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SUMMARY 

The  i n c o r p o r a t i o n  of glucose in to  t h e  h e x o s a m i n e  moie t i es  of ca r t i l age  m u c o p o l y -  
sacchar ides  has  been  s tud ied .  I s o t o p e  a p p e a r s  in the  g a l a c t o s a m i n e  m o i e t y  of t h e  
l ight  m u c o p r o t e i n  f rac t ion  first a n d  r a p i d l y  d i s appea r s  f r o m  th i s  f r ac t ion  w i t h  an  
a c c o m p a n y i n g  a p p e a r a n c e  of i so tope  in t h e  insoluble  res idue.  C h o n d r o i t i n  su l fa te  
a c c o u n t s  for a b o u t  80 % of t he  t o t a l  p o l y s a c c h a r i d e  a n d  a p p e a r s  to  be r e l a t i ve ly  ine r t  
me tabo l i ca l ly .  A p p e a r a n c e  of label  in c h o n d r o i t i n  su l fa te  p r io r  to  k e r a t o s u l f a t e  
sugges ts  t h a t  these  po lysaccha r ide s  do no t  r ep re sen t  p a r t  of t he  s ame  m a c r o m o l e c u l a r  
s t r uc tu r e .  This  l a t t e r  po in t  is no t  e s tab l i shed .  The  effect of severa l  h o r m o n e s  on t h e  
i nco rpo ra t i on  a n d  t u r n o v e r  of i so tope  in +h~,. ~: . . . . .  ~,,o . s ~ . ~  :: 'as also r epo r t ed .  

INTRODUCTION 

Car t i l age  has  been  one of the  m o s t  e x t e n s i v e l y  s t u d i e d  of all  c o n n e c t i v e  t issues.  
I t  has  been  used  as a source  of c h o n d r o i t i n  su l fa te  s ince the  I g t h  c e n t u r y  a n d  a l t h o u g h  
the  c o m p o s i t i o n  of the  po ly saccha r ide  f r ac t ion  was  or ig ina l ly  t h o u g h t  to  be ex- 
c lus ively  c h o n d r o i t i n  4-sul fa te ,  k e r a t o s u l f a t e  a n d  c h o n d r o i t i n  6-su l fa te  h a v e  also 
been d e t e c t e d  1. S tud ies  in severa l  l abo ra to r i e s  on h u m a n  m a t e r i a l  h a v e  r evea led  
a g e - d e p e n d e n t  compos i t i on  changes  2-5. I n  pa r t i cu l a r ,  t he r e  is a c o n t i n u o u s  increase  in 
the  k e r a t o s u l f a t e  c o n t e n t  t h r o u g h  t h e  second  decade  in life a n d  t h e  c h o n d r o i t i n  4- 
su l fa te  is p rogress ive ly  r ep l aced  b y  c h o n d r o i t i n  6-sulfa te .  Q u a l i t a t i v e  s tud ies  sugges t  
t h a t  k e r a t o s u l f a t e  also increases  in s h a r k  a n d  squ id  carti lage% 

Car t i lage  has  been  used  in s tud ies  of r ad io - su l f a t e  f ixa t ion  a n d  the  effect of hor -  
m o n e s  on such  processes  has  been  reporte&-X% 

T h e  phys ica l  s t a t e  of t h e  h e t e r o p o l y s a c c h a r i d e s  in th is  t i ssue  has  been  t h e  s u b j e c t  
of cons iderab le  i nves t i ga t i on .  T h e  c h o n d r o i t i n  su l fa te  m a y  be e x t r a c t e d  f rom ca r t i l age  
in t h e  fo rm of a p ro t e in  c o m p l e x  whose  p rope r t i e s  sugges t  s o m e t h i n g  m o r e  t h a n  
s imple  e lec t ros ta t i c  a t t r a c t i o n  n-a4. Tile  h o m o g e n e i t y  of th is  c o m p l e x  h a s  n o t  b e e n  
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estaot]snett '  -' 't,u, ~.~,: . . . . . .  , , , p c  u,~,,~ . . . . . . . . . . .  sugges t  c,,,coutt~,~**~:~---~ ~,,,.,~m~ox'~ ~ r~ ~.~ at.. lem~t p a r t  of the  
p ro t e in  m o i e t y  a n d  the  p o l y s a c c h a r i d e  chain .  

