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SUMMARY 

I. Because of the possibility that  the lysosomal proteinases, cathepsins BI  
and D, play a part  in both normal and pathological catabolism of the extracellular 
matrix of human articular cartilage, we have examined the action of the pure enzymes 
on human cartilage and its component proteoglycans. 

2. Human cathepsins BI  and D were shown by viscometry to degrade proteo- 
glycans from adult human articular cartilage in solution. Gel chromatography of 
the products on Sepharose 4 B indicated that  those produced by cathepsin BI  were 
similar to those resulting from the action of papain, which contain a single poly- 
saecharide chain. Cathepsin D produced fragments similar to those resulting from 
the action of trypsin, which contain two polysaccharide chains. 

3. Both cathepsins BI  and D released proteoglycans from 35S-labelled human 
embryonic cartilage tha t  had been washed free of endogenous lysosomal enzymes. 
The release was most rapid at pH 5.0 with both enzymes. 

The autolytic release of proteoglycans from cartilage incubated in various 
buffers was also most rapid at pH 5.0. 

4. When autolysis or t reatment  of washed cartilage with purified cathepsin D 
was carried out in the presence of sheep anti-(human cathepsin D) serum, up to 70% 
inhibition of the release of labelled proteoglycan occurred. 

5. I t  is concluded that  the results are consistent with both cathepsins BI  and 
D playing a part  in the catabolism of cartilage matrix. 

INTRODUCTION 

Previous work from this laboratory has provided evidence that  under celtain 
conditions cathepsin D plays a major role in the breakdown of cartilage matr ix  of 
various speciesl, 2. Using immunochemical methods, Dingle and coworkers ~ have 
shown that  catbepsin D is mainly responsible for the release of proteoglycan from 
chick or rabbit  ear cartilage during autolytic breakdown (see also Morrison 3,4 and 
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Weston et al.5). Woessner 6 studied the proteolytic activities of rabbit  ear and chick 
limb bone cartilage and found that  they were of the cathepsin D type, and were 
sufficient quanti tat ively to account for the degradation of the matrix. Ali and Evans 7 
investigated the autolytic breakdown of rabbit  ear cartilage and reported that  
although cathepsins A, B, C and D were all present, cathepsin D was mainly respon- 
sible for the degradation. Earlier suggestions that  cathepsin B played a major role 
in the autolytic breakdown of this tissue (AliS; Ali et al. ~) now appear to be excluded 
(Dingle et al.2). Recent work using pepstatin, an inhibitor of carboxyl-dependent acid 
proteinases (Dingle et al.'°), has demonstrated a major role for cathepsin D in the 
autolytic degradation of adult human articular cartilage and a lesser, but significant 
effect of a thiol-dependent enzyme. Dingle 11 suggested that  lysosomal acid proteinases 
may  play an important  role in the degradation of human cartilage in arthritis, 
whereas other workers12, la have proposed that  other enzymes may also be involved 
in the disease process. Since much previous work has been concerned with species 
other than man, the present experiments were undertaken further to elucidate the 
enzymic mechanism of the degradation of human cartilage and the way in which 
purified enzymes can at tack proteoglyeans isolated from this tissue. We shall present 
evidence consistent with the possibility that  both cathepsins D and BI  may be con- 
cerned in this process. 

MATERIALS 

Carrier-flee sodium [35Slsulphate in aqueous solution was obtained from the 
Radiochemical Centre, Amersham, Bucks, U.K. Sepharose and Sephadex for gel 
chromatography were obtained from Pharmacia (G.B.) Ltd, London W.I  3. Twice- 
crystallised papain and trypsin were bought from Sigma London Chemical Co., Surrey, 
KT2 7BH. Cathepsin D (EC 3.4.4.23) was purified from human liver essentially as 
described by Barrett  14 and cathepsin BI  (in the terminology of Barrett  and Dingle 15) 
from this tissue was prepared by the method of Barrett  1~. The enzyme was shown 
to be homogeneous on isoelectric focusing on polyacrylamide gel and gave rise to a 
monospecific antiserum when used to immunize sheep 16. Several separate prepa- 
rations had the same amino acid composition (Barrett, A. J., unpublished work). 
All reagents were of Analar grade, when this was available. 

