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Summary 

As tissue cultures, rabbit bone, skin and non-gravid uterus synthesise 
inhibitors of collagenase (EC 3.4.24.3). An assay for the inhibitors is de- 
scribed and their action on collagenase from different tissue sources demon- 
strated. 

Evidence for the involvement of the tissue inhibitors of collagenase in 
the latency of the enzyme in culture media is presented. Latent collagenase 
was activated by treatment with 4-aminophenylmercuric acetate, and then 
reacted with the inhibitors to form inactive complexes with properties similar 
to the naturally occurring latent enzyme forms. The associated changes in 
molecular weight are detailed, and discussed in relation to the observations of 
other workers concerning the extracellular control of collagenase activity. 

A precise understanding of the occurrence of collagenase (EC 3.4.24.3) 
in active and inactive forms in the culture media of a large variety of tissues 
is of vital importance for further research into the mechanisms of normal and 
pathological collagen catabolism. The discovery of the activation of latent 
enzyme forms of collagenase by trypsin has been followed by attempts to 
identify more physiologically relevant proteolytic activities which might con- 
trol the activation process [1--3]. We have recently shown that the thiol 
binding reagent 4-aminophenylmercuric acetate (APMA) activates latent 
collagenase from rabbit tissues as effectively as proteolytic enzymes [4]. 
With this reagent, the observed reduction of 10--20 000 in molecular weight 
upon conversion of latent to active collagenase is similar to that observed 
after trypsin activation; either treatment yields active enzyme of comparable 
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molecular weight to that  of  naturally active collagenase [5]. We have also 
described [4] a collagenase inhibitor synthesised by  rabbit bones in culture, 
that  will react with either naturally active or APMA-activated enzyme to 
yield latent enzyme forms (which can again be activated by either trypsin or 
APMA) of similar molecular weight to that  of  the natural latent collagenase 
found in culture media. We now present data to show that rabbit  tissues other 
than bone produce similar coUagenase inhibitors, suggesting that this is a 
phenomenon common to all connective tissues, and providing supporting 
evidence for our proposal that  latent collagenases are enzyme-inhibitor com- 
plexes [4] .  

Rabbi t  bone [4,6] and rabbit skin and non-gravid uterus [7] were cul- 
tured as described. Media were routinely assayed for (a) latent collagenase, 
using the reconst i tuted [14C]collagen fibril assay [8] in the presence of  0.5 
mM APMA [4], and (b) for inhibitor, using APMA-activated collagenase from 
skin cultures (0.035--0.060 units, sufficient to give 30--50% lysis of  100 ug 
collagen in 15 h at 35°C; 1 unit is defined as 1 pg collagen degraded per min) 
in the same assay under the conditions described below. 1 unit of inhibitor is 
defined as that  giving 50% inhibition of  2 units of collagenase. 

Active enzyme was prepared from pools of  media containing latent 
collagenase by activation for 4 h at 35°C with 0.5 mM APMA, followed by  
either exhaustive dialysis against 50 mM Tris. HC1 (pH 7.6), 200 mM NaC1 
and 20 mM CaC12, or partial purification by chromatography on Ultrogel 
ACA44 in a similar buffer  (but  1 M in NaC1), the peak of  active enzyme being 
pooled and dialysed. Media with inhibitory activity were either dialysed against 
the above buffer  or chromatographed as above, and the active fractions pooled 
and dialysed similarly. The action of  inhibitory preparations on activated 
enzyme was assayed either by preincubation of  varying proportions of  each 
for 1--2 h at 35°C or, more usually, by direct inclusion in the fibril assay. No 
significant difference in results between these two methods was observed. 
Inactivation of  inhibitor preparations was effected by  either boiling for 20 
min or by incubation at 25°C for 30 min with 100 ~g/ml trypsin, with subse- 
quent  inactivation of the trypsin with a final concentrat ion of 500 pg/ml 
soybean trypsin inhibitor. 

For molecular weight determination, latent enzyme was activated with 
APMA as above and up to 10 units of  activated collagenase loaded on to a 
column of  Ultrogel ACA44 (130 × 1.5 cm) equilibrated with 50 mM Tris. HC1 
(pH 7.6), containing 1 M NaC1 and 20 mM CaC12. Similar amounts of dialysed, 
APMA-activated enzyme preparations were preincubated with sufficient 
inhibitory material to give 95% inhibition, previously determined by direct 
assay, and the latent collagenase complexes chromatographed on the same 
column. The single enzyme peak was detected by assaying fractions in the 
presence of  APMA in the fibril assay. Inhibitor preparations (up to 15 units) 
were similarly chromatographed. Apparent molecular weights were calculated 
using the method and standards of  Andrews [9]. 

