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ABsTrRACT Fragments of synovium from pa-
tients with rheumatoid arthritis survive in defined
tissue culture medium in the absence of added se-
rum and, after 34 days, release into the medium
enzyme capable of degrading undenatured col-
lagen. Maximal activity is observed at pH 7-9 but
the enzyme is inactive at pH 5. At temperatures
of 20° and 27°C, collagen molecules in solution
are cleaved into 3/4 and 1/4 length fragments
with minimal loss of negative optical rotation, but
with loss in specific viscosity of approximately
60%. Above 30°C the fragments begin to denature
and denaturation is complete at 37°C. If the en-
zyme is not inhibited at this stage the large frag-
ments are broken down further to polypeptides of
low molecular weight. Reconstituted collagen
fibrils and native fibers at 37°C are cleaved to the
low molecular weight fragments, although the
fibrils are resistant to breakdown at lower temper-
atures (20°-27°C). It is proposed that the pro-
duction of such an enzyme by inflamed and pro-
liferating rheumatoid synovium may be responsible
for some of the destruction of collagenous struc-
tures that accompanies rheumatoid arthritis.
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INTRODUCTION

Native collagen is relatively insusceptible to the
action of the common proteolytic enzymes and evi-
dence is beginning to accumulate that collagen
breakdown in animal tissues is the result of the
action of specific collagenases elaborated by con-
nective tissue cells. Collagenolytic activity has been
detected in a number of situations (1, 2), but
apart from the amphibian collagenase (3, 4), the
rat uterine collagenase (5), and the collagenase
from human skin (28), few of these enzymes
have been shown to attack native collagen at
physiologic pH and temperature, and informa-
tion on their mode of action is sparse. We have
previously reported the detection and partial char-
acterization of a specific collagenase in the tissue
culture medium of rheumatoid synovial tissue
(6), and we report here further observations on
this human collagenase.

METHODS

Preparation of collagen. Radioactively labeled and un-
labeled collagen was purified from the skin of actively
growing guinea pigs of approximately 200 g body weight.
Collagen labeled with *C-glycine was obtained by in-
jecting the guinea pigs with 1.0 uc of 2-%C-glycine/g
body weight intraperitoneally 6 hr before killing. Neu-
tral salt-soluble collagen, extractable in 0.5 M NaCl was
purified by the method of Gross (7). Acid-soluble colla-
gen was obtained by extracting the residue, after two
salt extractions, with 0.1 M acetic acid. The collagen
preparations were lyophilized and stored in a dessicator
at — 20°C until use. Solutions of collagen were prepared
by dissolving the collagen in cold potassium phosphate
buffer, ionic strength 04, pH 7.6, followed by dialysis
against 0.4 M NaCl overnight at 4°C. A typical prepara-
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tion of purified labeled neutral salt-soluble collagen had
a specific activity of approximately 75,000 cpm/mg col-
lagen. This was diluted with varying amounts of non-
labeled collagen in the assays for collagenolytic activity.
Purified embryonic calf skin collagen (a gift of Dr. M. L.
Tanzer) was used in some experiments involving
viscometry.

Tissue culture assay for collagenolytic activity. Col-
lagenolytic activity of synovium was examined by incu-
bating fragments of tissue on reconstituted *C-labeled
collagen gels in Leighton tubes (fluid chamber measur-
ing 1 X2 cm) for 3-5 days (4). Aliquot portions of 0.5
ml of approximately 0.1% labeled collagen solution, made
up in mammalian Tyrode’s solution containing added
amino acids, penicillin, and streptomycin (3, 28), were
dispensed under sterile conditions into the tubes and in-
cubated at 37°C overnight to produce a gel. Fragments
of tissue obtained at operation (usually synovectomy)
were planted onto the gels, the tubes gassed with 95% O.
and 5% COs., and incubated for 3-5 days at 37°C. Each
Leighton tube contained 6-8 fragments of synovium, each
approximately 2-3 mm in greatest dimension. At the end
of this period the contents of the tubes were centrifuged
at 20,000 g and an aliquot portion of the supernatant
solution was added to a modified Bray’s solution (10).
Total soluble radioactivity released from the collagen
gels was measured in a liquid scintillation spectrometer
(Packard Instrument Co. Inc, Downers Grove, Ohio)
and was used as a measure of collagenolysis. In a typical
experiment 6-8 Leighton tubes were used to assay syn-
ovial tissue, one tube was incubated without tissue, and
25 pg of purified trypsin was added to a final tube as a
control for nonspecific proteolytic activity.

