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Activation In Vitro of Rheumatoid
Synovial Collagenase from Cell Cultures

CAROLA. VATER, CARLOL. MAINARDI, and EDWARDD. HARRIS, JR., Department of
Medicine Dartmouth-Hitchcock Medical Center, Hatnover,
New Hampshire 03755

A B S T RA C T Rheumatoid synovial cells dissociated
from matrix and adherent to culture dishes released
a latent form of collagenase into culture medium.
Previous studies have shown that the latent enzyme
does not complex with a2-macroglobulin and binds to
fibrillar substrate. Wenow show that serum-free culture
medium of the synovial cells contains an inhibitor of
collagenase as well as latent enzyme; the two were
separated on a column of acrylamide/agarose. Latent
collagenase (estimated mol wt 45,000-49,000) was
transformed by trypsin to active collagenase of -mol
wt 33,000. When mixed with inhibitor the active en-
zyme formed an inactive complex again with -mol
wt 45,000-49,000. The inhibitor(s) itself was found in
one major peak of mol wt 33,000-35,000 and several
minor peaks eluting with lower apparent molecular
weight. Mersalyl, an organic mercurial compound, ef-
fectively activated latent collagenase producing an ac-
tive enzyme with -mol wt 33,000. Bacterial collage-
nase did not activate latent enzyme. We suggest that
latent rheumatoid synovial collagenase, as it is har-
vested from synovial cells in culture, is an enzyme-
inhibitor complex.

INTRODUCTION

Collagenase associated with rheumatoid synovial tis-
sue has been implicated in the pathogenesis of the
proliferative, destructive component of this disease
(1, 2). The enzyme has been purified and characterized
(3-5). It is active maximally at pH 7.0-8.0, is inhibited
by chelating agents and thiol compounds, and has an
estimated mol wt of 33,000. Initially the enzyme was
found active in the culture medium from explants of
synovial tissue (3-5). More recently, with dissociated
adherent cells from tissue removed at the time of
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synovectomy or arthroplasty on rheumatoid joints, it
has become apparent that the enzyme is in a latent form
in the culture medium of cells incubated in the absence
of serum (6) as well as in medium with serum added (7).
It has been shown that in latent form the rheumatoid
synovial collagenase (RSC)1 was resistant to complex-
ing with a2-macroglobulin (6) (the principal collage-
nase inhibitor in plasma), that it could bind in latent
form to fibrillar substrate (8), and subsequently be
activated by plasmin which in turn is generated from
plasminogen through action of a plasminogen activator
produced by the synovial cells (6).

Despite this evidence for a pathway by which the
inactive RSCmight be activated in vivo, very little is
known about the nature of the latent enzyme. The pres-
ent studies show that latent RSC found in serum-free
culture medium has associated with it an effective in-
hibitor of activated RSC, and that latent RSCat _mol
wt 47,000 may be effectively transformed in vitro by an
organic mercurial compound to active collagenase of
mol wt 33,000.

METHODS

Materials were purchased from the following sources: tissue
culture flasks (plastics) from Flow Laboratories Inc. Rock-
ville, Md.; Dulbecco's modified Eagle's medium, fetal calf
serum, lactalbumin hydrolysate, penicillin, streptomycin, and
L-glutamine from Grand Island Biological Co., Grand Island,
N. Y.; rabbit anti-bovine serum from N. L. Cappell Labora-
tories Inc., Cochranville, Pa.; columns for gel chromatography
from Pharmacia Fine Chemicals, Piscataway, N. J.; acrylamide
agarose beads (Ultrogel AcA 54 and AcA 34) from LKB In-
struments Inc., Rockville, Md.; pressure filtration apparatus
and UM-10 membranes from Amicon Corp., Lexington,
Mass.; trypsin-TPCK (L-1-tosylamido-2-phenylethyl chloro-
methylketone), bacterial collagenase (CLS and CLSPA), soy-
bean trypsin inhibitor, and pepsin from Worthington Bio-
chemical Corp., Freehold, N. J.; mersalyl (0-[[3-(hydroxy-
mercuri)-2-methoxypropyl]carbamoyl]phenoxyacetic acid)

'Abbreviations used in this paper: AcA 54, acrylamide/
agarose; RSC, rheumatoid synovial collagenase; VE, elution
volume; V", bed volume.
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and bovine serum albumin from Sigma Chemical Co., St.
Louis, Mo.; 4-chloromercuribenzoate (sodium salt) and uro-
kinase from Calbiochem, San Diego, Calif.; p-aminophenyl-
mercuric acetate from Aldrich Chemical Co., Milwaukee,
Wis.; [14C]glycine and ['4C]proline from New England
Nuclear, Boston, Mass.; dialysis membranes from Union
Carbide Corp. New York; materials for acrylamide slab gel
electrophoresis from Bio-Rad Laboratories, Richmond, Calif.;
and ovalbumin, chymotrypsinogen A, and ribonuclease A from
Pharmacia Fine Chemicals.

