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The enzyme activity of lysosomal cysteine proteinases in vital rabbit osteoclasts and mouse
osteoclast-like cells was visualized with Z-Leu-Arg-4-methoxy-/9-naphthylamide (Z-LR-
MNA) as the enzyme substrate. The MNA liberated by proteolysis forms a fluorescent
insoluble Schiff-base product in the presence of 5-nitrosalicylaldehyde. Many small
fluorescent particles, endproducts of the Z-LR-MNA hydrolysis, were observed in proxim-
ity to the bone surface underneath the actively resorbing osteoclasts, as well as in the
cytoplasm. The Z-LR-MNA hydrolase activity was markedly diminished by bafilomycin
Al and chloroquine treatment. Moreover, the activity was completely inhibited by cysteine
proteinase inhibitors such as leupeptin and E-64d, but not by other classes of proteinase
inhibitors. About 60% of the hydrolase activity in mouse osteoclast-like cells was im-
munoabsorbed by anti-cathepsin K antibody-coupled Sepharose CL-4B beads, and about
10% of the activity was absorbed with the anti-cathepsin L antibody-coupled beads. Thus,
the majority of the Z-LR-MNA hydrolase activity in osteoclasts was derived from cathepsin
K. In contrast, using the same substrate in the assay, no detectable cathepsin K activity was
observed in mouse peritoneal macrophages. The abundant cathepsin K activity in osteo-
clasts would therefore indicate a significant role of this enzyme in bone matrix degradation.
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Active osteoclasts secrete protons that dissolve hydroxy-
apatite crystal into resorption lacunae. Under such an
acidified condition, the lysosomal cysteine proteinases
produced by osteoclasts have maximum activities and are
thought to play important roles in the degradation of bone
matrix proteins (1, 2). Indeed, inhibitors of cysteine pro-
teinases significantly attenuate the bone resorption both in
vivo and in vitro {3-8). Cathepsins B, K, L, H, and S have
been identified as the major cysteine proteinases in osteo-
clasts. Accumulation of cathepsins B, K, and L in bone
resorption lacunae has been demonstrated by immunohis-
tochemical studies (9-11,22). Among these cysteine pro-
teinases, cathepsin K is known to be osteoclast-specific and
most abundantly expressed in the cell compared with other
cathepsins (12-19). Moreover, cathepsin K has strong
potency in digesting native collagen fibers (20). Application
of antisense oligonucleotide to reduce translation of cathep-
sin K diminished the bone resorption activity of osteoclasts
(21). Thus, cathepsin K seems to be the proteinase most
active in proteolysis in the osteoclastic bone resorption.
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Abbreviations: PBS, phosphate-buffered saline; SDS-PAGE, sodium
dodecyl sulfate-polyacrylamide gel electrophoresis; Z-LR-MNA, Z-
Leu-Arg-4-methoxy-/?-naphthylamide; NSA, 5-nitrosalicylaldehyde;
FCS, fetal calf serum; MCA, 4-methylcoumaryl-7-amide.
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Visualization of the proteinase activity with a histo-
chemical method would be valuable in research on cathep-
sin K and on the development of inhibitors. The method
would allow single-cell analysis of the enzyme activity
without isolating osteoclasts from a mixed cell population.
Herein, we present such a method. The activity of lyso-
somal cysteine proteinases in osteoclasts was visualized by
using peptide derivatives coupled with 4-methoxy-/?-naph-
thylamide (MNA) as the enzyme substrate. The end-
product of the proteolysis, free MNA, forms an insoluble
fluorescent Schiff-base product in the presence of 5-nitro-
salicylaldehyde. Thereby, the site of the proteolysis can be
visualized by the fluorescent product.