Preparation of crude enzyme solution. Rheumatoid
synovial tissue, obtained at operation from patients with
definite or classical rheumatoid arthritis (8), was im-
mersed in tissue culture fluid in sterile Petri dishes for
periods less than 1-2 hr before planting. Fragments of
the synovial lining layer (approximately 5.0 mm in
greatest diameter) were dissected free from the capsule
and distributed under sterile conditions into 2.5 ml of
Dulbecco’s modified Eagle’s medium containing gluta-
mine, streptomycin, and penicillin without serum, in 30-
ml disposable tissue culture flasks. The flasks were gassed
with a mixture of 95% O: and 5% CO., sealed, and in-
cubated at 37°C. Each flask contained 6-10 fragments of
synovial tissue. The medium was harvested and re-
plenished daily for 5-8 days. In some experiments all
the harvested medium was pooled before further manipu-
lation; in other experiments each day’s medium was
dealt with separately. The medium was dialyzed exhaus-
tively against distilled water for 24-36 hr and then ly-
ophilized. The crude enzyme powder was taken up in 0.1
M Tris-HCI, pH 7.6, containing 0.001 M CaCl; and cen-
trifuged at 15,000 g to remove undissolved protein.

Viscometry. Viscosity measurements were made using
Ostwald viscometers with water flow times at 20°C of
20-25 sec or 60-70 sec. The reaction mixture was a solu-
tion containing 0.1 M NaCl, 0.02 M Tris-HCI, pH 7.6, and
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0.0002 M CaCl: and collagen in a concentration of ap-
proximately 0.1%.

“C-labeled collagen fibril assay (microgel assay). Col-
lagenolytic activity was also assayed by measuring the
release of soluble radioactive products from *C-glycine-
labeled reconstituted fibrils, by a modification of the
method of Nagai, Lapiere, and Gross (9). In most in-
stances, reconstituted collagen fibrils were prepared by
incubation overnight at 37°C of 50-100 ul of the labeled
collagen solution (corresponding to 100-200 ug of colla-
gen). Just before incubation, buffer (0.1 M Tris-HC],
pH 7.5, 0.002 M CaCl;) with or without enzyme was
added to a total volume of 250 ul, and the collagen fibrils
dispersed. At the end of the incubation period, the tubes
were centrifuged at 20,000 g and the radioactivity mea-
sured in an aliquot portion of the supernatant solution
as described previously. In experiments designed to in-
vestigate the effect of temperature on the enzymatic di-
gestion of fibrils, the gels were prepared by incubation of
the collagen solution at 37°C for 72 hr. This longer pe-
riod of incubation was used to minimize the spontaneous
solubility of the fibrils when subsequently incubated with
enzyme at lower temperatures. :

Measurements of optical rotation. Measurements of
optical rotation during enzymatic digestion of collagen at
27°C and the subsequent determination of the denatura-
tion temperature of the products were performed at 240
mu using a spectropolarimeter (Model 60, Carey Elec-
tronic Engineering Co., Springfield, Ohio), with a cell
of 0.1 cm path length, jacketed to permit control of
temperature.

Gel filtration. Molecular sieving of labeled reaction
products was carried out with columns (1 X35 cm) of
Sephadex G-75 equilibrated with 5 M LiCl containing
0.01 M Tris-HCI, pH 7.4, at room temperature. Fractions
of approximately 1.0 ml were collected every 2 min.
Human gamma globulin, cytochrome ¢, and *H-proline
were used as column markers. Optical density of the
effluent at 280 mu was monitored continuously with a -
recording spectrophotometer (Gilford Instrument Com-
pany, Oberlin, Ohio), and aliquot portions of the col-
lected fractions were added to a modified Bray’s solu-
tion (10) and assayed for C and *H.

Chemical methods. Hydroxyproline was determined
either by the method of Prockop and Udenfriend (11) or
that of Bergman and Loxley (12). Protein was estimated
by the method of Lowry, Rosebrough, Farr, and Randall
(13), using crystalline bovine serum albumin as a stand-
ard.

Enzymes. Crude clostridial collagenase (Worthing-
ton Biochemical Corp. Freehold, N. J.) was purified by
the method of Seifter, Gallop, Klein, and Meilman (14).
Twice recrystallized trypsin was obtained from Worth-
ington Biochemical Corp.

Disc gel electrophoresis. Disc electrophoresis in poly-
acrylamide gels of reaction products of collagen and syn-
ovial enzyme was carried out by the method described
by Nagai, Gross, and Piez (15).

Electron microscopy. Solutions of collagen fragments
resulting from enzymatic action were dialyzed against
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0.05 M acetic acid and precipitated as segment long spac-
ings (SLS) by the addition of adenosine triphosphate to
a final concentration of 0.3%. They were positively stained
with 1.0% phosphotungstic acid (pH 3.5) and examined
in a RCA EMU 3G electron microscope (16). The for-
mation of SLS requires the triple helical structure of the
undenatured (or renatured) molecule (16). The length
of the SLS is a measure of the length of the collagen
molecule.

