solid
line). B, addition of 100 nM bafilomycin A1 30 s prior to MgSO4 completely blocked
acidification (▵, n = 3). This inhibition was not affected by the addition of 1 μM valinomycin
(•, n = 2). C, partial inhibition by 10 nM bafilomycin (▵, n = 3) was not reversed by valinomycin
(▴, n = 2). However, these vesicles acidifiy more slowly and to the same extent as untreated
vesicles. Vesicles treated with 100 nM DNDS also show a reduced extent of acidification (○,
n = 3), which is completely reversed by 1 μM valinomycin (•, n = 3).
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FIGURE 2. Northern blot analysis of osteoclast mRNA for CLIC-5b message expression
Three micrograms of poly(A) RNA from chicken bone marrow mononuclear cells after 1 day
in culture (lane 1) or cells which had been allowed to differentiate for 5 days into multinucleated
osteoclasts either in the absence (lane 2) or presence (lane 3) of bone particles were probed at
high stringency using a 519-PCR product from the avian CLIC-5b genomic sequence, C2C3.
The positions of molecular mass standards (kilobases) are indicated.
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FIGURE 3. Amino acid sequence of chicken CLIC-5b
Sequence predicted from the genomic DNA is shown. Positions showing identity or similarity
to the human sequence are in uppercase. The arrowheads denote position of introns within the
coding region. The SH2 binding domain is underlined. The conserved CLIC-5b motif is in
italics.
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FIGURE 4. Analysis of p62 suppression on in vitro differentiated osteoclasts treated with CLIC-5b
oligonucleotides
A, equal quantities of membrane protein from cells treated with sense (lane 1) or antisense
(lane 2) CLIC-5b oligonucleotide were separated by SDS-PAGE and probed with antibody
AP656 as previously described (15). Migration position of molecular mass standards are
marked in kDa. For comparison the integrated intensities of the gels were normalized to those
of the sense-treated cells in lane 1. The integrated density of the CLIC-5b protein band was
decreased 71% by treatment with antisense oligonucleotide, while the bands between 32 and
34 kDa were unchanged. B, comparison of acidification by membrane vesicles prepared from
cells treated with streptolysin-O in the absence of CLIC-5b oligonucleotide (top), cells treated
with sense nucleotide (center), or cells treated with antisense nucleotide (bottom). Each figure
compares acidification, (line) with acidification in the presence of 1 μM valinomycin (○). In
addition to the data shown, acidification by each preparation was completely inhibited by
bafilomycin A1 and displayed valinomycin reversed inhibition by substitution of sulfate for
chloride as in Fig. 1. For each preparation the acidification-dependent quenching was verified
to be reversible by the addition of NH4Cl (3,15). The data were analyzed by curve fitting as
described under “Materials and Methods” to determine the time constant of acidification (τ)
and extent of acidification dependent quenching (total Quench). The antisense suppression was
studied in three independent experiments using parallel control and sense treatments in every
case. Each oligonucleotide treatment (control, sense, and antisense) was done in triplicate, and
the cell membrane vesicles prepared and analyzed independently. The acidification curves
shown are the average of the replicates for one representative experiment (n = 3) with the
standard deviation presented for every 50th point. C, comparison of the time constants, τ, for
vesicle preparations from cells treated as follows: control cells, Cont; control cells and added
valinomycin, Cont+V; sense oligonucleotide-treated cells, Sense; sense oligonucleotide-
treated cells and added valinomycin, Sense+V; antisense oligonucleotide-treated cells, Anti;
and antisense oligonucleotide-treated cells and added valinomycin, Anti-V. D, total quench,
F520
time = 0 − F520