MATERIALS AND METHODS

Materials—Z-Leu-Arg-4-methoxy-/?-naphthylamide
(Z-LR-MNA) was purchased from Enzyme Systems Prod-
ucts (Dublin, CA, USA). Z-Leu-Arg-4-methylcoumaryl-7-
amide (Z-LR-MCA) was obtained from Peptide Institute
(Osaka). 5-Nitrosalicylaldehyde (NSA) and keyhole limpet
hemocyanin (KLH) were purchased from Katayama Chem-
ical Industries (Osaka) and Sigma (St. Louis, MO, USA)
respectively. Actinase E and collagenase (type 3) were
obtained from Kaken Pharmaceutical and Worthington
Biochemical (Freehold, NJ, USA), respectively. All the
other reagents were of analytical grade.

Preparation of Osteoclasts—Rabbit osteoclasts were
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prepared from rabbit (New Zealand White, 10 days old)
long bones essentially according to the method of Kakudo et
al. {40). The unfractionated bone cells were seeded on a
collagen gel. Stromal cells were removed from the gel by
enzyme digestion with 0.001% actinase E and 0.01%
collagenase, followed by repeated washing with phosphate-
buffered saline (PBS). Adherent cells, enriched in osteo-
clasts, were then detached from the gel with 0.1% collagen-
ase treatment and used for the vital fluorescence staining.
For preparation of osteoclast lysate, the unfractionated
rabbit bone cells were plated on a plastic dish. The osteo-
clasts were concentrated by removing stromal cells with
0.001% actinase E treatment as described by Tezuka et al.
(23). Mouse osteoclast-like cells were prepared by using
the mouse co-culture system with calvaria-derived osteo-
blastic stromal cells and bone marrow cells according to the
method described by Takahashi et al. (24). We used new
born and 8-week-old ddY mice for the cell preparation. The
osteoclast-like cells were concentrated by detaching the
stromal cells from the plate with 0.001% actinase E treat-
ment.

Vital Fluorescence Staining—The osteoclasts were cul-
tured on dentine disks for 6 h in a minimum essential
medium (»MEM) containing 10% fetal calf serum (FCS).
The cells were then incubated with 0.5 mM Z-LR-MNA/15
mM 5-nitrosalicylaldehyde (NSA)/1 mM dithiothreitol
(DTT)/0.5 mM EDTA/20 mM sodium phosphate (pH 7.0).
After 45-min incubation at 37°C, the cells were fixed with
4% paraformaldehyde in PBS for 30 min at 4"C. The cells
were further treated with 0.2% Triton X-100/PBS for 15
min at room temperature (RT) and stained with TRITC-
phalloidin (1 //g/ml in PBS) for 1 h at 37°C. Cell nuclei were
stained with Hoechst 33258 (1 //g/ml in PBS) for 5 min at
RT.

In some experiments, cells were further stained for
tartrate-resistant acid phosphatase (TRAPase) activity as
described by Hashimoto et al. (25). The cells were ex-
amined with a fluorescence microscope (Axiophoto, Zeiss,
Oberkochen, Germany) using the following filters: UV
filter sets (excitation band pass filter, G365/emission band
pass filter, LP420); Blue filter sets (BP450-490/LP520);
and Green filter sets (BP530-585/LP615). The cells were
also examined with a confocal laser scanning microscope
(LSM-GB200, Olympus, Tokyo) set for Ar-laser excitation
at 488 nm with the combination of the two long band pass
filter sets (BP490/O515 and BP545/O590).

Effect of pH on Z-LR-MCA Hydrolase Activity—Cells
were lyzed in buffer A (1% NP-40/140 mM NaCl/1 mM
EDTA/0.5 mM cysteine/50 mM sodium phosphate, pH
6.0). The supernatant, after centrifugation at 15,000 Xg
for 30 min, was incubated with 5 mM Z-LR-MCA/1 mM
cysteine/1 mM EDTA in one of the following buffers: 100
mM citrate buffer (range pH 2.0-5.0), 100 mM sodium
phosphate buffer (range pH 5.5-8.0), or 100 mM Tris-HCl
buffer (range pH 8.5-10.0). After a 40-min incubation at
37°C, the reaction was stopped with 3 volumes of 10 mM
iodoacetic acid. The amount of liberated 4-methylcoumar-
yl-7-amide (MCA) in the solution was measured with
excitation at 380 nm and emission at 460 nm. One unit (U)
of the enzymatic activity was defined as the amount of
enzyme releasing 1 pmol of MCA in 1 min.