Histology. Representative samples of synovial tissue
were taken before, during, and at the end of the period
of culture and sections stained with hematoxylin and
eosin for light microscopic examination.

Caseinolytic activity. Nonspecific proteolytic activity
of collagenase and trypsin solutions was measured by the
ability to digest casein, using the method of Kunitz (17).

RESULTS

Collagenolytic action of rheumatoid synovial tis-
sue in culture. Synovial tissue from 11 of 13 sub-
jects with rheumatoid arthritis, when cultivated in
Leighton tubes, produced lysis of collagen gels in
excess of trypsin-treated controls. Tissue was ob-
tained at time of synovectomy, most frequently
from the knees, wrists, and metacarpophalangeal
joints. Results of a typical experiment with syno-
vial fragments from one patient with rheumatoid
arthritis are illustrated in Fig. 1. All samples of
tissue examined before planting showed the char-
acteristic changes of rheumatoid synovitis with

A
100 —

com
RELEASED
(¢,
o

1000—
800
Q
Wy
:(5 600—
W
~
W
T 400
3
Q
©
200+ )
L O & M
Cont.  Trypsin Rheumatoid Frozen
Synovium Thowed
Synovium

Ficure 1 Lysis of C-glycine-labeled collagen gels in
Leighton tubes. Each bar represent one Leighton tube
containing labeled collagen gels (1900 cpm). The solid
bars represent Leighton tubes containing 6-8 fragments
of synovium from the knee joint of a single patient with
classical rheumatoid arthritis. Incubation period was 72
hr at 37°C. The tube labeled trypsin contained 25 ug of

- crystalline trypsin. The ordinate refers to the radioactiv-

ity released into the supernatant solution after centrifu-
gation.

proliferation of synovial lining cells, prominent
vessels, and a variable infiltration of the subsyno-
vial lining layer with lymphocytes and plasma
cells. Polymorphonuclear leukocytes were rarely
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Ficure 2 Collagenolytic activity as a function of pH. Microgel assay was performed as de-
scribed in the text. In A4, each gel contained 1000 cpm and the same volume of crude enzyme
solution. Values shown are corrected for radioactivity released from gels at each pH in the
absence of enzyme. Buffers were 0.1 M Tris-maleate (pH 5.2-7.2) and 0.1 M Tris-HCl (pH
7.8-9.0). In B, enzyme prepared from the synovium of a different patient was incubated with
gels containing 680 cpm and similar buffers for the same period (2.5 hr).
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seen. After culture, few inflammatory cells re-
mained but hypertrophy of the synovial lining
cells, endothelial cells, and other mesenchymal
cells was seen. In those instances in which neg-
ligible lysis of the gels occurred, histological ex-
amination after the period of incubation showed
little viable-appearing tissue. Tissue which was rap-
/idly frozen and thawed before planting produced
no collagenolysis, and on the few occasions when
bacterial contamination occurred no collagen was
solubilized.

Collagenolytic action of tissue culture medium.
Collagenolytic activity was detected by several
methods in the dialyzed, concentrated tissue cul-
ture media. Using the *C-labeled collagen fibril
assay at pH 7.6, we showed radioactivity released
to be directly proportional to the amount of syno-
vial enzyme added and to the duration of incuba-
tion at 37°C (6), thus establishing the validity
of the assay for comparing activities of different
enzyme solutions. The pH dependence of the en-
zyme was determined using the labeled fibril as-
say. Fig. 2 shows the results of two experiments

TasBLE 1
Comparison of Actions of Trypsin and Synovial
Collagenase on Collagen and Casein

Protein Collagen- Protein
Enzyme added olysis added Cageinolysis
ue copm* ug oD 280mu
Synovial 54 599 135 0.051
collagenase 135 1385 270 0.063
Trypsin 2 20 1 0.272
10 34 2 0.510

Collagenolysis- assayed using microgels of MC-glycine—
labeled collagen fibrils, each tube containing approximately
2500 cpm and incubated with enzyme at pH 7.4 for 3 hr
at 37°C. Caseinolysis assayed using the procedure of Kunitz
(17) with incubations at 37°C for 1 hr.

* cpm released over control.

using different enzyme preparations. There is a
broad pH optimum above pH 7.0 with no activity
demonstrable at pH 5.3. Enzymatic activity was
abolished by heating to temperatures above 70°C
for 5 min. ’

Crude enzyme solutions prepared, as described,
from the noncollagen-containing tissue culture