METHODS 

Raising and testing of antisera, and experiments involving autolysis of cartilage, 
were as described by Dingle et al. ~. 

Labelling of human cartilage 
The foetuses were obtained from patients referred for termination of pregnancy 

under Sections 2 and 3 of the Abortion Act 1967. Between 15 and 18 weeks gestation 
each foetal sack was removed in toto after anterior hysterotomy. I t  was immediately 
transferred to a plastic container and placed on ice until it reached the laboratory. 
Within I h the epiphyses of the long bones of the foetus were dissected free of soft 
connective tissue, sliced and incubated at 37 °C in BGJ5 medium 17 free of unlabelled 
sulphate, but containing Ioo#Ci  [3~Slsulphate/ml. The tissue was incubated in a 
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roller bottle apparatus for 24 h in a fluid to tissue ratio of 2.5:1 (w/v). Typically, 
2 #Ci 35S were incorporated into ethanol-precipitable proteoglycan/g tissue. 

Removal of endogenous enzymes from cartilage 
Tissue was twice frozen and thawed, and extracted for 2 h at o °C in IOO vol. 

(v/w) of o.I M NaC1 containing o . I %  Triton X-Ioo and 0.o2 M phosphate buffer, 
pH 7.0. The tissue was further extracted for 24 h in a fresh portion of the same 
solution. Part  of the cartilage was homogenised and assayed for cathepsin D. The 
enzyme was not detectable, i.e. less than 5% of the original activity of the tissue 
remained. 

Preparation of proteoglyeans from human cartilage 
Proteoglyean was a mixture of protein-polysaccharide complexes isolated by 

the dissociative extraction method of Sajdera and HascalP s. Normal adult human 
cartilage obtained post mortem from the femoral head was diced and extracted for 
24 h in IO vol. of 4 M guanidinium chloride in 0.05 M sodium acetate buffer, pH 5.8, 
with stirring. The cartilage residues were removed by filtration, and the proteo- 
glycans were precipitated from the filtrate with 4 vol of ethanol containing 2% (w/v) 
potassium acetate. The precipitate was twice redissolved in water and reprecipitated 
in the same way. For some experiments, light proteinpolysaeeharide preparations 
were made as described by Gerber et al. 19. 

Scintillation counting 
Aqueous samples were counted in a Packard Tricarb Liquid Scintillation 

Spectrometer Model 3375 in IO ml of seintillant solution 2° of composition appropriate 
to the volume of aqueous sample. 

Gel chromatography 
Column chromatography was carried out in tubes of dimensions 1. 5 e m ×  3o cm 

(Pharmacia, Type KI5/3o ) containing 40-5 ° ml columns of Sephadex or Sepharose. 
Columns were packed as recommended by the manufacturers and elution was with 
o.15 M NaC1 containing 0.05 M sodium acetate buffer, pH 5-5, and 0.03% toluene 
as antibacterial agent. Flow rates not exceeding 6 ml/cm 2 per h were obtained by 
use of a peristaltic pump (Watson Marlow Ltd, Falmouth, Cornwall, U.K., Type D/ 
K6M). Fractions were analysed for uronic acid by the method of Bitter and Muir ~1, 
for radioactivity by liquid scintillation counting or for anionic polysaccharide by 
the method of DiFerrante 22, chondroitin sulphate being used as standard 2. 

Viscometry 
Viscometric determinations were carried out in miniature Ostwald viscometers 

having a water flow time of about 30 s (A. Gallenkamp, Type UM-4). Flow times 
were measured with an electronic timer. Solutions contained n-butanol ( I%)  or 
toluene (0.03%) as preservative during long incubations. 

Units of enzyme activity 
The units of activity of human cathepsins BI  and D were as defined by Barrett 

(refs 23 and 14, respectively), except that  I unit of cathepsin BI  released I #mole ot 
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naphthylamine from benzoyl-D,L-arginine 2-naphthylamide/min, rather than I nmole. 
The molecular weights have been taken as 27 ooo ~" and 43 ooo 24 and the specific 
activities (on the basis of protein determined by the method of Lowry et al. 25 with 
bovine serum albumin as standard) 5.5 16 and 600 14. From these data it was cal- 
culated that  i unit of eathepsin BI  represents 6. 7 nmoles and of cathepsin D, 0.038 
nmole. Where it has been important  to compare the activity of the two enzymes, 
their concentrations have been expressed in terms of nmoles/ml. 

