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Animal collagenase, first isolated from tad-
poles (1, 2), has also been detected in a
number of other tissues (3-14). To date,
however, only the enzymes obtained from
tadpole fin (15, 16), rat uterus (14), rheu-
matoid synovial tissue (12), and human skin
(13) have been partially purified and charac-
terized, and their mode of action in degrad-
ing the collagen macromolecule studied.

If tissue collagenase is physiologically im-
portant and plays a significant role in tissue
collagen degradation, one would expect con-
siderable quantities of such an enzyme to be
synthesized in bone, since the turnover of
collagen in bone is amongst the highest of
any of the collagenous tissues (17). Indeed,
collagenase activity has been observed in tis-
sue culture media of bone cultured in vitro
from animals which had received parathyroid
hormone (3) and which had been undergo-
ing resorption # wivo, and in the tissue cul-
ture media of bone actively undergoing bone
resorption in vitro (4). In the latter study,
increased collagenolytic activity was shown to
parallel the increased rate of bone resorption
when parathyroid hormone, and parathyroid
hormone and heparin were added to the tis-
sue culture medium (4). The present com-
munication deals with the isolation, partial
purification, and mode of action of mouse
bone collagenase, obtained from the tissue
culture media of living bone cultured in vitro
in the presence of heparin (18).

Methods. Tissue culture of bone. Tibiae of
5-day old Swiss albino mice of the Webster
strain were removed aseptically and muscle
and connective tissue carefully removed.
Immediately thereafter, four bones were
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placed in a roller tube containing 2 ml of
tissue culture medium to which was added
0.1 ml of heparin (100 units) dissolved in
Gey’s solution, and the tubes were gassed
with 95% Oz and 5% CO, for approximately
1 min. The tissue culture medium was com-
posed of 95 ml of mammalian Tyrode solu-
tion, 1 ml each of 100 times concentrated
amino acid mixture, 100 times concentrated
vitamin mixture, and 200 mM r-glutamine
(all from Microbiological Associates, Inc.,
Bethesda, Maryland), and 2 ml containing
5000 units each of penicillin and streptomy-
cin.

The roller tube cultures were incubated for
4 days at 37°; the bones were removed and
the pooled media, clarified by centrifugation,
was dialyzed extensively against water at 2°.
This crude extract was freeze—dried and
stored at —20°.

Purification of the collagenase. Approx-
imately 100 mg of the freeze—dried crude
extract were dissolved in 20 ml of 005 M
Tris buffer (pH 7.6), 5 X 10~23 M CaCl; at
2°, and the solution was clarified by centrifu-
gation. Solid (NH,),SO, was added slowly to
20% saturation and the solution was allowed
to stand at 2° for 1-2 hr. The precipitate
was collected after centrifugation, solid
(NH,)2S04 was added slowly to the superna- .
tant to 50% saturation, and the mixture was
allowed to remain at 2° for 12-16 hr. The
precipitate was again collected after centrifu-
gation. Collagenolytic activity, measured ei-
ther by the release of [3H]-hydroxyproline
and [®H]-proline from reconstituted collagen
gels (2), or by changes in the viscosity of
purified collagen solutions at 20° was found
only in the second precipitate [20-50% satu-
ration of (NH,)2S0,]. This precipitate was
redissolved in 0.05 M Tris buffer (pH 7.6), 5
X 10—3 M CaCl,, and after extensive dialy-
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sis against this buffer was frozen and stored
in solution at —20°. The partially purified
enzyme showed negligible proteolytic activity
using casein as a substrate (19). Acrylamide
disc gel electrophoresis of the partially
purified enzyme, run at pH 7.5, 0.01 M Tris
buffer, 1 X 103 CaCl, at 2° showed seven
bands when stained with amido black. Prepa-
rative acrylamide gel electrophoresis was car-
ried out as follows: A 0.5 in. test tube ap-
proximately 2 in. long was filled with acryla-
mide gel equilibrated in 0.05 M Tris buffer
(pH 7.8), 5 X 10-* M CaCl, at 2°. The
enzyme, dissolved in the same Tris buffer was
added to 4 M sucrose solution which was
layered over the starting gel. After electro-
phoresis, and based on the position of the
fractions as revealed by amido black staining
on previously run samples, the gel was cut
into eight pieces, each of which was eluted
with Tris buffer. Aliquots of the eight eluates
were assayed for collagenolytic activity (2).