COLLAGENASE
x=——=x PROTEIN

—s X=X
CPM PROTEIN
RELEASED CONC.
x 102 (mg/ ml)
16 16
14~ 14
12+ 121
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Ficure 3 Collagenolytic activity of culture medium as a function of time of incuba- '
tion of synovial fragments. The media from 29 flasks, each containing 6-8 frag-
ments of synovium from a patient with rheumatoid arthritis, were harvested daily.
Each day’s harvest was pooled, dialyzed, lyophilized, and dissolved in 3.0 ml buf-
fer. Aliquots of 0.1 ml were assayed in the microgel system (980 cpm/gel).
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Ficure 4 Collagenolytic activity as determined by viscometry. The viscometer
contained initially 1.0 ml total volume of solution consisting of 0.2 ml of ap-
proximately 0.4% calfskin collagen, 0.3 ml buffer (pH 7.6), and 0.5 ml crude
enzyme solution in the same buffer, incubated at 27°C. After 34 min, 0.1 ml of
0.02 M CaCl. was added. After 82 min, another 0.2 ml of 0.4% collagen solu-
tion was added. Ordinate indicates specific viscosity (%sp).

medium, showed marked collagenolytic activity
but negligible nonspecific proteolytic action as
judged by the ability to digest casein. Table I
compares the action of two batches of collagenase
with that of trypsin at two concentrations. At these
levels trypsin showed trivial collagenolytic ac-
tivity as measured by the *C-fibril assay but sig-
nificant caseinolytic activity. The converse was
. true of the collagenase solution. Different prepara-
tions of crude collagenase showed various degrees
of nonspecific proteolytic activity but always only
a minor fraction of that shown by a concentration
of trypsin virtually inactive against reconstituted
collagen fibrils.

In those experiments where each day’s tissue
culture medium was processed separately the time
course of production of collagenolytic activity in
the in vitro system was studied. Enzyme activity
was usually first detectable on the 3rd and 4th day
of culture, reached its maximum on the 5th or 6th

day, and was still present at 8 days. Fig. 3 shows
the result of one experiment in which collagenase
activity and total protein concentration were mea-
sured. Maximum collagenolytic activity appeared
at a time when total protein content had fallen
from initial high levels. In contrast, in other ex-
periments not shown, the amount of nondialyzable
hydroxyproline peptides present in the medium
paralleled approximately the changes in collagenase
activity. ’

The specific viscosity of collagen solution of ap-
proximately 0.1% concentration was reduced by
55-70% when incubated with the synovial enzyme
at 27°C. Addition of further collagen at the end
point of the reaction resulted in the expected im-
mediate increase in viscosity and was followed by
a further fall in viscosity (Fig. 4), whereas ad-
dition of more synovial enzyme produced no ef-
fect. These results suggested that the limited re-
duction in viscosity produced by the synovial en-
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Ficure 5 Effects of clostridial collagenase and synovial
collagenase on solutions of collagen at 27°C. Conditions
are the same as those shown in Fig. 4. In the viscometer
depicted by the curve connecting closed circles, crude
synovial enzyme (1.5 mg protein) was added at time
zero. In the second viscometer (open circles) 10 ug puri-

fied clostridial collagenase was added. On the ordinate -

is plotted the fractional change in specific viscosity
(nap/nep:,) at each measured point in time. In the inset
the same data are plotted on a semilogarithmic scale.

zyme was not due simply to inactivation of the
enzyme during the course of the incubation. In
Fig. 5 the fall in viscosity resulting from the action
of purified clostridial collagenase on a collagen
solution (approximately 0.1%) at 27°C is com-
pared with that due to synovial enzyme. The final
loss of viscosity resulting from the bacterial en-
zyme was always greater than that produced by
synovial enzyme, even when the initial rates of
decrease in viscosity were similar. Furthermore,
at the end point of the reaction between synovial
enzyme and collagen, bacterial enzyme reduced the
viscosity still further until it approached that of
the solvent alone (6).
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Ethylenediaminetetracetic acid (EDTA), when
added in a concentration sufficient to chelate all
calcium present (greater than 0.002 M), com-
pletely inhibited the synovial collagenase both in
the fibril assay and as measured viscometrically.
The addition of excess calcium to the EDTA-in-
hibited system did not restore enzyme activity.

Polarimetry indicated that the loss of viscosity
due to the action of the synovial enzyme at 27°C
was accompanied by no significant loss of optical
rotation. For example, in Fig. 6 are shown the re-
sults of one experiment in which measurements
of viscosity and optical rotation at 240 mp were
obtained on identical reaction mixtures of calfskin,
collagen and enzyme. Decrease in specific viscosity
of approximately 60% was associated with a de-
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TEMP °C