RESULTS 

Action of purified enzymes on proteoglycan in solution 
When proteoglycan from adult human articular cartilage was treated with 

cathepsin BI  or cathepsin D, the viscosity of the solution was rapidly reduced 
(Fig. I). The final viscosity was lower with cathepsin BI  than with cathepsin D. 

After incubation in the viscometer, the proteoglycan solutions were subjected 
to gel chromatography on Sepharose 4 B. The reduced molecular size of the degraded 
molecules as compared with the undegraded material was seen as greater retardation 
on the column. Further t reatment  of the digestion products with fresh cathepsin D 
gave fragments appearing at the same percentage of the column bed volume as those 
produced by trypsin;  no material was then excluded from the gel (Fig. 2). 

After overnight incubation, the proteoglycan treated with cathepsin BI  con- 
tained a considerable amount of material of a lower molecular weight distribution 
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Fig. I. Effect of h u m a n  cathepsins BI and D on viscosity of proteoglycan from h u m a n  articular 
cartilage. The final concentrat ion of proteoglycan was 2.53 mg/ml. Trea tment  with cathepsin D 
(o.18 nmole/ml) was carried out  in o.15 M NaC1 containing 0.o 5 M sodium acetate buffer, pH 5.o 
(0). Trea tment  with cathepsin BI  (0.66 nmole/ml) was carried out  in the same solvent system, 
bu t  with the addit ion of I mM E D T A  and 2 mM cysteine ( i ) .  Control incubat ions were carried 
out  in the appropr ia te  buffer sys tems wi thout  the enzymes (()  and A,  respectively). The experi- 
ments  were made at 37 °C. 

Fig. 2. Gel chromotography  on Sepharose 4 B of proteoglycan and degradat ion products  resulting 
t rom the action of eathepsin D and trypsin.  Elut ion profiles of undegraded material  ( ) 
and of products  after  overnight  incubat ion with cathepsin D under  the conditions described in 
Fig. I (-- • ), after a fur ther  overnight  incubation with o.3 ° nmole fresh cathepsin D/ml  (-- -- ). 
The digestion of proteoglycan (2.66 mg/ml) with t rypsin  (5 nmole/ml) was in o.o2 M Tris-HC1 
buffer, p H  7.9, at  37 °C for 16 h ( . . . . . .  ). The products  were detected by  the turbidimetr ic  nle- 
thod% 
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Fig. 3. Gel chromatography on Sepharose 4 B of proteoglycan and degradation products resulting 
from the action of cathepsin ]31 and papain. Elution profiles of products O f digestion of proteo- 
glycan by human cathepsin BI after overnight incubation under the conditions described for Fig. 
i ( ), and after a further overnight incubation in the presence of I.I  nmole (-- • --) and yet 
another with 3-3 nmoles (-- -- --) of fresh cathepsin BI per ml. The digestion with papain (3.75 
nmoles/ml) was in the same buffer, but at 65 °C overnight ( . . . . . .  ). 

Fig. 4. Rates of release of chondroitin sulphate from human embryonic cartilage in the presence 
of cathepsins BI and D. Tissue (5 ° mg) depleted of lysosomal enzymes (see Methods) was incu- 
bated in o. 5 ml o.i M sodium acetate buffer, for 0-- 5 h at 37 °C with cathepsin ]31 (1. 4 nmole/ml) 
at pH 5.0 (m) or 6.0 (0). Samples were also incubated with o.16 nmole cathepsin D/ml at pH 5.c 
([B), or 8.0 nmoles cathepsin D/ml at pH 6.0 (©). Control samples were incubated without added 
enzyme (A). The release of polysaccharide was measured turbidimetrically with chondroitin sul- 
phate as standard 2 and expressed as a percentage of the total polysaccharide present in the tissue 
(measured turbidimetrically after digestion with papain). The values given are means of duplicate 
samples of each time. 