Antibody Preparation—For the production of peptide
antibodies against the mouse cathepsin K-C-terminal

(CK-C) peptide and mouse cathepsin L-C-terminal (CL-C)
peptide, an automated solid-phase peptide synthesizer
(Applied Biosystems, model 430A) was employed to syn-
thesize the following peptides (shown in single amino acid
code):

+318 +329

CK-C peptide NH2-CGITNMASFPKM-COOH
+322 +333

CL-C peptide NH2-CGLATAASYPWN-C00H
The sequence reported by Gelb et al. (18) was used for
construction of cathepsin K peptides, and that described by
Joseph et al. (26) for cathepsin L peptide. Each peptide was
coupled to KLH with m-maleimidobenzoyl-n-hydroxysuc-
cinimide ester (MBS, Pierce, Cambridge, UK) according to
the method of Yoshimori et al. (27). New Zealand white
rabbits were injected subcutaneously with 250 ng of each
peptide-KLH conjugate, which was emulsified in Freund's
complete adjuvant (Difco Laboratories, Detroit, MI).
Booster injections were given 4 times at 4-week intervals,
and the rabbits were bled from the ear 1 week after the last
injection. The IgG fraction from the pooled sera was
prepared with a HiTrap Protein A column (Pharmacia,
Piscataway, NJ, USA).

Immunoabsorption and Immunoblotting—Each normal
rabbit IgG, anti-cathepsin K-C terminal peptide (anti-
CK-C) IgG, or anti-cathepsin L-C terminal peptide (anti-
CL-C) IgG was coupled with CNBr-activated Sepharose
CL-4B beads (Pharmacia). For reduction of non-specific
adhesion of protein, the beads were pre-incubated with 5%
FCS/ 3% bovine serum albumin in PBS for 1 h at 4°C and
resuspended in buifer B (20 mM sodium phosphate buffer/
0.5 mM cysteine/1 mM EDTA/140 mM NaCl, pH7.0).
Fifty microliters of the cell extract of mouse osteoclast-like
cells was mixed with 250 //I of the IgG-coupled beads slurry
(90% Sepharose suspension) in a small column. After
gentle agitation for 8 h at 4°C, the solution was flushed from
the column by centrifugation at 1,000 rpm for 3 min
(RD-15, Hitachi, Tokyo) and washed twice with 100 //I of
buffer B. All the flow-through fraction was collected, and
the Z-LR-MCA hydrolase activity in the solution was
assayed at pH 6.0 as described above. Adsorbed protein on
the beads was eluted with 200 //I of 3 M sodium thiocyanate
at pH 7.5.

Mouse peritoneal macrophages were isolated from aged
female mice (BALB/c). The peritoneal space of each mouse
was rinsed with warmed 0.9% NaCl, and the released cells
were plated on a plastic plate. After 30-min incubation in
10% FCS containing RPMI 1640 medium, attached cells
(more than 90% were macrophages) were collected and
lyzed in buffer A. The supernatant was subjected to the
immunoabsorption with the same procedure as employed
for the samples of osteoclasts.

For immunoblotting, the proteins in the flow-through and
adsorbed fractions were sedimented by mixing with 2
volumes of 100% saturated ammonium sulfate solution for
1 h on ice. After centrifugation at 15,000 X g for 30 min, the
precipitated proteins were resuspended and denatured in
sodium dodecyl sulfate (SDS)-solubilizing buffer (2% SDS,
100 mM DTT, 10% glycerol/0.0025% bromophenol blue in
62.5 mM Tris-HCl, pH 6.8). The samples were separated
by means of 10% SDS-polyacrylamide gel electrophoresis
and transferred onto a nitrocellulose membrane. The
blotted membranes were immunostained with anti-CK-C
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IgG or anti-CL-C IgG as described previously (25). The
antigenic sites were detected with an ECL kit (Amersham,
Buckinghamshire, UK). For verification of the specificity,
anti-CK-C IgG and anti-CL-C IgG were preincubated with
an excess amount of synthetic CK-C or CL-C peptide,
respectively, and used for the immunoblotting. The inten-
sity of the bands was quantified with an Image Master 2-D
scanning densitometer (Pharmacia Biotech, Tokyo).