Preparation of collagen substrate. Five ti-
mes reconstituted, acid soluble, rat skin and
rat tail tendon collagen, as well as five times
reconstituted guinea pig skin collagen, the
latter labeled with [3H]-hydroxyproline and
[*H]-proline, were prepared as previously
described (4, 20). The specific activity of the
radioactively-labeled guinea pig skin col-
lagen was 1 X 10° dpm/mg of collagen. Ali-
quot samples of the freeze-dried collagens
were dissolved as 0.1-0.29 solutions in sodi-
um phosphate buffer (pH 7.6) » — 0.45 at
2°, and clarified by ultracentrifugation in a
Beckman Spinco model L preparative ultra-
centrifuge at 30,000 rpm for 4 hr. The con-
centration of the collagen solutions was calcu-
lated from the hydroxyproline concentration
(21) of acid hydrolysates.

Assay for collagenase activity. (2) Aliquots
of 100 pl of the guinea pig collagen solutions
were gelled by warming to 37° in small test
tubes for 20 hr. To solution containing 50 ul
of the enzyme solution (0.7 mg of pro-
tein/ml), 200 pl of 0.1 M Tris maleate or
HCI buffer, and 50 pl of 5 X 10—3 M CaCl,
were then added. The pH of the solutions
added to the reconstituted collagen fibrils
(gel) was varied from 5.0 to 8.6. The mix-
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tures were incubated for 30 min at 37° and
the reaction was inhibited with 10 ul of 0.4
M EDTA solution, pH 7.0 and the tubes
were centrifuged at room temperature. Ali-
quots of the supernatants were dissolved in
Bray’s solution (22) and counted in a liquid
scintillation counter.

The effect of cysteine and EDTA on col-
lagenase activity was tested in the same fash-
ion, except that 200 ul of 0.06 M Tris-HCl
buffer at pH 7.6 containing 5 X 1073 M
CaCl, and 50 gl of EDTA or cysteine were
used as the solution added to the collagen
gels.

Viscosity and optical rotation. The specific
viscosity of control solutions of rat tail ten-
don and rat skin collagen and collagen solu-
tions reacted with enzymes was measured in
Ostwald viscometers with water flow times
varying from 90-120 sec at 20°. The usual
reaction mixture contained 1 ml of 0.1% col-
lagen solution, 0.5 ml of enzyme solution in a
Tris—-HC] buffer solution at pH 7.6, 0.4 M
NaCl. The concentration of the enxyme solu-
tions varied from 1 to 3 mg of protein/ml.
Viscosity measurements were made at regular
intervals at 20° for a period of approximate-
ly 24 hr. The optical rotation of untreated
solutions of rat tail tendon and rat skin col-
lagen and of solutions reacted with the en-
zyme was measured at 20° in a Perkin-Elmer
model 141 polarimeter. At the end of 24 hr
of incubation of both the control and enzyme-
reacted samples, the denaturation tempera-
tures were measured after dialysis against
0.15°M NaCl, 0.05 M acetic acetic acid.

Examination of the products of reaction.
(i) After 24 hr of incubation at 20°, the
collagen solutions, both control and enzyme
reacted samples were brought to 30% satura-
tion with (NH,).SO; at 2°, and allowed to
stand for 1 hr. The precipitates were collect-
ed after centrifugation, resuspended in 0.05
M acetic acid and dialyzed for 48 hr in the
cold. against -this solution. Aliquots of the
solutions were denatured at 50° for 10 min
and examined by acrylamide disc gel electro-
phoresis (16).

(ii) Aliquots of solutions of rat skin col-
lagen and collagen solutions reacted with the
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Fic. 1. The effect of mouse bone collagenase on the viscosity and optical rotation of rat skin
collagen solutions at 20° (see text for details): the percentage change in the specific viscosity and
in the optical rotation is shown on the ordinate and the time after the addition of the enzyme
on the abscissa; the viscosity of the control solutions of rat skin collagen remained constant during

the period of the experiment.

bone enzyme at pH 7.6 at 20° for 12 and 24
hr, were dialyzed exhaustively against 0.05%
acetic acid, and the collagen precipitated by
the addition of ATP as the free acid at a
final concentration of 0.2-0.3%. The suspen-
sions so formed were examined in an El-
miskop I electron microscope. A usual reac-
tion mixture contained 1 ml of collagen solu-
tion (0.45 M NaCl at pH 7.5), 0.5 ml of
0.05 M Tris buffer (pH 7.5) containing 1 X
10=3 M CaCly; 2 ml of 0.45 M NACI, 0.05
M Tris buffer (pH 7.5), and 0.4 ml of the
enzyme (2.8 mg of protein/ml) dissolved in
0.05 M Tris buffer, 1 X 10-3 M CaCl, (pH
7.5).