The  p re sen t  s t u d y  r epor t s  the  compos i t ion  ,o~ ~[pa~r~eiira~ ~.ornp[exes i so la ted  f rom 
r a b b i t  I ib  car t  i lage, t he  i n c o r p o r a t i o n  of c a r b o h y ~ a ~ e  it~.~um-~o~- i!nto the  h e x o s a m i n e  
c o m p o n e n t s  of t he  pol3;sacchar ides  a n d  the  effect ,¢¢ff ,~:an6i0r~ lhgrTnonal a g e n t s  on th is  
process.  P r e l i m i n a r y  r epor t s  h a v e  been  preserrtedaZ-a~.. 

The  gene ra l  e x p e r i m e n t a l  design,  age distribtrdi0m ,0¢/f ttt~e.-,-mimals, a n a l y t i c a l  a n d  
c o u n t i n g  t e c h n i q u e s  h a v e  been  p r ev ious ly  desc r /bed  ~ .  tlr~0m~_~=m re la t ive  to  specific 
e x p e r i m e n t s  is desc r ibed  in the  p e r t i n e n t  f igure ileg~n~l. 

Ca r t i l age  m u c o p r o t e i n  was  p r e p a r e d  f r o m  :ral-d~'t ~b,  t t ~ a g e  by  the  m e t h o d  
of SCHUBERT et al .  ~s. Mater ia l  inso luble  in w a t e r  ~ a s  ~e-x~,~.~edl b3: s h a k i n g  w i th  IO 
vol. of 2 % K O H  in the  cold  for 24 h. The  IKOt-] ,e~-twa¢~t v~;~. vepea ted  twice  a n d  a f t e r  
n e u t r a l i z a t i o n  the  soluble  po r t i on  was  d i a lyzed  :to a~cm0m~ • t,m:e.~s salt .  H e x o s a m i n e s  
were  l i b e r a t e d  f r o m  p o l y m e r i c  m a t e r i a l  b y  h v d r 0 / , v ~  ~ ;a ~::eti~¢~ vessel  w i th  4 N HCI 
for 16 h. A f t e r  r e m o v a l  of the  acid,  t he  hydro lysa~e  ,am~. (4fi+.m,)tx:ed in w a t e r  a n d  the  
g lucosarn ine  a n d  g a t a c t o s a m i n e  reso lved  b y  Ct~.<,~a~0gIratpNy: ~n Dowex--5o. H+ 
resin *'. Q u a n t i t a t i o n  of h e x o s a m i n e  con t en t  a n d  ~za~0mCmJ~,i~rg was  ca r r ied  ou t  as 
p r e v i o u s l y  dese r ibed lL  N e u t r a l  suga r s  were  e ~ i m ~ t  ~aff~,~ t~ydrolx-sis for 4 h wi th  
r N H ~ S O , .  The  h y d r o l y s a t e  was  neu t r a l i zed  w i th  ~a'~0)lNli...,:md', f u r t he r  de ion ized  b3; 
t r e a t m e n t  w i th  Dowex-5o ,  H + and  Dowex-~ ,  ~ 0 @ C  n - ~ r ~ .  _ -~er  c o n c e n t r a t i o n ,  
su i t ab l e  aliquot.~ were  e h r o m a t o g r a p h e d  in t h e  f,Lloxvihr~.,dl~,,m~+: b u t a n o l -  p y r i d i n e -  
w a t e r  (6: 4:  3), e t h y l  a c e t a t e -  p y r i d i n e - w a t e r  (-~:: ~:: ~_I) rc~ne.rr p[mse,  b u t a n o l -  acet ic  
a c i d - w a t e r  (5o : x5" 35), i s o p r o p a n o l - w a t e r ,  (9:: ,.-r,).. INtdk~diag c o m p o u n d s  were  
v i sua l i zed  w i t h  a s i lver  n i t r a t e  r e a g e n t  ~-°. 