80
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Ficure 6 Effect of synovial collagenase on collagen
solutions as assayed by simultaneous measurement of
change in viscosity and optical rotation. Conditions for
this experiment are similar to those shown in Fig. 4.
Synovial enzyme, buffer, and collagen solution were
mixed at 2°C, following which 1.0 ml was added to the
viscometer and an additional aliquot portion added to
the cell of a Carey 60 spectropolarimeter and measure-
ments of optical rotation made at 240 mu with the cell
temperature brought to 27°C at point 4. The viscometer
was also maintained at 27°C. Just before point B, EDTA
was added simultaneously to both the polarimeter cell
and viscometer and the temperature raised. On the ordi-
nate is plotted the fractional change in specific viscosity
(nep) (X—X) and negative optical rotation at 240 mp
(a0) (@—O).
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crease in negative optical rotation of only 7%.
When the reaction was complete, EDTA was added
to a final concentration of 0.01 M to inhibit the en-
zyme and the temperature was elevated stepwise in
increments of 1° or 2°C, maintaining each level for
10-15 min. Raising the temperature in this manner
resulted in simultaneous loss of residual viscosity
and optical rotation with a midpoint melting tem-
perature (T,,) of approximately 35°C. The effect
of trypsin on the products of collagen digestion
by synovial collagenase at temperatures below de-
naturation temperature could be studied visco-
metrically (Fig. 7). When the reaction of calfskin
collagen and synovial collagenase at 27°C was
complete, as indicated by no further fall in vis-
cosity, EDTA was added to a final concentration
of 0.01 M, followed by the addition of 100 ug tryp-
sin. The temperature was then elevated stepwise in
increments of 1°C, maintaining each level for 10
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min, and measurements of viscosity continued.
The presence of the trypsin resulted in a shift of
the melting curve to the left (Fig. 7) with a lower-
ing of the T, of approximately 3.5°C. However,
at 27°C, the products of digestion by synovial en-
zyme were still resistant to cleavage by trypsin as
shown by the minimal loss in viscosity.

The observations that at 20-27°C (i.e. below the
denaturation temperature for collagen in solution)
the synovial collagenase reduced the viscosity of
collagen solutions only 60% with minimal de-
crease in negative optical rotation (i.e. the helicity
was maintained) suggested that this enzyme was
producing a limited cleavage of the collagen mole-
cule similar to that produced by amphibian enzyme
(9, 16). To explore this further, segment long
spacings (SLS) were prepared from 20°C reac-
tion mixtures of collagen and enzyme and exam-
ined with the electron microscope. These showed

°C

Ficure 7 Effect of trypsin on residual specific viscosity (7sp) following reaction
of collagen in solution at 27°C with synovial collagenase. See text for details. Open
circles, squares, and triangles are the curves obtained in the absence of trypsin and
closed circles and squares in the presence of 100 ug crystalline trypsin.
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precipitates corresponding to the 3/4 and 1/4
length collagen fragments (TCA and TCB) de-
scribed by Gross and Nagai (16) for the tadpole
collagenase. In Fig. 8 only the larger fragment
(TCA) is shown in comparison with undigested
collagen (TC). Among the segment long spacings
prepared from 27°C reaction mixtures the smaller
fragments (TC®) were not found but electropho-
resis in polyacrylamide gels of both 20° and 27°C
products after thermal denaturation produced
bands corresponding to TCA and TC® (6). No
other bands were seen.

Radioactive products of enzymatic breakdown
of “C-labeled collagen in solution at 27°C, when
subjected to gel filtration on Sephadex G-75,
emerged in the void volume, consistent with the
other observations that they represented large
(1/4 and 3/4) fragments of the collagen mole-
cule. Products of enzymatic digestion of labeled
reconstituted collagen fibrils at 37°, however,
emerged between the cytochrome ¢ and ®H-pro-
line markers. Based on the pattern of elution from
these columns and columns of Bio-Gel P-10, their
molecular weight was estimated to be in the region
5000-10,000 (6). To determine whether or not
the further degradation of the 27°C products to
smaller polypeptides was inhibited by EDTA, we
incubated 4C-labeled collagen in solution with en-
zyme in a viscometer at 27°C until the reaction
was complete. EDTA was then added and the
temperature raised to 37°C for 1 hr. As shown in
Fig. 9, 4, on subsequent gel filtration on Sephadex
G-75 the products emerged in the void volume.
This was in contrast to the elution pattern of the
products resulting from the reaction of gelatin
with enzyme for 1 hr at 37°C in the absence of
EDTA (Fig. 9, B) where the products were re-
tarded on the column. Since the products of the
reaction between collagen and enzyme at 27°C are
completely denatured at 37°C these observations
suggested that, in addition to inhibiting the initial
enzymatic cleavage of the collagen molecule,
EDTA also prevented the further breakdown of
the large fragments to smaller polypeptides.