time = ∞,  for vesicle preparations that are labeled as in C. C and D summarize
our total results from three independent experiments where each oligonucleotide treatment was
done in triplicate. Each column is the average of the successful replicates from the three
experiments, and the error bars are the S.D. for n = 3–9 but never less than 3.
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FIGURE 5. Inhibition of bone resorption by treatment of in vitro differentiated osteoclasts with
antisense oligonucleotides that suppress CLIC-5b expression
Osteoclast precursors were isolated and allowed to attach at low density to whale dentine disks.
A, cells were incubated for the indicated times and number of resorption pits per cell determined
as described (33,35). B, after 24 h of culture bafilomycin A1 was added as indicated. Pitting
and cell number was determined 48 h later. Panel C, at 24 h cells were treated with streptolysin-
O as described under “Materials and Methods” and exposed to phosphorothioate nucleotides
or not as indicated and returned to culture where bafilomycin A1 could be added for a non-
pitting control as indicated in the figure. Pitting and cell number were determined 48-h later:
control, 0.79 ± 0.022 pits per cell (n = 346); bafilomycin, 0.58 ± 0.049 pits per cell (n = 103);
sense, 0.79 ± 0.029 pits per cell (n = 195); and antisense, 0.68 ± 0.032 pits per cell (n = 206).
The difference between sense-and antisense-treated cells was significant at p = 0.012. These
data were pooled from three independent experiments.
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FIGURE 6. High affinity binding of CLIC-5b by immobilized Src SH2 or SH3 domains and co-
immunoprecipitation of kinase activity
A, retention of CLIC-5b by immobilized SH2 and SH3 domains of Src. Twenty micrograms
of solubilized osteoclast membranes (lane 1) or those proteins which bound to immobilized
GST (control; lane 2), GST-srcSH2 fusion protein (lanes 3 and 5) or GST-srcSH3 fusion
protein (lanes 4 and 6) were separated and probed with affinity-purified antibody AP656.
Samples shown in lanes 5 and 6 were treated with alkaline phosphatase prior to binding to
immobilized fusion protein. B, 300 μg of solubilized membrane protein from cultured in
vitro differentiated osteoclasts were immunoprecipitated by preimmune sera (lane 3) or
antisera 656 (lane 2) as described under “Materials and Methods.” The washed
immunoprecipitates were incubated in kinase reaction media with [γ-32P]ATP and then
separated by SDS-PAGE and labeled bands detected by autoradiography. In lane 1, 1 μg of
purified human Src was incubated in the kinase reaction mixture before separation and
autoradiography. Migration positions of molecular mass standards are shown in kilodaltons.
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FIGURE 7. Analysis of Src reduction on CLIC-5b expression and acidification of vesicles from in
vitro differentiated osteoclasts
A, equal amounts of total cell protein from osteoclasts treated with sense (lane 1) or antisense
(lane 2) Src phosphorothioate oligonucleotides were separated by SDS-PAGE, blotted and
probed with avian Src antibodies. The integrated intensity was decreased by 65% in cells
exposed to antisense Src oligonucleotide. B, equal amounts of membrane proteins from
osteoclasts treated with sense (lane 1) or antisense (lane 2). Src oligonucleotides were separated
by SDS-PAGE, blotted and probed with AP656 (15). The integrated intensity of the CLIC-5b
band was unchanged (100 ± 1%) by sense or antisense oligonucleotide treatment. Molecular
mass markers of 94, 66, 45, and 31 kDa are indicated. Arrowheads indicate the migration
position of intact Src (A) and CLIC-5b (B). C, comparison of acidification by membrane
vesicles prepared from cells treated with streptolysin-O in the absence of Src oligonucleotide
(top), cells treated with sense oligonucleotide (center) or cells treated with antisense
oligonucleotide (bottom). Each figure compares acidification (line) with acidification in the
presence of 1 μM valinomycin (○). In addition to the data shown, acidification by each
preparation was completely inhibited by bafilomycin A1 and displayed valinomycin-reversed
inhibition by substitution of sulfate for chloride as in Fig. 1. For each preparation the
acidification-dependent quenching was verified to be reversible by the addition of NH4Cl (3,
15). The data were analyzed by curve fitting as described under “Materials and Methods” to
determine the time constant of acidification (τ) and extent of acidification-dependent
quenching (Total Quench). The antisense suppression was studied in three independent
experiments using parallel control and sense treatments in every case. Each oligonucleotide
treatment (control, sense, and antisense) was done in triplicate, and the cell membrane vesicles
prepared and analyzed independently. The acidification curves shown are the average of the
replicates for one representative experiment (n = 3) with the standard deviation presented for
every 50th point. D, comparison of the time constants, τ, for vesicle preparations from cells
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treated as follows: control cells, Cont; control cells and added valinomycin, Cont+V; sense
oligonucleotide-treated cells, Sense; sense oligonucleotide-treated cells and added
valinomycin, Sense+V; antisense oligonucleotide-treated cells, Anti; and antisense
oligonucleotide-treated cells and added valinomycin, Anti-V. Each oligonucleotide treatment
was done in triplicate, and the cell membrane vesicles prepared and analyzed independently
(n = 3). The columns are the average of those three determinations and the error bars are the
S.D., n = 3. E, total quench, F520

time = 0 − F520
time = ∞,  for vesicle preparations, which are

labeled as in B. D and E summarize our total results from three independent experiments where
each oligonucleotide treatment was done in triplicate. Each column is the average of the
successful replicates from the three experiments and the error bars are the S.D. for n = 3–9 but
never less than 3.
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FIGURE 8. Immunohistochemistry of CLIC-5b and H+-ATPase in osteoclasts and the effect of Src
suppression
Osteoclasts were differentiated on coverslips and stained for CLIC-5b (green) and H+-ATPase
(red ) as described. These panels are single osteoclasts recorded by confocal microscopy and
processed as described under “Materials and Methods.” We processed five cells from each
group (no nucleotide, sense, and antisense). The no nucleotide and sense cells were identical
in appearance by this measure. The white bar in B is 10 microns, and the two panels have
comparable magnification. The gray outline approximates the attachment border of the cells
to the coverslip. Panel A, cells treated without nucleotide. Panel B, cells treated with sense
nucleotide. Panel C, cells treated with antisense nucleotide.
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