R E S I ; I . T . ~  A N D  DISC[~.%IO~'N 

T h e  c o m p o s i t i o n  of the  h e a v y  a n d  l ight  m u c o p r o t e i n  ~attt i i0m~md! the  res idue i.~ shown 
in T a b l e  I. I n  a d d i t i o n  to  the  hexosa rn ine  componerrt.~, tb0~tt~ ~r'~t~u.'tose and  fucose were 
d e m o n s t r a b l e  in all  f r ac t ions  b y  p a p e r  chromatogra~ra-;a+dh.~.~i/Sed above .  Q u a n t i t a -  
t ion  was  no t  a t t e m p t e d .  

.~ T A I 3 L E  ] 

HEXOSA.'VlI~H CONTENT OF RABBIT RII3~C'ARTILAG/E BII[TC~tI~0~FI~'~,x~ .-t-~,D~ RE.q|D(TE FHACTIONS 

V a l u e s  a r e  e x p r e s s e d  a s  [ , m o l e s / g  d r y  w t .  F i g u r e s  i n  p a r ~ [ l : h t . ~ e , ; t r ~ v  [~eE t-t;rlt o f  t o t a l  g l u c o s a m i n c ~  
o r  g a l a c t o s a m i n e .  E a c h  f i g u r e  is t h e  a v e r a g e  o f  ~¢ 'lu~.=rt :l~l~ttt. ~ m i m a l v t  t 5  m o n t h s  o f  a g e .  

C o n t r o l  ~ Grrttsstm; ( ' ; ~ t t :  hormo;t , .  

G l ta~x -  Galacto$-  Gltwtx~- ~Galudt,~:-- (ght~os- Galactos-  
a m  i tie a m i t l e  ant~t|e glgt ;gtrt- ltra i rig a I~ i ;Ig 

L i g h t  m u c o p r o t e i n  t .  4 I 2 . 6  ~I:O .... 4t i~. t).* i l . o  
f r a c t i o n  (6) (~ t) (7! : (a44 : ~.5~ (,~i 

H e a v y  m u c o p r o t e i n  o.  6 * .9  o.24 .~t ~,~ t~. 0 5 - o  

f r a c t i u n  (2 .5 )  (-'~ (31 ~!a ' ,~ '5 i  (4) 

R e s i d u e  2 4 . 5  117  2 6  ~¢~t1 .]-;IJ " "  t4O 
(92) (88) (~jo) : ~ i  i,)o] (88) 

" D e c r e a s e s  w i t h  t i m e .  
" "  I n c r e a s e s  w i t h  t i m e .  

~ i o a t a b m .  l~ i l g l i :3~s ._  A : c t a ,  6 9  ( t 9 6 3 )  4 5 9 - 4 ¢ ) 3  



CARTILAGE MUCOPOLYSACCHARIDE METABOLISM 4.6r 

Tim a p p e a r a n c e  of r a d i o a c t i v i t y  in the  g a l a c t o s a m i n e  c o m p o n e n t  of the  m u c o -  
p ro te in  a n d  res idue  f rac t ions  is i l l u s t r a t e d  in  Fig.  I.  T h e  effect of va r ious  h o r m o n e s  on 
the  ra te  of a p p e a r a n c e  of r a d i o a c t i v i t y  f r o m  glucose in  the  g a l a c t o s a m i n e  a n d  glucos- 
a m i n e  c o m p o n e n t s  of t he  l igh t  m u c o p r o t e i n  f rac t ion  is i l l u s t r a t e d  in Figs.  3 a n d  4. 
The  d i f ferent  ra tes  of i n c o r p o r a t i o n  of glucose in to  g l u c o s a m i n e  a n d  g a l a c t o s a m i n e  
r e spec t ive ly  of the  l igh t  m u c o p r o t e i n  of cont ro l  a n i m a l s  is i l l u s t r a t e d  in  Fig.  2. 