In view of the difference in the products of re-
action of synovial enzyme and collagen in solution
at various temperatures, the effect of temperature
on the action of the enzyme on collagen fibrils was
also investigated. This question is an important
one since it has not been shown that any collagen
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Ficure 8 Electronmicrographs of the segment long
spacings (SLS) of the larger fragment (TC*) pro-
duced by the action of synovial collagenase compared
with the undigested collagen SLS (TC). The length
of the TC is approximately 3000 A. The particular band-
ing pattern of the asymmetric molecule permits the iden-
tification of an approximate point of cleavage of the
molecule (16).

is soluble at 37°C in physiological buffers. There-
fore, 1*C-labeled reconstituted collagen fibrils were
prepared by incubating labeled collagen in solution
at 37°C for 72 hr, and then reacted with the same
quantity of enzyme at temperatures varying from
20°-37°C. Collagenolytic activity was assayed, as
previously, by measuring the radioactivity re-
leased into the supernatant after centrifugation.
The results, shown in Table II, indicate that triv-
ial collagenolytic activity occurred at 20°, 27°,
and 30°C compared to the action at 37°C. The
rate of dissolution of fibrils increased approxi-
mately 5-fold between 20° and 30°C, whereas the
rate of dissolution increased over 18-fold between
27° and 37°C. It is also shown in Table II that
the low rate of dissolution of the collagen fibrils
at 20°C was not due to either inactivation of the
enzyme or failure to bind to the collagen fibrils
at this temperature. Furthermore, the dissolution
of the fibrils which occurred at 37°C after pre-
incubation at 20°C, was not due to a falling apart
of fibrils enzymatically cleaved at the lower tem-
perature, since subsequent incubation at 37°C in
the presence of EDTA for 2-24 hr failed to re-
lease into solution more than 2% of the total radio-
activity of the gel.

The effect of synovial enzyme on native colla-
gen fibers was studied using guinea pig skin or
rat tail tendon as substrate. Fragments of **C-la-
beled skin remaining after extraction of salt-solu-
ble collagen were gently agitated for 24 hr in 0.1 M
Tris-HCl, pH 7.6, and CaClg, 0.002 M, at 37°C
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Ficure 9 Gel filtration on columns of Sephadex G-75 of the products of reaction
of synovial collagenase and “C-glycine-labeled collagen. Initial collagen substrate
contained approximately 16,000 cpm. Human gammaglobulin (y-G), cytochrome ¢
(Cyt ¢), and *H-proline (*H-Pro) were added as markers. Curve A4 shows the
elution pattern for collagen incubated with synovial collagenase at 27°C until the
specific viscosity was reduced to about 49% of the initial value and remained at
that level. EDTA was then added to final concentration of 0.0025 M and the tem-
perature raised to 37°C for 1 hr. After heat denaturation, the radioactivity was
eluted in the void volume of the column. A similar pattern was seen when collagen
was heat denatured to gelatin in the absence of collagenase. In curve B, is shown
the elution pattern for gelatin incubated with enzyme at 37°C for 1 hr in the
absence of EDTA. In curve C the gelatin was incubated with enzyme at 37°C

for 24 hr in the absence of EDTA.

in the presence of enzyme. After centrifugation,
radioactivity and total hydroxyproline were mea-
sured in the supernatant fluid. The results pre-
sented in Table III indicate that exposure to en-
zyme resulted in release of radioactivity and hy-
droxyproline into the solution. In other experi-
ments, not shown, rat tail tendons, suspended by
a glass weight in buffer and incubated at 37°C,
were digested to the point of rupture in the pres-
ence but not in the absence of the enzyme.

The synovial enzyme is inhibited when incu-
bated in the presence of serum, both from normal
subjects or from patients with rheumatoid arthri-
tis (Fig. 10). Inhibition was demonstrated with
dilutions of serum as high as 1:1000.

DISCUSSION

The rapid turnover of collagen which occurs dur-
ing remodelling of connective tissue at periods of
growth, injury, and repair, and the much slower
process of collagen metabolism which continues
throughout the life of the adult animal demand the
action of a mechanism capable of breaking down
collagen fibrils under physiological conditions of
pH and temperature. Before the work of Gross
and his colleagues (3, 4, 16) on the metamorphos-
ing tadpole, attempts to identify a specific animal
collagenase operative under these conditions had
been uniformly unsuccessful. A variety of prepa-
rations having some collagenolytic activity had
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TaBLE II

Effect of Synovial Enzyme on Dissolution of Collagen
Fibrils at Different Temperatures

TaBLE III

Collagenolytic Action of Synovial Enzyme on the
Collagenous Residue of Guinea Pig Skin

Experi- Tempera-

Incubation cpm
ment ture Enzyme time cpm released released/hr
°Cc hr
1 20 0 ~24.0 323 —
20 + 24.0 432 4.5
2 20 0 22.5 342 —
20 + 22.5 434 4.1
28 0 21.5 308 —
28 + 21.5 515 16.5
37 0 6.0 254 —
37 + 6.0 947 115.0
3 20 0 28.0 267 —
20 + 28.0 453 6.6
27 0 26.5 264 —
27 + 26.5 640 14.0
30 0 18.0 250 —
30 + 18.0 846 34.0
37 0 5.0 184 —
37 + 5.0 1478 259.0