Preparation of RSCfrom cultures of
rheumatoid synovial cells
Cultures of adherent rheumatoid synovial cells were pre-

pared by established methods (7). After cells reached con-
fluence (- 105 cells/cm2), the cells were washed three times in
Hanks' balanced salt solution, and cultures were continued
in Dulbecco's modified Eagle's medium plus 0.2% lactal-
bumin hydrolysate without added serum. Penicillin, strepto-
mycin, and L-glutamine were added fresh to all culture media.
Medium was harvested and stored frozen as described (6).
After thawing at room temperature, pooled media or that con-
centrated by pressure dialysis at 4°C was used for enzyme
studies.

Assays
Collagenase. Both unlabeled and radioactive guinea pig

skin collagens were purified by established methods (9). 14C-
labeled collagen (10,000 dpm/mg) was obtained by injecting
guinea pigs before sacrifice with [14C]glycine and [14C]-
proline. Collagenase assays were performed with 50-100 Al
reconstituted "4C-labeled collagen fibrils as substrate (10). 1
collagenase U equals 1 ,ug collagen in fibril form degraded/
min at 37°C. Collagenase was also assayed in viscometers at
27°C and 35°C as described previously (11). L-Arginine
(0.05 M) was added to inhibit fibril formation (12) at the higher
temperature. Reaction products of collagenase were examined
by electrophoresis in 7.5% acrylamide slab gels containing
sodium dodecyl sulfate (13).

Gel filtration chromatography of synovial
collagenase
Ultrogel AcA 54 was washed extensively and de-

gassed in 0.1 MTris-HCl, pH 7.6, 0.7 M NaCl, and 0.005 M
CaCl2. Sodium azide (0.02%) was added to all buffer solutions
to retard bacterial growth. The beads were poured into a
1.5 x 90-cm glass column and the column was pumped at 4°C
at a constant rate (12 ml/h). Fractions were collected in plastic
tubes which were weighed (±0.1 mg) before and after collec-
tion. The column was calibrated for molecular weight deter-
minations with standard compounds (bovine serum albumin,
ovalbumin, chymotrypsinogen A, and ribonuclease A).

Assays for inhibitors of collagenase
Portions (75 ,l) of fractions pooled from the column were

incubated with 75-Al portions of active rheumatoid synovial
collagenase (either spontaneously active or activated by
trypsin or plasmin) (vide infra) for 90 min at 35°C. 100 ,ul
of this mixture was then incubated with 100 IlI 0.01 M Tris-
HCI, pH 7.6, 0.03 MCaCl2, and 100 ,A (200 ug) ['4C]collagen
fibrils at 370C and soluble "4C-labeled peptides released into

the liquid phase were counted as in other collagenase as-
says (10).

Activation of latent collagenase
Activation of latent collagenase was accomplished by enzy-

matic or nonenzymatic methods. Addition of trypsin (10-
100 ,ug/ml, 30 min, room temperature) followed by addi-
tion of a fourfold excess of soybean trypsin inhibitor had been
shown previously (6, 7) to activate latent rheumatoid synovial
collagenase. Samples also were activated with plasmin pre-
pared by incubating 400 ,ul urokinase (2,000 Ploug U/ml) with
1 mg plasminogen prepared from canine plasma by affinity
chromatography on lysyl-Sepharose (Sepharose, Pharmacia
Fine Chemicals) (14). Nonenzymatic activation was achieved
by using mersalyl under conditions described in Results.

Purification of bacterial collagenase
Partially purified bacterial collagenase was purchased from

Worthington Biochemical Corp. (CLSPA, lot no. 54K405) and
resuspended in 1 ml of 0.05 M Tris-HCl, pH 7.6, 0.01 M
CaCl2, and 0.02% NaN3. A sample of 8 mg was chromato-
graphed on a calibrated 1.5 x 90-cm column of Ultrogel AcA
34 equilibrated in the same buffer. Column fractions were as-
sayed for both collagenase activity ("4C-labeled collagen
fibril substrate) and neutral proteinase activity (azocasein
substrate) (15). A broad peak of collagenase activity was found
in the column eluates; fractions eluting with high mol wt
(.100,000) contained collagenase activity without azoca-
seinase activity and were pooled for further use.