Results. Collagenase activity. The bone en-
zyme, partially purified by (NH,)».SO, frac-
tionation, reduced the specific viscosity of
collagen solutions at pH 7.6 at 20° (Fig. 1).
The rate at which the viscosity was reduced
was dependent on the concentration of the
enzyme (Fig. 1). There was no further sig-
nificant reduction in the viscosity after ap-
proximately 1500 min of incubation. There
was no change in the specific optical rotation

after 1500-min incubation with the enzyme
(Fig. 1).

Purification of the enzyme by (NH,)2SO,
fractionation increased its activity by about
10- to 15-fold as compared with the crude
extract, but there was insufficient material
obtained by preparative acrylamide gel elec-
trophoresis to accurately assess its activity
relative to the (NH,4).SO,; fraction from
which it was derived. Moreover, as in the
case of highly purified tadpole collagenase
(15), the most highly purified mouse bone
collagenase obtained by preparative acryla-
mide gel electrophoresis was unstable when
stored frozen or freeze—dried.

The mouse bone collagenase also degraded
collagen in the solid state, and the release of
soluble [*H]-proline and [3H]-hydroxypro-
line-labeled peptides was linear with enzyme
concentration (Fig. 2).

The effective pH range of the enzyme was
from 7 to 8.6, with an optimum at about 8.0
(Fig. 3). There was no collagenase activity at
pH 5.0. The activity of the enzyme was
completely inhibited by EDTA at a concen-
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F1c. 2. The release of (3H)-proline and (3H)-hy-
droxyproline containing peptides from reconstituted
guinea pig skin collagen gels by mouse bone col-
lagenase as a function of enzyme concentration:
collagen gels and enzyme reacted at 37° for 30 min.
Negligible radioactivity was noted in control samples
incubated without the addition of enzymes.
Trypsin released less than 5% of the total radioactiv-
ity under similar conditions (see text for details).

tration of 5 X 10—3 M and by cysteine at a
concentration of 1 )X 10—3 M.

Only the third, fourth, and fifth fractions
(no. 1 being the slowest moving fraction)
obtained from the 20-50% (NH,)2SO, frac-
tion eluted from the preparative acrylamide
gel electrophoresis showed collagenase activi-
ty as measured by the release of radioactive
labeled peptides from collagen gels at 37°.

Characterization of reaction products. (i)
Acrylamide gel electrophoresis of the degra-
dation products of collagen after incubation
with partially purified bone collagenase
showed patterns (Fig. 4) similar to those
reported after collagen treatment with col-
lagenase of tadpole fin (15, 16), rat uterus
(14), human skin (13), and human rheuma-
toid synovium (12). The same was true for
the reaction products produced by the third,
fourth, and fifth fractions eluted from prepa-
rative acrylamide gel electrophoresis (Fig.
5).
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(ii) Electron microscopy -of the aggregates
produced by the addition of ATP revealed
small fragments cleaved from the “B” end of
the macromolecule similar to the TCB aggre-
gates and larger aggregates similar to the TCA
fragments described by Gross and Nagai
(23). However, there were larger variations
in the lengths of the smaller and larger frag-
ments than that reported by Gross and Nagai
(23) for tadpole collagenase, in which case,
there was a marked preponderance of large
fragments whose lengths were approximately
three-quarters of the length of the collagen
macromolecule, and short fragments approx-
imately one-quarter of the molecular length.