Different enzyme preparations were used in each experi-
ment. Microgels contained approximately 2,000 cpm of
4C-glycine—labeled collagen, incubated at pH 7.4. Values
for cpm released per hr are corrected for controls incubated
in the absence of enzyme. When the supernatant from the
tubes incubated for.28 hr at 20°C (experiment 3) were
incubated with fresh. labeled gels at 37°C for an additional
5 hr 1525 cpm were released. When the pellets from the
same tubes were incubated with buffer withqyf additional

enzyme for a further 5 hr at 37°C, 575 cpm were ‘{éieaéed..

been described (1, 2, 18) but their action on col-
lagen was trivial at neutral pH and their mode of
attack on the collagen molecule was largely unex-
plored. A major advance in this field came with
the demonstration by Gross and Lapiere (3) that
certain tadpole tissues grown in culture would
produce lysis of the collagen gels on which they
were cultivated. These workers went on to identify
a specific collagenase in the tissue culture medium
capable of degrading native collagen at neutral pH
and physiological temperatures. Thus, it was estab-
lished that although an enzyme having collageno-
lytic properties might.not be extractable directly
from tissue, it could be demonstrated and iso-
lated using tissue culture techniques.

Chronic rheumatoid arthritis is frequently as-
sociated with progressive destruction of collagenous
articular and juxta-articular structures such as
cartilage, bone, and 'tendon. Extracts of synovial
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Wet wt of Radio- Hydroxy-
skin activity proline
Tube No. fragments released released
mg cpm ug
1 Control 19.2 127 <3
2 Control 17.3 173 <3
3 Control 20.3 120 <3
4 Enzyme 20.6 633 111
5 Enzyme 14.7 556 95
6 Enzyme 13.1 398 120

Incubation was at 37°C, in buffer (Tris-HCI, 0.1 M, pH 7.6 ;
CaCl,, 0.002 M) for 16 hr. The supernatant was then de-
canted, centrifuged at 20,000 g for 20 min, and an aliquot
portion assayed for radioactivity and hydroxyproline (11).

tissue from patients with rheumatoid arthritis have
been shown to contain enzymatic activity capable
of degrading chondromucoprotein over a wide
range of pH (19). More recently, cultured rheu-
matoid synovial cells have been shown to alter the
matrix of articular cartilage possibly by proteo-
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Ficure 10 Effect of added human serum on the activity
of synovial collagenase (microgel assay). On the abscissa
are shown the various dilutions of added sera from pa-
tients with rheumatoid arthritis (R. A.) and sera from
normal subjects. The solubilization of collagen fibrils
(cpm released) is depicted in the ordinate. Each tube
contained approximately 2000 cpm of *C-glycine-labeled
collagen. Incubations were at 37°C for 3 hr.
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lytic cleavage of the protein of the protein poly-
saccharide (20). However, previous attempts to
identify a collagenolytic substance in synovial
fluid or in extracts of synovial tissue have failed
(21). Using the tissue culture technique, how-
ever, a specific collagenase can be identified which,
in its action on the collagen molecule, resembles
in many respects the amphibian enzyme.

Inability to demonstrate the enzyme in culture
media during the first 3 or 4 days of cultivation
in vitro might be explained in several ways. Dur-
ing the initial period inhibitory substances such
as those found in serum may be present, or al-
ternatively, synthesis of the enzyme may begin
only after the first few days in culture and the time
course of collagenolytic activity of the medium re-
flect the true rate of synthesis and release of the
enzyme by the surviving tissue. Some preliminary
observations (22) suggest that inhibitors are
present in the medium during the first few days,
but whether these are synthesized in vitro by the
tissue or are present within the tissue and are
simply washed out during the first few days in
culture is as yet unsettled. Although it is possible
that the synovial collagenase could be inactivated
by a nonspecific proteolytic enzyme, such as tryp-
sin, such a mechanism is unlikely to account for
the failure to detect collagenolytic activity in the
medium in the first few days of culture since case-
inolytic activity was absent at this stage. In those
instances where nonspecific proteolytic activity
was assayed on daily media, the low levels of ca-
seinolytic activity detected paralleled changes in
collagenase activity. It is possible that, like the
amphibian enzyme, the synovial collagenolytic en-
zyme itself has minor nonspecific proteolytic prop-
erties, although purification of the enzyme will be
needed to establish this point. The lack of activity
of the synovial collagenase at pH 5 distinguishes
this enzyme from the usual lysosomal enzymes,
although proteases active at neutral pH have been
localized in some instances to lysosomal granules
(23).