t h a n  t h a t  r e su l t i ng  f r o m  p r o l o n g e d  t r e a t m e n t  w i t h  c a t h e p s i n  D ;  the re  r e m a i n e d  only  

sma l l  a m o u n t s  of  m a t e r i a l  t h a t  were  e x c l u d e d  b y  the  gel  (Fig. 3). The  m a t e r i a l  f rom 

the  v i s c o m e t e r  was  twice  r e i n c u b a t e d  w i t h  fresh c a t h e p s i n  B I  ove rn igh t ,  so t h a t  

b r e a k d o w n  w e n t  to  c o m p l e t i o n ;  t he  m a t e r i a l  n o w  a p p e a r e d  as a single p e a k  h igh ly  

r e t a r d e d  on the  gel,  in t he  s a m e  pos i t ion  as m a t e r i a l  r e su l t ing  f r o m  the  ac t ion  of 

p a p a i n  on h u m a n  p r o t e o g l y c a n .  Aga in ,  t he r e  r e m a i n e d  no m a t e r i a l  t h a t  was  ex-  

c luded  f r o m  the  gel. 

Release of proteoglycan from cartilage by purified or endogenous enzymes 
The  ra te  o f  re lease  o f  p r o t e o g l y c a n  f r o m  foe ta l  ca r t i l age  t h a t  h a d  been  washed  

free o f  p r o t e o l y t i c  a c t i v i t y ,  d u r i n g  t r e a t m e n t  w i t h  e i t he r  c a t h e p s i n  D or ca theps in  

B I  is shown  in Fig.  4. A t  p H  5.0, c a t h e p s i n  D was  seen to  be a p p r o x i m a t e l y  8 time,,. 
as e f fec t ive  as c a t h e p s i n  B I  on a m o l a r  bas is ;  i t  was  5 -1o  t i m e s  less e f fec t ive  a t  p H  6.c 

(Fig. 5)- C a t h e p s i n  B I  was  a p p r o x i m a t e l y  3 t i m e s  as ac t i ve  as c a t h e p s i n  D on h u m a n  
ca r t i l age  u n d e r  these  condi t ions .  H o w e v e r ,  d u r i n g  IOO h i n c u b a t i o n  a t  p H  5.0 ca thep-  

sin D (3.8 nmoles /ml )  caused  the  release of  6 0 %  of  t he  p rec ip i t ab l e  u ron ic  ac id  in 
adu l t  h u m a n  ca r t i l age  (Dingle,  J .  T. ,  u n p u b l i s h e d  results) .  The  d i f fe ren t  p H  depend-  
ences  o f  t he  d e g r a d a t i v e  a c t i v i t y  o f  t he  two  e n z y m e s  ac t i ng  on 35S-labelled car t i lage  

are  seen c lea r ly  in Fig.  6, where  t he  effect  of  p H  on the  a u t o l y t i c  re lease  of  mater ia ]  
f rom ca r t i l age  t h a t  h a d  no t  been  w a s h e d  free o f  e n d o g e n o u s  ly sosomal  p ro t eases  i~ 
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Fig. 5. Effect of concentration of cathepsins BI and D on the release of polysaccharide from human 
foetal cartilage. Experiments were made at pH 6.o for 2 h, as described in Fig. 4, with varying 
concentrations of cathepsin BI (0) and cathepsin D (©). 

Fig. 6. Effect of pH on autolysis of foetal human articular cartilage, and on the action of cathep- 
sins B~ and D on washed tissue. Duplicate 5 ° mg samples of ssS-labelled cartilage (containing 
approx, lO 6 c.p.m.) were allowed to autolyse in o. 5 ml o.2 M sodium acetate or phosphate buffers 
over the pH range 3-7 for 2 h at 37 °C in the presence of o. 1% Triton X-ioo, i mM dithiothreitol 
and i mM EDTA (&). Other samples were washed to remove endogenous lysosomal enzymes 
before being incubated in the same manner, but in the presence of purified cathepsin BI (2.8 
nmoles/ml) (O), or cathepsin D (o.16 nmole/ml) (O). The release of proteoglycan fragments was 
measured as the appearance of ethanol-precipitable radioactivity in the buffer, and expressed as 
a percentage of the total precipitable activity initially present in the tissue. 

also shown; the greates t  release of  labelled mater ia l  occurred at pH 5.0, but  a certain 

amount  of ac t iv i ty  remained towards  neut ra l  pH.  