Organ cultures of  rabbit  skin and non-gravid uterus were found to 
produce inhibitors of  the activated form of  collagenase released by the same 
tissues. A general pattern of  first inhibitor and then latent collagenase appear- 



495 

5 

80 

70 

60 

5O 

4O 

30 

20 

10 

O' I 
0 

°2 

I I I I 
10 2O 30 4O 

VcNume of inhibitor preparation (pl) 
Fig. 1. Typical assays of tissue inhibitors of coUagenase to determine the volume giving 50% inhibition 
of enzyme. A: APMA-activated collagenase from skin culture medium with partially purified uterus 
inhibitor. B: Partially purified APMA-activated collagenase from skin with inhibitor from skin culture 
medium. C: Partially purified APMA-activated collagenase from skin with inhibitor from bone culture 
medium. D: APMA-activated collagenase from uterus medium with partially purified uterus inhibitor. 

ance in the media was observed for both tissues, similar to that previously 
described for rabbit bones [4 ,6] .  The inhibitors were detected in the medium 
in the early days of  culture but free levels declined with the appearance of  
latent collagenase. Unlike bone cultures [6] little naturally active collagenase 
was produced by skin cultures, even after 30 days, and none was ever produced 
by non-gravid uterus in culture [7] .  Inclusion of  cycloheximide (50 pg/ml) in 
the medium blocked production of  inhibitor by bone and uterus, but only 
freezing and thawing was effective in preventing inhibitor production by skin 
cultures. 

T A B L E  I 

R E A C T I O N  OF I N H I B I T O R S  F R O M  T H E  M E D I A  OF R A B B I T  T I S S U E S  IN C U L T U R E  W I T H  
A C T I V A T E D  C O L L A G E N A S E  F R O M  S K I N  A N D  U T E R U S  

The  resul ts  s h o w  the  v o l u m e s  (~I) of  a c rude  (cu l tu re  m e d i u m )  and  a par t ia l ly  pur i f ied  p r e p a r a t i o n  of  
each  t issue inh ib i to r  r equ i r ed  to  give 50% inh ib i t ion  of  0 .06  un i t s  of  APMA-ac t iva t ed  col lagenase  f r o m  
e i the r  c rude  or  par t ia l ly  pur i f ied  r abb i t  u t e rus  and  skin cu l tu re  med ia ,  n .d .  = n o t  d e t e r m i n e d .  

I nh ib i t o r  E n z y m e  source  

source  Skin U te rus  

Cul ture  Part ia l ly  Cul ture  Part ial ly 
m e d i u m  pur i f ied  m e d i u m  pur i f ied  

A. M e d i u m  f r o m  
skin cu l tu res  30  25  120  n.d.  

B. M e d i u m  f r o m  
u te rus  cu l tu res  n .d.  0.8 10 n .d .  
Af t e r  par t ia l  
pu r i f i ca t ion  6 4 43 54 

C. M e d i u m  f r o m  
b o n e  cu l tu re  11 n.d.  55 n.d.  
A f t e r  par t ia l  
pu r i f i ca t ion  34  34 148 n.d.  
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The tissue inhibitors were found to prevent the action of naturally active 
bone collagenase and the APMA-activated form of the enzyme from the three 
tissues. Operating within the linearity of  the fibril assay for collagenase (up to 
70% collagen fibril lysis; [8] ), the inhibition of  collagenase activity was linear 
with respect to inhibitor concentration over the range 15--75% inhibition 
(Fig. 1). Table I compares the volumes of  different inhibitory preparations 
required to give 50% inhibition of  activated collagenase (0.06 units) from 
each tissue source. These volumes were calculated from plots such as those in 
Fig. 1. Although there is little difference in inhibitor activity on either crude 
or partially purified collagenase preparations, there is some variation between 
the tissue sources; notably larger amounts of  inhibitor were needed to inhibit 
the uterus enzyme compared with an equivalent activity of  skin or bone 
collagenase. The exact significance of  these observations is as ye t  unclear; it 
could be due to variable amounts of  APMA bound to the protein of  individual 
preparations of  enzyme or may be a reflection of a real difference in inhibitor/ 
enzyme binding capacities. 

Either heat t reatment  or incubation with trypsin abolished the activities 
of the skin and uterus inhibitors. Inclusion of  0.5 mM APMA in assays 
antagonised the action of  bone, skin and uterus inhibitors on collagenase 
activity (Table II), although to varying extents. In each case gel chromatography 
of  inhibitory media gave a single species of  molecular weight approximately 
30 000 (Table III). Incubation of  a variety of  combinations of  activated en- 
zyme (molecular weight approximately 25 000--29 000) and inhibitor, either 
from crude medium or after partial purification, was found to produce latent 
enzyme forms of  higher molecular weight of  approximately 42 000 (Table III). 