RESULTS

Separatiotn and recovery of collagenase inhibitor
from collagenase. Culture medium was screened for
both active and latent collagenase, and only those
samples containing no active enzyme were used for the
isolation of latent enzyme and inhibitor. After con-
centration by pressure filtration, this material was
passed through the acrylamide/agarose (AcA 54)
column and fractions that had less than 0.008% con-
tamination with bovine serum with single radial im-
munodiffusion as a test system were obtained. A plot
of log molecular weight of standard proteins vs. elu-
tion volume (VI)/bed volume (VT) was linear. The
values for VE/Vr used to calibrate the abscissa in Figs.
1 and 3 correspond to the following mol wts: 0.38
= 80,000; 0.51 = 40,000; 0.63 = 20,000. All procedures
(concentration by pressure filtration of medium and gel
filtration) were performed at 4°C.

In the experiment shown in Fig. 1, 300 ml crude cul-
ture medium was concentrated 100-fold and applied to
the column. This starting sample contained 248 U
activatable collagenase and no spontaneously active
enzyme. Approximately 66%of the activatable enzyme
was recovered in fractions from the column (Fig. 1A);
0.6% of this was spontaneously active and all of it was
found in fractions containing latent enzyme (Fig. 1A).
This mixture of latent and high molecular weight ac-
tive collagenase was followed by a major and several
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FIGURE 1 AcA 54 column used for isolation of enzyme and
inhibitor from culture medium of rheumatoid synovial cells,
calibrated as described in the text. For inhibition, read down
on right ordinate; for collagenase activity, read up on left
ordinate. (A) 248 U collagenase, 100% in latent form, applied
to column. Portions from each fraction were screened for spon-
taneously active collagenase, latent collagenase, and inhibitor.
Latent collagenase assay 2.5 h, 37°C. Active collagenase assay
21.5 h, 37°C. (B) Sample applied was pooled latent collagenase
from column in Fig. IA after activation with trypsin (30 ,g/
ml, 30 min room temperature, followed by 120 ,ug/ml soybean
trypsin inhibitor). Collagenase assays 11.5 h, 37°C. (C) Sample
applied was active collagenase pooled from column 1B and
pre-incubated with pooled inhibitor (VE/VT 0.53-0.59) from
column 1A for 90 min at 350C. All fractions were screened for
spontaneously active collagenase, latent collagenase, and
inhibitory activity. Collagenase assays 33 h, 37°C. 0 - ,
latent collagenase (trypsin activatable); 0 --- 0, inhibitory
activity; * - - - 0, collagenase activated by trypsin; O - - -
spontaneously active collagenase.

minor peaks of inhibitory activity. We estimated the
mol wt of the peak tubes containing latent enzyme to be
45,000-49,000. The major peak of inhibitory material
eluted in fractions consistent with mol wt of 32,000-
35,000. Multiple small peaks of inhibitory activity were
in fractions containing proteins of mol wt estimated to
be 20,000, 17,000, and 11,000-12,500. The materials

applied to the column contained very little protein and
continuous monitoring of the eluate at 280 nm showed
too little absorbance to include on Figs. 1 or 3. When
culture medium from rheumatoid cells incubated in the
presence of 5% fetal calf serum (sufficient to inhibit
all active enzyme) was passed over the AcA 54 column,
latent collagenase was eluted in the same volume as
when serum-free medium was used.

Shift in apparent molecular weight during inactiva-
tion to latent collagenase. Latent collagenase pooled
from a column which had yielded latent enzyme and
inhibitor (Fig. 1A) was activated with trypsin (30 ,ug/ml)
and subsequently rerun through the AcA 54 column.
The active enzyme eluted in peak fractions with -mol
wt 33,000 (Fig. 1B).