Others—Protein concentration was determined by the
method of Lowry et al. (28).

To ascertain the enzymatic properties of the Z-LR-MNA
hydrolase, we tested the effects of various membrane-per-
meable reagents on the activity by comparison with the
control activity (Fig. 3a). Bafilomycin Al, an inhibitor of
vacuolar-type H+-ATPase (> 1 ^M), and chloroquine (> 10
^M), a lysosomotropic amine, effectively diminished the
Z-LR-MNA hydrolase activity (Fig. 3, b and c). Cysteine
proteinase inhibitors such as leupeptin ( > 1 ^M) and E-
64-d (> 1 ^M) also inhibited the activity (Fig. 3, d and e),

RESULTS

Characteristics of MNA Substrate—When MNA (final
concentration, 10 mM) was dissolved in 50 mM sodium
phosphate buffer (pH 6.0) containing 100 mM NSA, it
formed a Schiff-base product (Fig. 1A). Free MNA showed
blue fluorescence under microscopic observation with UV
filter sets, but no fluorescence under observation with Blue
or Green filter sets (Fig. IB, a-c). The NSA-coupled MNA
formed insoluble needle-like fluorescent crystals after 30-
min incubation at room temperature. The crystal showed
yellow, green and red fluorescence under microscopic
observation with UV, Blue and Green filter sets, respec-
tively (Fig. IB, d-f).

Z-LR-MNA Hydrolase Activity in Osteoclasts—Rabbit
bone cells rich in osteoclasts were plated on dentine disks
and stained with 0.5 mM Z-LR-MNA in the presence of 15
mM NSA at pH 7.0. The Z-LR-MNA hydrolase activities
were visually detected as small yellow fluorescent parti-
cles, the product of NSA-coupled MNA. As demonstrated
in Fig. 2a, multinuclear cells showed abundant yellow
fluorescent particles under microscopic observation with
the UV filter sets, while mononuclear cells showed few such
particles. Most of the multinuclear cells were TRAPase-
positive (Fig. 2b), strongly suggesting that they were
osteoclasts. Mouse osteoclast-like cells plated on a dentine
disk also showed abundant Z-LR-MNA hydrolase activity
(Fig. 2c).

OCH,

filter sets

UV

Blue

Green

Fig. 1. Characteristics of 4-methoxy-2-naphthylamide (MNA)
substrate. A: The reaction of MNA and NSA to form a Schiff-base
complex. B: Fluorescence analyses of MNA (a-c) and NSA-coupled
MNA (d-f) by means of fluorescence microscopy. Samples were
examined with a fluorescence microscope with UV (a, d), Blue (b, e),
and Green (c, f) filter sets.

Fig. 2. Relationship between Z-LR-MNA hydrolase activity
and TRAPase activity, a: Vital fluorescence staining of rabbit
osteoclast-rich cell population with Z-LR-MNA substrate. The pro-
teinase activity was demonstrated as small yellow fluorescent prod-
ucts. Cell nuclei were stained with Hoechst 33258 (blue fluorescence),
b: TRAPase staining after the vital fluorescence staining. The
TRAPase activity was visualized as the red-purple reaction product.

TRAPasepositive multinuclear cells showed intense Z-LR-MNA
hydrolase activity, while TRAPase-negative mononuclear cells show-
ed weak activity, c: Mouse osteoclast-like cell double stained for the
Z-LR-MNA hydrolase activity and TRAPase activity. Numerous small
yellow fluorescent particles were observed in the cell. Cell nuclei were
represented by blue fluorescence with Hoechst 33258 staining. The
photomicrographs were obtained using UV filter sets.
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Fig. 3. Effects of various reagents on Z-LR-MNA hydrolase
activity. As compared with the control cells (a), the activity was
markedly diminished in the presence of bafilomycin Al (b, 1 /iM),
chloroquine (c, 10 //M), leupeptin (d, 1 //M), andE-64d (e, 1 ^M), but

not p-APMSF (f, 10 ̂ M). The cells were pretreated with these
reagents for 30 min and subjected to the vital fluorescence staining in
the presence of the reagents at the same concentrations indicated
above. The photomicrographs were obtained using UV filter sets.