On the basis of  the data presented in this paper and in the previous 
communications [4,6] we propose that  the latent collagenases of all rabbit 
tissues are composed of  either very similar or identical enzyme-inhibitor com- 
plexes. Whether the inhibitors themselves are either identical or tissue specific 
can only be ascertained by further studies on purified materials. The apparent 
molecular weights of  collagenase after activation of  skin and uterus latent 
enzymes, and of  the enzyme/inhibi tor  combinations,  agree well with the values 
for naturally occurring active and latent forms respectively. It is possible that  
the inhibitors as detected are in a dimeric (or polymeric) form and that only a 
single monomeric  unit combines with each molecule of  collagenase; such a 

T A B L E  II  

I N H I B I T I O N  BY A P M A  (0.5 raM) OF T H E  A C T I V I T Y  OF T I S S U E  I N H I B I T O R S  ON A C T I V A T E D  
C O L L A G E N A S E  F R O M  D I F F E R E N T  S O U R C E S  

T h e  r e s u l t s  are  e x p r e s s e d  as  t h e  p e r c e n t a g e  i n h i b i t i o n  o f  0 . 0 6  u n i t s  o f  collagenase,  n .d .  = n o t  d e t e r -  
m i n e d .  

I n h i b i t o r  E n z y m e  s o u r c e  

s o u r c e  Skin Ute rus  B o n e  

Skin - - A P M A  50 50 n.d.  
+ A PMA  5 0 n.d.  

Ute rus  - - A P M A  50 50 n.d.  
+ A PMA  35---50 0 n.d.  

B o n e  - - A P M A  50 50 50 
+ A PMA  35 0 5 
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monomeric  unit would then be comparable in molecular weight to that  of  a 
bovine cartilage inhibitor of  human collagenase [10] and an inhibitor of  
collagenase from human synovial cell cultures (Harris, E.D., unpublished). 
Collagenase inhibitors are apparently produced by a wide variety of  tissues 
in several different species. We have also found inhibitors of  molecular weight 
approximately 30 000 in the culture media of  rat and mouse bones and an 
inhibitor from human skin fibroblasts has been described [12] .  

The precise function of  the tissue inhibitors in the extracellular control  
of  collagenase activity remains to be elucidated. The most  likely roles are 
either to inhibit the enzyme, post-function, or to form complexes with enzyme, 
for which a proteolyt ic  activation step is required. However, we have no evi- 
dence for the presence of  activators or proactivators in the culture media 
from either bone,  skin or non-gravid uterus, as suggested by Vaes and Eeckhout  
[1] and Woessner [11]. Treatment  of  media with either 2 mM phenylmethane 
sulphonyl fluoride or up to 2.5 mg/ml soybean trypsin inhibitor does not  alter 
the activation of  latent collagenase by APMA, eliminating any role for serine 
proteinases in our systems. Also the addition of  4 mg/ml bovine serum albumin, 
which might be expected to modify  the activity of  any proteinases on latent 
collagenase, did not  change the rate of  APMA activation and did not  cause 
any lag phase. The presence of  proteinases from either serum [3] or invading 
cells in pathological conditions however, could be important  in activating 
collagenase in situations where it would otherwise be latent. 

T A B L E  I I I  

A P P A R E N T  M O L E C U L A R  W E I G H T S  OF L A T E N T  A N D  A C T I V A T E D  F O R M S  OF C O L L A G E N A S E ,  
I N H I B I T O R S ,  A N D  A C T I V A T E D  E N Z Y M E - I N H I B I T O R  C O M P L E X E S  F R O M  R A B B I T  T I S S U E S  AS 
D E T E R M I N E D  BY A C A 4 4  U L T R O G E L  F I L T R A T I O N  

A S o u r c e  

Skin Ute rus  B o n e  

I n h i b i t o r  27 500  28 500 29 500  
L a t e n t  e n z y m e  42 0 0 0  39 000  39 0 0 0  
APMA-ac t iva t ed  e n z y m e  25 000  25 500  29 000  

B 

A P M A - a c t i v a t e d  u t e r u s  e n z y m e  
c o m b i n e d  w i t h  u t e r u s  i n h i b i t o r  4 2  0 0 0  

A P M A - a c t i v a t e d  skin  e n z y m e  
c o m b i n e d  w i t h  u terus  i n h i b i t o r  42 000  

APMA*act iva ted  skin e n z y m e  
c o m b i n e d  w i t h  sk in  i n h i b i t o r  3 9  0 0 0  
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