Discussion. The incubation of living mouse
bone in a synthetic medium enriched with
heparin, markedly increases the lysis of
purified reconstituted collagen gels, as com-
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Fic. 3. The effect of pH on the enzyme activity of
mouse bone collagenase: reconstituted, guinea

pig skin collagen fibrils labeled with (3H)-proline
and (3H)-hydroxyproline were incubated with the
bone enzyme for 30 min and the radioactivity re-
leased from the collagen gels into the media was
measured in a scintillation counter (see text for
details). Negligible radioactivity was noted in con-
trol samples incubated without the addition of en-
zyme.
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F16. 4. Acrylamide gel disc electrophoresis of ther-
mally denatured rat skin collagen after reaction with
mouse bone collagenase [20-50% (NH,):SO. frac-
tion] at 20° for: (A), zero time; (B), 1 hr; and
(C) 24 hr; enzyme concentration, 3.1 mg/ml.

pared to controls incubated without heparin
(18). In the present study, an enzyme was
isolated from the tissue culture medium of
similar experiments carried out in the ab-
sence of the collagen gels, which is capable of
degrading purified collagen fibrils in vitro at
37°, at a pH of 7.4. Since no enzymatic
activity could be extracted from bone tissue
homogenates or was recovered from the tissue
culture medium when freeze-thawed, dead
bone was cultured in vitro with heparin (18),
it appears that there is little if any storage
of the active enzyme in the tissue. These
findings are consistent with those reported for
tadpole tail (15), human skin (13), and
synovium (12). The range of pH and the
optimum pH (8.0) are also similar to those
of the other tissue collagenases (12, 13, 15).
These data combined with the inability to
extract the enzyme from tissue homogenates
even after procedures designed to disrupt
membranes (18), are consistent with the sug-
gestion that tissue collagenases are not of
lysosomal origin (24). The finding that
mouse bone collagenase is inhibited by
EDTA and cysteine is similar to the results
reported for human skin collagenase (13),
tadpole collagenase (23), and synovium col-
lagenase (12), but differs in this respect from
the enzyme obtained from rat uterus (14).
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Mouse bone collagenase was partially
purified by (NH,),SO; fractionation and by
preparative acrylamide gel electrophoresis
and shown to have negligible noncollageno-
Iytic protease activity. At 20°, the purified
enzyme cleaves the collagen macromolecule
across the three chains at a site closer to the
“B” end, producing a smaller TC® fragment
and a larger TCA fragment. Both fragments
retain the triple stranded helical configura-
tion of collagen as evidenced by the mainte-
nance of the optical rotation during the fall
in viscosity when collagen is incubated with
the enzyme, and the ability to reconstitute
the individual fragments into segment long
spacing (SLS) aggregates. The mean denatu-
ration temperature (the temperature at which
one-half the total change in optical rotation
is reached) of the fragments is slightly less
than the intact macromolecule (36 vs 32°).
The mode of action of mouse bone col-
lagenase is therefore similar in these respects
to that of the other tissue collagenases
(12-14, 23).

It was previously demonstrated that the
degradation of bone collagen in tissue culture
(25) and of reconstituted collagen fibrils
incubated with bone during active bone re-
sorption (4), results in the release into the
media of small peptides and of free amino

Fic. 5. Acrylamide gel disc electrophoresis of ther-
mally denatured rat skin collagen incubated with
mouse bone collagenase eluted from preparative
acrylamide gel electrophoresis: (A), fraction 3; (B),

fraction 4; (C), fraction 5; (D), fraction 6;
(E), fraction 7. Collagenase activity was noted only
in fractions 3, 4, and 5. Reaction carried out at 20°
for 24 hr.
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acids. Since the purified mouse bone col-
lagenase acts primarily to cleave the collagen
macromolecule into only two fragments, it is
not clear whether there are other proteolytic
enzymes produced which further degrade
the collagen into smaller peptides and the
free amino acids, or whether the same en-
zyme is responsible for the continued degra-
dation. The latter could occur after the initi-
al cleavage, since, as it has been pointed out
(23), the denaturation temperature of the
TCA and TCB fragments is less than physio-
logical temperature, and therefore the same
enzyme could degrade the denatured TCA
and TC® fragments after the initial scission
of the macromolecule. Preliminary experi-
ments in which dialyzable [*H]-hydroxypro-
line and [*H]-proline labeled peptides have
been detected after incubation of collagen
gels with mouse bone collagenase at 37°, are
consistent with this latter proposal.

The isolation of an enzyme from bone
which can degrade collagen fibrils under
physiological conditions of temperature and
pH, and the previous findings that the col-
lagenolytic activity which is produced in
bone undergoing active resorption is in-
creased with increasing rates of bone respor-
tion (4) strongly suggest an important biolo-
gical role for this enzyme during bone remod-
eling.
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