while p-APMSF, a serine proteinase inhibitor (Fig. 3f), and
pepstatin, an aspartic proteinase inhibitor (data not
shown), had no effect on the activity. The same results were
obtained in mouse osteoclast-like cells (data not shown).
These results suggested that most of the Z-LR-MNA
hydrolase activity represented the activity of lysosomal
cysteine proteinase(s) in the cells.

We then measured the optimum pH of the Z-LR-MNA
hydrolase in osteoclasts, using Z-LR-MCA as the enzyme
substrate instead of Z-LR-MNA. The MCA-coupled sub-
strate shows higher solubility in water than that of the
MNA-coupled substrate. Moreover, liberated MCA shows
about 2.5-fold higher molar fluorescence intensity than that
of free MNA. Taking these results into consideration, we
decided to use the MCA-coupled substrate in the solution-
based in vitro assay. We show only the results obtained
with the MCA-coupled substrate herein; however, basi-
cally the same results were obtained by using the MNA-
coupled substrate (data not shown). The total cell extracts
were prepared from purified rabbit osteoclasts and mouse
osteoclast-like cells (Fig. 4, a and b). In both cell types, the
Z-LR-MCA hydrolase activity showed a high single peak at
pH between 5.0 and 6.0. When the Z-LR-MCA hydrolase
activity was measured at pH 6.0, the specific activity (U/
mg cell protein) in the cell extracts of mouse osteoclast-like
cells and rabbit osteoclasts was higher than that in mouse
calvaria-derived osteoblastic stromal cells and mouse
peritoneal macrophages (Table I).

Three-Dimensional Localization of the Z-LR-MNA Hy-
drolase Activity in Osteoclasts—On the bone surface,
resorbing osteoclasts form a tight sealing structure in which
bundles of F-actin are accumulated, the so-called actin ring.
The osteoclasts secrete protons and lysosomal enzymes
unidirectionally onto the bone surface area encircled by the
sealing structure (1, 2, 29). We examined the three-di-

120

Fig. 4. Measurement of optimum pH of Z-LR-MCA hydrolase
activity in cell extracts of .rabbit osteoclasts (a) and mouse
osteoclast-like cells (b). The activity was determined with 5 /*M
Z-LR-MCA in the presence of 1 mM cysteine and 1 mM EDTA at the
pH indicated in the figure. In both rabbit osteoclasts and mouse
osteoclast-like cells, the activity was maximal in the acidic pH range
from 5.0 to 6.0.
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mensional localization of the Z-LR-MNA hydrolase activity
in rabbit osteoclasts plated on a dentine disk. The location
of the fluorescent products generated by the proteolysis was
compared with the position of the actin ring formed by the
cells. Figure 5, a-i, shows serial cross-sectional images
obtained by confocal microscopy with a 2-^m scanning
interval from top to bottom. The actin ring was demon-
strated as a red circle (arrow in d, e, and f), and the surface
of the dentine was observed as a reddish background. The
round black area adjacent to the osteoclast (in e-i) depicts
the area resorbed by the cell. The Z-LR-MNA hydrolase
activity, visualized as small yellow dots, was found in the

TABLE I. Z-LR-MCA hydrolase activity in osteoclasts, osteo-
blastic stromal cells and macrophages. The Z-LR-MCA hydrolase
activity was determined at pH 6.0 in the presence of 1 mM cysteine
and 1 mM EDTA. The cells were lyzed in the buffer containing 1%
NP-40 and the supernatant after centrifugation at 15,000 Xg for 30
min was used for the assay as described in "MATERIALS AND
METHODS." The results are expressed as the mean±standard
deviation (SD) of 3 independent determinations.