T h e  occur rence  of g l u c o s a m i n e  a n d  g a l a c t o s a m i n e  in  b o t h  m u c o p r o t e i n  f r ac t ions  
as well  as t he  res idue  conf i rms  resu l t s  r epor t ed  b y  GREGORY AND RODEN 2' a n d  b y  
PARTRIDGE a n d  coworkers  x3. A l t h o u g h  these  f rac t ions  are  q u a l i t a t i v e l y  h o m o -  
geneous,  s a t i s f a c t o r y  ev idence  has  not  been  p r e s e n t e d  to e s t ab l i sh  th i s  poin t .  

S tud ies  in cell-free s y s t e m s  h a v e  shown t h a t  u r id ine  d i p h o s p h o - N - a c e t y l  glucos- 
a m i n e  serves  as the  i m m e d i a t e  p recurso r  of t he  co r r e spond ing  g a l a c t o s a m i n e  nucleo-  
tide-°2, ~3. T h e  a p p e a r a n c e  of t he  g lucose  c a r b o n  cha in  in  g a l a c t o s a m i n e  pr ior  to glucos-  
a m i n e  in th i s  s y s t e m  sugges ts  t h a t  the re  is no t  a l i nked  s y n t h e s i s  of t he  k e r a t o s u l f a t e  
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Fig. r. Appearance of radioactivity in the 
galactosamine moiety of rabbit mucoprotein 
and residue fractions following an injection of 
uniformly labeled rt4C~glucosel~. Each point is 
the average of at least two animals, x 5 months 
of age. A, • .  light mucoprotein fraction; B, 
II, heavy mucoprotein fraction; C, A, redidue. 

Fig. 2. Appearance oi radioactivity in galactos- 
amine and glucosamine of the light muco- 
protein fraction. Each point is the average 
of at least two animals, x5 months oi age. 
• - -  0 ,  galactosamine, light mueoprotein 
fraction ; i l - -  II, glucosamine, light muco- 

protein fraction. 

Fig. 3. Effect of growth hormone and cortisone 
on appearance of radioactivity in the galactos- 
amine moiety of the light mucoprotein fraction, 
Isotope and hormone administered as pre- 
viously described~L Each point is the average 
of at least two animals, I5 months oi age. 
• 1 0 ,  growth hormone; • - - • ,  control; 

A--~k,  cortisone. 
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a n d  c h o n d r ~ i d n  st~lfate m o i e t i e s  p r e s e n t  in t h e  l igh t  m u c o p r o t e i n  f r a c t i on .  I t  is 
poss ib l e  t h a t .  a s  w~th c e r t a i n  b a c t e r i a l  l i p o p o ! y s a c c h a r i d e s ,  t h e  a c c e p t e r  s i te  for 
t h e  ke ra t¢~f l f fa te  m u s t  be  p r e s e n t  be fo re  i t s  s~nnthesis t a k e s  p l a c e  e*. T h u s ,  one  m a y  
en,~ision t h a t  t h e  c h o n d r o i t i n  s u l f a t e  f o r m s  t h e  i m m e d i a t e  c o v a l e n t  l i n k a g e  to  p r o t e i n  
a n d  u n t i l  t h i s  is  s y n t h e s i z e d ,  n o  a p p r e c i a b l e  s y n t h e s i s  of  k e r a t o s t f l f a t e  m a y  t a k e  p lace .  
T h e  a c t i v e  m e t a b o N e  b e h a v i o r  of t h i s  f r a c t i o n  c o u p l e d  w i t h  t h e  c o n s i d e r a b l e  d e l a v  
in a p p e ~ ¢ e  of  i s o t o p e  in  k e r a t o s u l f a t e  m a k e s  t h i s  p o s s i b i l i t y  e x t r e m e l y  fa r  f e t ched .  
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Fig. 4. Effect of growth hormone and 
TSH on appearance of radioactivity in 
cartilage galactosamine following a 
single in~ection of uniformly labeled 
2l~C ~ glucose. Hexosamine isolated after 
direct alkali extraction of tissue Note 
how mixing "pools" distorts data. 
Each point average of four animals, ! 5 
months off age. A, control g r o u p  B, 
TSH-treated group- C, growth hor- 

mone-treated group. 