Effect of cathepsin D on molecular size of proteoglyean in cartilage 
Foeta l  h u m a n  ar t icular  carti lage was labelled with [35S]sulphate in vitro and 

washed free of  lysosomal enzymes  (see Methods). Proteoglycan (as light protein-  

polysaccharide TM) was prepared from the tissue wi thout  fur ther  t r ea tment ,  and also 

from samples tha t  had been incubated  under  control  condit ions and samples tha t  

had been incubated  with  cathepsin D. The preparat ions  were run on Sepharose 2B, 

as was the proteoglyean released into the incubat ion  media. 
Proteoglycan prepared  from washed carti lage before t r e a t m e n t  with cathepsin 

D was largely excluded from the gel (Fig. 7)- Material  released into the med ium from 
the cart i lage dur ing t r ea tmen t  with the enzyme,  however,  was well re tarded and con- 
ta ined  no excluded material .  Material  released during a control  incubat ion  wi thout  

exogenous enzyme was sl ightly retarded,  probably  because of the act ion of  residual 
traces of lysosomal enzymes  in the tissue and the selective diffusion of  low molecular 

weight  mater ia l  f rom the cartilage. Light  proteinpolysacchar ide remaining in cathep- 
sin D- t rea ted  cart i lage was well re ta rded  on the gel, a l though it contained mater ia l  
of a ra ther  higher molecular  weight  than  tha t  which was released into the medium.  
Proteoglyean remaining  in cart i lage incubated  wi thout  cathepsin D was slightly 
re ta rded  on the gel, p robably  because of  the act ion of  residual t races of lysosomal 
enzymes.  
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Fig. 7. Sepharose 2B gel ch romatography  of products  of digestion of cartilage wi th  cathepsin D. 
Gel chromatographic  profiles of 35S-labelled material  released f rom h u m a n  cartilage during treat-  
ment  with cathepsin D (-- - --), during the control incubat ion in buffer alone (-- • --) and of a 
proteoglycan prepara t ion  from unt rea ted  cartilage ( ). Also shown are the profiles of ma- 
terial remaining in the tissues after  incubat ion wi th  cathepsin D ( . . . . . .  ) and after incubat ion 
of the cartilage in the absence of added enzyme (. • .). Tissue (15o mg) was incubated for 8 h 
in 2.0 ml of 0.2 M sodium acetate buffer, p H  5.0, wi th  or wi thout  o.16 nmole cathepsin D/ml. 

Fig. 8. Immunoinh ib i t ion  of breakdown of cartilage during autolysis and during t r ea tmen t  wi th  
cathepsin D. Foetal  cartilage (ioo mg) was allowed to autotyse, or to be degraded by exogenous 
cathepsin D, at p H  5.o and 37 °C, in the presence of varying amoun t s  of sheep an t i - (human cat- 
hepsin D) serum. The release of chondroi t in  sulphate,  measured as precipitable uronic acid ~s, is 
expressed as a percentage of t ha t  in the presence of buffer and normal  serum only. Autolysis (A) 
was in 0.2 M sodium acetate buffer containing o.1% Tri ton X-ioo,  for 4 h. The incubat ion mix- 
tures (i .o ml) contained 0.40 ml of sheep serum containing varying amoun t s  of ant iserum. Treat-  
ment  with cathepsin D (O) (4.2 units,  or o.16 nmole/ml) was as described in Fig. 4, bu t  in the pre- 
sence of 25 #l of serum containing varying amoun t s  of ant iserum, in a total  volume of I ml. The 
release (Q) is expressed as a percentage of t ha t  in the buffer containing only normal  sheep serum, 
and values are means  of triplicate est imations of the cetylpyridinium chloride-precipitable uronie 
acid ~5. 