Cell type
Rabbit osteoclasts
Mouse osteoclast-like cells
Mouse calvaria-derived osteoblastic stromal cells
Mouse peritoneal macrophage

U/mg cell protein
127.8±15.7
111.8±13.0
30.9±7.4
55.5±9.1

intracellular area encircled by the actin ring. The activity
was found above the actin ring and also beneath the actin
ring, most likely in the bone resorption lacunae.

Immunological Analyses for Z-LR-MNA Hydrolase Ac-
tivity—To examine which cysteine proteinase contributes
most to the Z-LR-MNA (or MCA) hydrolase activity, we
performed an immunoabsorption experiment using anti-
bodies against cathepsin K and cathepsin L. The total cell
extracts of mouse osteoclast-like cells were mixed with the
Sepharose CL-4B beads coupled with normal rabbit IgG,
anti-CK-C IgG, or anti-CL-C IgG for 8 h at 4 °C, pH 7.0, in
the presence of 0.5 mM cysteine. The recovery of Z-LR-
MCA hydrolase activity in each flow-through fraction was
90, 35, and 80% for control IgG, anti-CK-C IgG, and anti-
CL-C IgG-coupled beads, respectively. About 10% of the
activity seemed to be lost during the column manipulation,
most likely by non-specific adhesion and spontaneous
inactivation of the enzyme. By normalizing each value
against that of control IgG-coupled beads, about 60 and 10%
of the hydrolase activity were concluded to be absorbed by
passing through anti-CK-C and anti-CL-C-coupled beads,
respectively (Fig. 6a).

We performed the same immunoabsorption experiment,
but using total cell extracts of mouse peritoneal macro-
phages. The Z-LR-MCA activity in the flow-through frac-
tion of anti-CL-C IgG-coupled beads was 60% of that of

Fig. 5. Confocal microscopic observation of the Z-LR-MNA
hydrolase activity and the actin ring. Rabbit osteoclasts plated on
a dentine disk were stained for Z-LR-MNA hydrolase followed by
TRITC-phalloidin staining for F-actin. With a confocal microscope,

the cells were scanned from top (a) to bottom (i) with a 2-//m scanning
interval. The Z-LR-MNA hydrolase activity (yellow particles) was
found above and beneath the actin ring (arrow).

J. Biochem.

 at Islam
ic A

zad U
niversity on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


Vital Fluorescence Staining of Osteoclasts 757

control IgG-coupled beads (Fig. 6b). Anti-CK-C IgG-cou-
pled beads caused no apparent reduction of the Z-LR-MCA
activity as compared with that of control IgG-coupled
beads.

To test the binding efficiency of the IgG-coupled beads we
used, the amount of cathepsin K in the flow-through
fraction was determined by immunoblotting using anti-
CK-C IgG. In the osteoclast lysate, 40 and 27 kDa bands
were identified (Fig. 6c, lane 1). Most likely these two
bands correspond to the precursor and mature forms of
cathepsin K, given the predicted molecular weight of each
form (17, 18). The two bands completely vanished when
the anti-CK-C was pre-incubated with an excess amount of
CK-C peptide, but not when it was incubated with CL-C
peptide (data not shown). Although the CK-C peptide had
about 50% amino acid homology with the CL-C peptide, the
anti-CK-C IgG reacted only with CK-C peptide. The
efficiency of the column absorption was not 100%, since a
small amount of cathepsin K still remained in the flow-
through fraction of the anti-CK-C IgG-coupled beads (Fig.
6c, lane 3). The binding efficiency was estimated as approx-
imately 80%, by comparing the band intensity of the
flow-through fraction from normal rabbit IgG- and that
from anti-CK-C IgG-coupled beads.

In the first experiment on the cell extracts of mouse
osteoclast-like cells, cathepsin K was detected only in the
adsorbed fraction of anti-CK-C IgG-coupled beads, but not
in the adsorbed fractions of other IgG-coupled beads (Fig.
6c, lanes 5-7). In the second experiment on the cell extracts
of mouse peritoneal macrophages, cathepsin L was eluted
only from anti-CL-C IgG-coupled beads, as shown in Fig.
6c (lane 9). Thus, the anti-CK-C IgG and the anti-CL-C IgG
clearly discriminated their antigen protein.