T h e  s low a ~ n c e  of i s o t o p e  in t h e  r e s idue  f r a c t i o n  a n d  t h e  low specif ic  
a c t i v i t i e s  m a k e  a n  a c c u r a t e  d e t e r m i n a t i o n  of p o l y s a c c h a r i d e  "ha l f - l i fe ' "  diff icul t .  
lch'elirninar$_ - e_x-periments h a v e  b e e n  c a r r i e d  o u t  a n d  sugges t  a t u r n o v e r  t i m e  for t h i s  
f r a c t i o n  in  e x c e s s  e l  4 m o n t h s ,  i n  th i s  t i s sue ,  a s  in  sk in ,  t h e  p o l y s a c c h a r i d e  " p o o l "  
is n o t  h o m Q g e n e o o s  a n d  a p p a r e n t l y  u n d e r g o e s  s o m e  c h a n g e  e i t h e r  in p h y s i c a l  s t a t e  or  
l i n k a g e  t o  p r o t e i n  fo l lowing  s~mthes is  f r o m  s i m p l e r  p r e c u r s o r s .  I t  w o u l d  a p p e a r  t h a t  
t h e  l i gh t  m u ¢ o p r o t e i n  f r a c t i o n ,  o p e r a t i o n a l l y  d e f i n e d  a s  b e i n g  m o r e  r e a d i l y  e x t r a c t -  
ab le ,  r e p r e s e n t s  t h e  f i rs t  a p p e a r a n c e  of n e w l y  s ~ n t h e s i z e d  p o l y s a c c h a r i d e .  S ince  t h e  
p r o t e i n  moiel3" of  t h e  m u c o p r o t e i n  c o m p l e x  does  n o t  y i e ld  a h o m o g e n e o u s  p r o t e i n  
f r a c t i o n  -alRer r e m o v a l  of  t h e  m a j o r i t y  of t h e  p o l y s a c c h a r i d e  b y  e x h a u s t i v e  h y a l u r o n i -  
d a s e  d i g e s t i o n ,  i t  is  e x t r e m e l y  d i f f icul t  to  a.~sign a n y  c o h e r e n t  s t r u c t u r e  to  t h e  m u c o -  
p r o t e i n  i t s e lL  

T h e  effe~zts o f  c o r t i s o n e  a re  in k e e p i n g  w i t h  p r e v i o u s  r e p o r t s  of  t h e  a b i l i t y  of t h i s  
h o r n l o n e  t o  i n h i b i t  s n l f a t e  f i xa t ion  a n d  a lso  in  a g r e e m e n t  w i t h  t h e  gene ra I  effect  of 
c o r t i s o n e  o n  o t h e r  h e t e r o p c l y s a c c h a r i d e  s y s t e m s  ~ - ~ .  I t  w o u l d  a p p e a r  t h a t  t h e  
o b s e r v e d  phenolt~er~a a r e  n o t  due  to  a d i r e c t  i n f l uence  on  s u l f a t e  f ixa t ion  or  c h a i n  
s~nvathesis b u t  r a t h e r  t o  a n  in f luence  on  t he  a v a i l a b i l i t y  of  s i m p l e  p r e c u r s o r s  for  t h e  
fong la t i on  o f  t h e  lpOlysacchar ide  c h a i n  ; t h i s  m a v  be  r e l a t e d  to  c a p i l l a ~ ,  p e r m e a b i l i t y ,  
d i f fus ion  o f  n n t r i e n t s  t o  t h e  cell.~ r e s p o n s i b l e  for  s y n t h e s i s ,  e tc .  