The mode of attack of the synovial enzyme on
collagen in solution at low temperatures is similar
to that of the tadpole collagenase. (Both enzymes
attack the undenatured molecule in a susceptible
region. Whether or not their action is identical
will have to await the demonstration of the extact
peptide bond cleaved and the amino terminal

groups released.) In the body, however, the nat-
ural substrate for the enzyme is presumably col-
lagen in fibrillar form. Exposure of reconstituted
collagen fibrils to the enzyme in vitro results in
products of low molecular weight (5000-10,000),
but this reaction occurs rapidly only at 37°C. At
temperatures of 30°C and below, collagen fibrils
are relatively resistant to the action of the enzyme
although undenatured collagen molecules in solu-

_tion are readily attacked. Since the melting tem-

perature of the 3/4 and 1/4 length fragments is
close to 35°C, it may be postulated that the ini-
tial cleavage of superficial collagen molecules on
a fibril at 37°C results in progressive uncoiling of
the resulting molecular fragments from the surface
of the fibrils into solution. Here they are degraded
to smaller polypeptides while further molecules on
the fibril surface become exposed to the initial
enzymatic attack. At temperatures below the melt-
ing point of the large fragments the intermolecular
forces binding superficial molecules to the fibril
exceed any tendency of the attached fragments to
uncoil and the enzyme thus has a limited action.
In the presence of trypsin, the midpoint melting
temperature (T,) of the large fragments is re-
duced, and although the experiments on EDTA
inhibition suggest that the synovial enzyme can
itself complete the breakdown of the 3/4 and 1/4
length fragments, nonspecific proteases may also
participate in this process in the body.

Native collagen fibers in skin and tendon are
clearly susceptible to the action of synovial col-
lagenase and elaboration of this enzyme by in-
flamed or proliferating synovium in rheumatoid
arthritis might participate in the destruction of
some collagenous structures within and around
the joints. The failure to extract collagenase di-
rectly from tissues which could be shown to pro-
duce the enzyme in culture was discussed by
Lapiere and Gross (4). Their suggestion was that
synthesis of the enzyme might be a very closely
regulated process with minimal storage of active
enzyme in the tissue. During tadpole metamorpho-
sis collagenase-producing cells were envisaged as
“carrying the enzyme to the substrate” when they
invaded collagenous structures. The frequently
observed phenomenon that intimate contact
between proliferating synovium and bone or
cartilage accompanies the damage to these struc-
tures in rheumatoid arthritis is in accord with
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this interpretation of the mechanism of collagen
resorption. The precise cell of origin of the en-
zyme in our organ cultures of rheumatoid tissue
is not yet determined. It seems unlikely that the
characteristic inflammatory round cells were in-
volved since histological examination showed that
they did not survive in the tissue during culture
and few were evident at the time of maximal en-
zyme yield. Polymorphonuclear leukocytes were
usually sparse in the tissue when it was first
planted, as is characteristic of rheumatoid arthri-
tis, and were present in even smaller numbers af-
ter several days of culture. It is therefore unlikely
that enzymes such as those found in extracts of
human polymorphonuclear leukocytes (24) would
be responsible for the activity observed in these
studies. Cultivated connective tissue cells derived
from normal synovial tissue have been shown to
be capable of synthesizing collagen (25). It re-
mains to be determined whether or not, at other
times and under different conditions, the same
cells would produce collagenase. So far samples
of synovium from patients with degenerative or
traumatic arthritis have produced no detectable
lysis of collagen gels in culture (26). However,
mass cultures of synovium from the hip of a
single patient with aseptic necrosis have yielded
enough enzyme to characterize the reaction prod-
ucts which were similar to those resulting from
the action of the rheumatoid collagenase.! Gel
lysis was also found in needle biopsy samples of
synovium from some patients with inflammatory
joint disease other than rheumatoid arthritis
(26,1).

We have shown that serum proteins inhibit the
action of synovial collagenase in vitro. Normal and
pathological synovial fluids contain serum proteins
in concentrations in excess of 4-5%. The question
may therefore be raised how the synovial enzyme
could produce changes in the rheumatoid joint
in vivo. Preliminary observations in this labora-
tory 2 have revealed that there is variable inhibi-
tion of synovial collagenase by all synovial fluids.
However, some synovial fluids from patients with

1Harris, E. D, Jr., G. L. Cohen, and S. M. Krane.
1968. Synovial collagenase: its presence in culture from
joint disease of diverse etiology. Submitted for publica-
tion.

2 Harris, E. D., Jr.,, and S. M. Krane. Unpublished
observations.
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rheumatoid arthritis and other inflammatory joint
disease show significantly less apparent inhibition
than fluids from patients with degenerative or
traumatic joint disease.

A number of human tissues have now been
shown to possess collagenolytic activity using tis-
sue culture techniques (27-31) although charac-
terization of the products is incomplete except in
the case of the enzyme derived from skin (28), in
which the products are similar to those described
here. The in vivo mechanism governing the syn-
thesis and release of enzymes responsible for col-
lagen degradation are as yet largely unexplored.
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