DISCUSSION

Many peptide substrates bearing arylamine derivatives,
such as naphthylamine (NA) and MCA, are available for
measurement of proteinase activity. However, the NA and
MCA liberated by proteolysis are soluble and easily diffuse
out of the cells. On the other hand, because MNA forms a
fluorescent, insoluble Schiff-base product in the presence of
NSA, it is useful for histochemical detection of the proteo-
lytic activity. In these experiments, the reaction product of
NSA-coupled MNA showed a wide fluorescence spectrum.

Several previous studies have demonstrated that histo-
chemical staining with Z-Ala-Arg-Arg-MNA is useful for
demonstrating the cathepsin B activity in epithelial cells,
fibroblasts, and macrophages (30-35). Kayser et al. have
established an automatic method of measurement of cathe-
psin B activity in a single human thyroid epithelial cell
using image analysis and histochemical assay with Z-Ala-
Arg-Arg-MNA as the substrate (36). Because the bone
resorption activity of osteoclasts is greatest when the cells
are in contact with stromal cells (37), a histochemical
method seems to be suitable for examination of the protein-
ase activities in an individual osteoclast within such mixed
cell populations. In initial trials, we tested various protease
substrates such as Z-Ala-Arg-Arg-MNA, Z-Arg-Arg-
MNA, Z-Gly-Pro-Arg-MNA, and Z-Leu-Arg-MNA for the
direct visual detection of the proteinase activities in
osteoclasts. We found that Z-Leu-Arg-MNA (Z-LR-MNA)
showed the strongest signal in osteoclasts among the

substrates we tested. Therefore, we used Z-LR-MNA in the
subsequent experiments.

The Z-LR-MNA hydrolase activity in the osteoclasts was
apparently higher than that in the mononuclear stromal

120
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Fig. 6. Immunological analyses for the Z-LR-MCA hydrolase
activity in mouse osteoclast-like cells, a: Immunoabsorption of
the Z-LR-MCA hydrolase activity in mouse osteoclast-like cells by
Sepharose CL-4B beads coupled with normal rabbit IgG, anti-cathep-
sin K (CK-C) IgG, or anti-cathepsin L (CL-C) IgG. The Z-LR-MCA
hydrolase activity in the flow-through fraction was measured and
normalized against the value obtained for sample treated with the
control IgG. The results are expressed as the mean±SD of 3 separate
determinations, b: The same experiment as described in a, but using
cell extracts of mouse peritoneal macrophages. The results are
expressed as the mean± SD of 3 separate determinations, c: Immuno-
blotting analyses. In lanes 1-7, cell extracts of mouse osteoclast-like
cells were subjected to immunoabsorption. Total cell extract (lane 1),
flow-through fractions of the IgG-coupled Sepharose beads (lanes 2-
4), and adsorbed fractions of the IgG-coupled Sepharose beads (lanes
5-7) were detected with anti-CK-C IgG. Cathepsin K was present as
the precursor form with an apparent molecular weight of 40 kDa (*)
and also as the mature form with a molecular weight of 27 kDa (* *).
Lanes 8 and 9 show cell extracts of mouse peritoneal macrophages
subjected to the immunoabsorption. The adsorbed fraction of anti-
CK-C IgG-coupled beads (lane 8) and of anti-CL-C IgG-coupled
beads (lane 9) was detected with anti-CL-C antibody. Cathepsin L
was observed predominantly as the mature form with an apparent
molecular weight of 27 kDa (o in lane 9). Prestained molecular
markers (low range, Bio-Rad Laboratories, Hercules, CA, USA) were
used as molecular weight standards.
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cells. This observation was in accordance with the higher
specific activity of Z-LR-MCA hydrolase in the osteoclast-
related cells compared to the osteoblastic stromal cells
(Table 1). The Z-LR-MNA hydrolase activity in situ was
inhibited by bafilomycin Al and chloroquine treatment.
These reagents are known to raise the pH of the acidic
cellular compartments such as lysosomes and endosomes
(38). Therefore, the hydrolysis of Z-LR-MNA apparently
occurred in the acidic cellular compartments. Moreover,
the maximum hydrolase activity for Z-LR-MCA was
obtained in the acidic pH range at around pH 5-6 in both the
rabbit osteoclasts and the mouse osteoclast-like cells. The
activity was inhibited by cysteine proteinase inhibitors
such as leupeptin and E-64d, but not by other classes of
proteinases inhibitors. We therefore concluded that the
Z-LR-MNA hydrolase activity was derived from lysosomal
cysteine proteinase(s).