T h e  failmre o f  t h e  ~C~t:~ERT t e c h n i q u e  to  so lub i l i ze  m o r e  t h a n  2o % of t h e  t o t a l  
mue,  o p o ~ - s a c c h a r i d e  h e x o s a m i n e  p r e s e n t  in c a r t i l a g e  is s o m e w h a t  d i s c r e p a n t  f rom 
r e t o r t e d  r e s u l t s  o n  bo~-ine na sa l  s e p t a  27. T h e  a b o v e  d a t a  a r e  for  r a b b i t  r i b  c a r t i l a g e  of 
t h e  ~ a g e  a n d  g e n e r a l i z a t i o n s  to  o t h e r  a n i m a l s  a r e  n o t  va l id .  T h e  r e l a t i v e l y  
c o n s t a n t  ~ i i o n  of  t h e  so lub le  z,erstts t h e  i n so lub l e  p o r t i o n s  is s o m e w h a t  a f f ec t ed  
b y  g r o w t h  h e r m o n e  a n d  b y  t h e  age  of  t h e  a n i m a l .  H o w e v e r ,  sm'f icient  s t u d i e s  h a v e  no t  
b e e n  c a r r i e d  o u t  t o  d e , h e  a n y  c o n s i s t e n t  t r e n d .  
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The  p h e n o m e n o n  in h u m a n  ca r t i l age  of t he  r e p l a c e m e n t  of c h o n d r o i t i n  4 - su l fa t e  
b y  c h o n d r o i t i n  6 -su l fa te  w i t h  t h e  passage  of t i m e  is of cons ide rab le  in te res t .  Th i s  
conve r s ion  invo lves  n o t h i n g  m o r e  c o m p l e x  t h a n  a t r a n s f e r  of su l fa te  f r o m  the  4 
pos i t ion  of t h e  g a l a c t o s a m i n e  m o i e t y  to  t he  6 pos i t ion .  Th i s  m a y  r equ i r e  b r e a k d o w n  
. ,nd r e s y n t h e s i s  of the  p o l y s a c c h a r i d e  cha in ,  de novo s y n t h e s i s  of t h e  c h o n d r o i t i n  
su l fa te  C f r o m  glucose,  or a s imple  sulfo  t r a n s f e r a s e  m e c h a n i s m .  Since s imi la r  phenom-.  
e n a  h a v e  no t  been  e s t a b l i s h e d  for o t h e r  an ima l s ,  i t  is qu i t e  imposs ib le  to  t e s t  t hese  
h y p o t h e s e s  e x p e r i m e n t a l l y .  

Cons ide rab le  ev idence  has  been  a d d u c e d  to  s t r e n g t h e n  t h e  or ig ina l  p roposa l  b y  
DAVIDSON AND MEYER 28 t h a t  h e t e r o p o l y s a c c h a r i d e  su l fa t ion  t a k e s  p lace  s u b s e q u e n t  to  
cha in  s y n t h e s i s ~ - a L  N e v e r t h e l e s s ,  de f in i t ive  ev idence  a t  t h i s  po in t  is miss ing .  I t  is 
e spec ia l ly  to  be n o t e d  t h a t  all  of t he  sulfo t r a n s f e r a s e  d a t a  r e p o r t e d  leave  9 ° % or m o r e  
of the  t h e o r e t i c a l  h y d r o x y l  accep to r s  unes te r i f ied .  In  th i s  i n s t a n c e ,  a l t h o u g h  the  
su l fa t e  g r o u p  q u a l i t a t i v e l y  m i r r o r s  t he  m e t a b o l i c  b e h a v i o r  of t h e  hexose  c a r b o n s ,  
q u a n t i t a t i v e  s tud ies  h a v e  no t  been  ca r r i ed  out .  T h e  t u r n o v e r  of t h e  su l fa t e  g r o u p  in 
t h i s  t i s sue  will  be t he  s u b j e c t  of a s u b s e q u e n t  r epor t .  
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