The pool of activated collagenase (VE/VT = 0.50 to
0.61) was incubated with inhibitor pooled from the
major inhibitor peak of the original column (Fig. 1A,
VE/VT = 0.53 to 0.59) for 90 min at 35°C. No spon-
taneously active collagenase could be demonstrated.
This mixture was passed through the column. The
results are recorded in Fig. 1C and show that latent
enzyme was regenerated with an apparent molecular
weight corresponding closely to that of the original
latent enzyme pool. Additional free inhibitor was pres-
ent with _mol wt 33,000. Some spontaneously ac-
tive enzyme was present under the peak of latent
collagenase but none was present in active form at mol
wt 33,000. The endogenous inhibitor was capable of
inactivating spontaneously active collagenase as well
as trypsin-activated enzyme. Trypsin inactivated or
destroyed collagenase inhibitor, but inhibitor had no
capacity to inactivate trypsin. Latent RSC was incu-
bated with purified bacterial collagenase and the larger
bacterial enzyme was separated from the latent enzyme
on the column of AcA 54. Activation of the latent col-
lagenase by trypsin with subsequent assay with col-
lagen in solution showed that the bacterial collagenase
did not activate the synovial enzyme suggesting that
the inhibitor was not a collagen or gelatin fragment.
The activated RSCproduced reaction products which,
when electrophoresed on acrylamide gels, were con-
sistent with those produced by the mammalian, but not
the bacterial enzyme.

Nonenzymatic activation of latent collagenase. As
shown in Fig. 2, increasing the concentration or dura-
tion of incubation of mersalyl with latent collagenase
resulted in progressive activation of the enzyme. In
the experiment shown, a final concentration of 0.026 M
mersalyl for 2 h at 35°C was sufficient to activate latent
collagenase to nearly the same degree as optimal condi-
tions of trypsin. The activation conditions (mersalyl
concentration and time of incubation) varied when dif-
ferent crude media were used. Reaction mixtures ap-
plied to acrylamide gels showed principally the spe-
cific products of collagenolysis expected of mammalian
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FIGURE 2 Activation of latent collagenase with mersalyl. Cul-
ture medium containing latent enzyme was incubated for
varying lengths of time with different concentrations of
mersalyl and subsequently assayed by viscometry at 35°C.
Each sample contained 292 ,ul 0.1 MTris-HCl, pH 7.6, 0.7 M
NaCl, 0.005 MCaCl2, 208 uld pepsin-treated guinea pig skin
collagen (2 mg/ml), 83 ,ul 0.5 ML-arginine, 292 IAI 0.1 MTris-
HC1, pH 7.6, 0.03 M CaCl2, and 125 jul of the sample to be
assayed. C + M= collagen + 0.15 Mmersalyl. C + EL = col-
lagen plus culture medium containing latent collagenase.
(1) Culture medium + 0.0025 M mersalyl, 35°C, 30 min.
(2) Culture medium + 0.015 Mmersalyl, 4°C, 23 h. (3) Cul-
ture medium + 0.015 Mmersalyl, 35°C, 30 min. (4) Culture
medium + 0.015 M mersalyl, 350C, 70 min. (5) Culture
medium + 0.026 M mersalyl, 350C, 2 h. (T) Culture me-
dium + 10 pLg/ml trypsin, 22°C, 30 min, then 40 jAg/ml soybean
trypsin inhibitor. At 35°C, reaction products of collagenase
were degraded to gelatin, thereby losing virtually all measur-
able specific viscosity (-%p).

enzymes, the amino-terminal 75% fragment (TCA) and
the carboxy-terminal 25% fragment (TCB). This in-
dicated that there was little nonspecific proteinase
activity in these reaction mixtures, because at 35°C,
TCA and TCB would denature to gelatin which is a
suitable substrate for most proteinases. Fig. 3 sum-
marizes the data obtained when enzyme was passed
through the AcA 54 column before and after activation
with mersalyl. Almost all of the collagenase present
in the starting material was in latent form and was
eluted with an apparent mol wt of 45,000-49,000
(Fig. 3A). Another portion of the same culture medium
was incubated with mersalyl (0.032 M) for 1 h at
35°C, a procedure which maximally activated the
enzyme. That material was eluted from the AcA 54
column in 0.002 M mersalyl entirely in fractions of
lower molecular weight appropriate for the active form
(Fig. 3B). No latent enzyme in higher molecular weight
fractions was found. Subsequent treatment of mersalyl-
activated collagenase with trypsin served only to de-
crease substantially the amount of enzyme recovered,
consistent with our frequent observation that trypsin
often inactivates partially purified, active collagenase,
presumably by a direct degradative effect on the
enzyme.