The localization of the fluorescent product indicates the
site of the proteinase activity in the cells. In osteoclasts, the
activity was observed throughout the entire cytoplasm and
also in close proximity to the bone surface. The staining
activity may lead to a better understanding of how the
proteinase exerts its function in the cells, in combination
with immunohistochemical studies, because staining activ-
ity detects only the active mature enzyme, but not the
inactive proenzyme which is frequently detected by the
immunohistochemical methods. However, one problem in
our staining activity procedure arises from the nature of the
products of the NSA-coupled MNA: the initial reaction
results in the formation of small fluorescent particles
within the cells, while, with a higher concentration of the
substrate and NSA or with prolonged incubation time,
needle-like crystals radiate from the reaction centers and
overgrow the outside of the cells. To minimize the crystal
overgrowth, we paid special attention to determining the
optimum concentrations of the substrate and NSA and also
the optimum incubation time.

As lysosomal cysteine proteinases in osteoclasts, cathep-
sins B, H, K, L, and S have been identified. Any of these
cathepsins can hydrolyze Z-LR-MNA, though with differ-
ent kinetics. Based on the substrate specificities of these
enzymes (19, 20, 39), cathepsins K, L, and S are thought to
be mainly involved in the Z-LR-MNA hydrolase activity in
osteoclasts. To examine which proteinases are mainly
responsible for the Z-LR-MNA (or MCA) hydrolase activ-
ity in osteoclasts, we prepared discriminative antibodies to
cathepsins K and L and performed immunological analyses.
The specificity of each antibody was verified by means of
immunoblotting and immunoabsorption. We observed
abundant expression of cathepsin K in both rabbit osteo-
clasts and mouse osteoclast-like cells, but we detected little
cathepsin L in these cells by immunoblotting (data not
shown). This is consistent with the observation by Drake et
al. that the mRNA expression level of cathepsin K is about
100 times higher than that of cathepsin L in human
osteoclastoma cells (16). In our study, about 60% of the
Z-LR-MCA hydrolase activity was immunoabsorbed with
antibody against cathepsin K C-terminal pep tide. Taking
the efficiency of immunoabsorption into consideration, we
concluded that, at minimum, more than 60% of the activity
in osteoclasts was derived from cathepsin K. The rest of the
activity is derived from cathepsin L and also possibly from
other enzymes.

The abundant cathepsin K activity in osteoclasts implies
a significant role of cathepsin K in bone matrix degradation.
Cathepsin K is known to degrade native Type I collagen, the
major structural protein component in bone, in the pH
range of 5.0-6.0 (20). As compared to cathepsin K, a low
activity for digestion of native Type I collagen was ob-
served for cathepsins L and S, although these enzymes can
digest degenerating collagen (gelatin). Because of the
osteoclast-specific expression of cathepsin K (13, 14, 17),
the matrix protein degradation in the bone resorption
process may be distinguished from other types of proteoly-
sis involved in lysosomal cysteine proteinases. We also
found that peritoneal macrophages, which are expected to
possess a high proteolytic activity, showed no apparent
cathepsin K activity.

In this study, we localized the lysosomal cysteine pro-
teinase activity in osteoclasts, by using a substrate with
relatively broad specificity, and we found that this activity
is mainly due to cathepsin K. Nevertheless, our results
would be more definitive, if a specific substrate for cathep-
sin K were available. The histochemical staining of pro-
teolytic activity seems to be very useful to monitor the
activity in a single osteoclast and for analysis of how
proteases exert their function in the cells.
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