Immunoinhibition of cartilage breakdown 
When autolysis of foetal cartilage (IOO mg) was carried out in the presence of 

sheep anti-(human cathepsin D) serum (4 #I/rag tissue), 70% inhibition of release of 
uronic acid-containing material was observed (Fig. 8). The antiserum also inhibited 
the action of the purified enzyme on washed cartilage, 70% inhibition occuring with 
25 ttl antiserum per unit of cathepsin D. 

Unfortunately, comparable experiments could not be made with cathepsin BI, 
as the specific antisera raised by injection of this protein do not react with the active 
enzyme. 

DISCUSSION 

The present experiments demonstrate that both cathepsin D and cathepsin BI 
are capable of degrading purified human proteoglycans, though to different degrees. 
The products resulting from the action of cathepsin BI were shown by gel chromato- 
graphy to be similar in size to those resulting from the action of papain, and would 
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therefore contain a single polysaccharide chain per molecule ~7. This is not altogether 
surprising, since cathepsin BI  and papain have similar specificities towards the 
peptide bonds of the oxidised B chain of insulin 28. Cathepsin D, on the other hand, 
produced fragments which were similar in size to those resulting from the action ot 
trypsin, which is thought to reduce proteoglycans to products containing two poly- 
saccharide chains27, eg. The specificity of cathepsin D is not as wide as that  of papain 
or cathepsin BI  28. Human proteoglycans have been shown to differ in their suscep- 
tibility to a t tack by cathepsin D from proteoglycans prepared from rabbit  ear or 
embryonic chick limb bone cartilage. Products resulting from the action of cathepsin 
D on these latter proteoglycans were larger than those produced by trypsin and were 
estimated to contain an average of three polysaccharide chains 4. On the other hand, 
it was found that  the incubations required to reduce human cartilage to its final 
products were several times longer than those for the chicken and rabbit  tissues 4. 

Examination by gel chromatography of the material liberated during the treat- 
ment of washed human cartilage with purified cathepsin D showed that  the proteo- 
glycan had been considerably degraded as compared to that  which could be extracted 
from the cartilage by high speed homogenisation before treatment.  Proteinpoly- 
saccharide from the cathepsin D-treated cartilage was found to be degraded, as com- 
pared with that  of untreated tissue. The products were, however, still of higher 
molecular weight than those released into the incubation medium during t reatment  
with the enzyme. Thus, cathepsin D appears capable of diffusing throughout cartilage 
matr ix  and causing breakdown of proteoglycans under suitable conditions of pH. 

Cathepsins D and BI  were effective in causing the release of proteoglycans 
from human cartilage that  had been washed free of endogenous lysosomal proteolytic 
enzymes. Cathepsin D showed a pH opt imum for degradative activity at pH 5.o, 
with practically no activity remaining at neutral pH. The activity of cathepsin BI  
was also greatest at pH 5.o, but extended into the neutral range. The pH opt imum 
of the autolysis of cartilage was consistent with a major role of both cathepsins BI  
and D in this process. Furthermore, the presence of a sheep anti-human cathepsin D 
antiserum during autolysis at pH 5.o resulted in a substantial (7o%)  inhibition of 
release of polysaccharide from the cartilage. When autolysis was carried out in the 
presence of the reducing and chelating agents required for the activation of thiol 
proteinases, increased release was observed in the pH range 5 7- Dingle et al. 1° 

showed by use of pepstatin that  adult human cartilage contains an enzyme or 
enzymes active in autolysis at pH 5-7 only in the presence of EDTA and cysteine. 
I t  was suggested that  a thiol proteinase such as cathepsin BI  might be involved, and 
this possibility is now strengthened by the demonstration that  pure cathepsin BI  
has the capacity to degrade cartilage proteoglycan. Although cathepsin D is the more 
important  enzyme in the autolytic degradation of human cartilage at pH 5, the 
relative importance of the enzymes in living tissue remains to be determined. In 
particular, the capacity of cathepsin BI  to reduce the proteoglycan to small frag- 
ments, and its action on collagen a~ suggest that  it may have an important role in 
the final intracellular stage of the catabolism of cartilage macromolecules. 
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