Wehave failed to produce latent collagenase by ex-
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FIGuRE 3 Molecular weight estimation of mersalyl-activated
collagenase. (A) Approximately 170 U latent collagenase was
applied to AcA 54 column. Trypsin-activatable enzyme is
indicated by the solid line. Spontaneously active enzyme by
squares connected by dots. (B) After mersalyl treatment ap-
proximately 97 U enzyme was passed through the same
column equilibrated with 0.002 Mmersalyl.

haustive dialysis of mersalyl-activated enzyme against
buffer which did not contain mersalyl. Included in
these attempts were several in which mersalyl-acti-
vated collagenase was dialyzed extensively and then
treated with trypsin (10,ug/ml, 30 min, 22°C, followed
by fourfold excess of soybean trypsin inhibitor). As in
the fractions from the mersalyl column, this served only
to decrease the total yield of enzyme.

DISCUSSION

An inhibitor of active collagenase has been found in
medium from rheumatoid synovial cells cultured in the
absence of serum and separated from latent collage-
nase. The latent enzyme, estimated mol wt 47,000, has
been transformed to a lower mol wt (33,000) active
enzyme with either trypsin or mersalyl. Successful
activation by the nonenzymatic mercurial compound,
along with data showing recombination of active
enzyme and inhibitor to give an activatable collagenase
having the same estimated molecular weight as the
original latent enzyme, has led us to the conclusion that
latent rheumatoid synovial collagenase is an enzyme-
inhibitor complex. Latent enzyme of the same molecu-
lar weight was found in medium from cells cultured
in 5% serum, suggesting that the enzyme-inhibitor
complex formed before release from cells when active
collagenase could be complexed by serum inhibitors
(a2-macroglobulin and j31-anti-collagenase (16, 17)).

The experiments to determine whether latent
enzyme could be activated or reduced in size by in-
cubation with bacterial collagenase were generated
by the work of Fiedler-Nagy et al. (18). They demon-
strated that hydroxyproline-containing peptides were
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associated with human skin collagenase in crude
preparations and suggested that enzyme-collagen frag-
ment complexes might explain latency of this enzyme.
Our data, however, indicated no effect of bacterial col-
lagenase upon latent enzyme and have been inter-
preted to mean that the inhibitor is not a fragment of
collagen or gelatin.

Our activation data are similar to those of Sellers et al.
(19, 20). These investigators demonstrated activation of
latent rabbit collagenase from numerous tissues using
another mercurial compound (4-aminophenylmercuric
acetate). Both analyses suffer from the inaccuracy of
molecular weight estimations made by gel filtration
chromatography. OnAcA 54, active collagenase and in-
hibitor each had an apparent mol wt of 33,000, yet the
latent enzyme obtained by combining the two had an
apparent mol wt of only 47,000. It is possible that the
inhibitor aggregates to run in polymeric forms on gel
filtration columns. This would account for the molecu-
lar weight obtained for latent collagenase as well as for
the multiple peaks of lower molecular weight con-
taining trace inhibitory activity.

Wehave found consistently a small amount of active
collagenase eluting with the peak of latent enzyme.
This might represent a species of enzyme from which
inhibitor has been dissociated sufficiently to expose the
active site of collagenase but not to alter the apparent
molecular weight of the enzyme. Wedo know that this
high molecular weight active collagenase can be in-
hibited by addition of inhibitor (unpublished data). A
similar "autoactivation" phenomenon has been re-
ported by Stricklin et al. (21) after freeze-thawing or
storage of human skin collagenase. It is likely that the
active collagenase produced by trypsin is a different
species than that generated by mersalyl and(or) auto-
activation. The factors regulating autoactivation and the
differences in susceptibility to and reversibility of
inhibition of the different forms of active collagenase
by inhibitors found in cartilage, bone, and tendon are
under current investigation in our laboratory and those
of others. Nonenzymatic activation may not be relevant
to normal remodelling of connective tissue or patho-
logic states in vivo, but as first outlined by Reynolds
et al. (22), the concept that latent enzyme is an expres-
sion of two separate bits of genetic information leads to
the possibility that differences in the ratio of enzyme
to inhibitor produced may be a significant factor in local
tissue regulation of collagen resorption.

It is probable that collagenolytic systems are struc-
tured differently in different species and perhaps even
in different tissues of the same species. Mouse bone
collagenase, for instance, is apparently released as a
zymogen (23, 24) which must be activated by limited
proteolysis. It is possible that such a form of the rheu-
matoid synovial enzyme exists and is cleaved before
complexing with inhibitor.
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