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ELECTRON MICROSCOPY OF ISOLATED PROTEOGLYCANS 
S .  Lohmander (Dept. o f  H i s t o l o g y ,  Karol  inska l n s t i  t u t e t ,  Stockholm, Sweden) 

The s t r u c t u r e  and macromolecular o r g a n i z a t i o n  o f  t he  proteoglycans (PG) o f  
h y a l i n e  c a r t i l a g e  has t o  a l a r g e  e x t e n t  been c l a r i f i e d  by the  combined ap- 
p l i c a t i o n  o f  chemical and phys i ca l  techniques. For a recent  review, see ref .  
1. However, t h e  conclus ions on shape, s i z e  and o r g a n i z a t i o n  o f  these mole- 
cu les  can o n l y  be approximat ions due t o  the  na tu re  o f  t h e  above methods.The 
a p p l i c a t i o n  o f  t he  cytochrome c - spreading technique2 t o  PG, making i t  pos- 
s i b l e  t o  observe and measure i n d i v i d u a l  i s o l a t e d  molecules i n  t h e  e l e c t r o n  
microscope was t h e r e f o r e  an impor tant  c o n t r i b u t i o n 3 .  Using t h i s  technique, 
Rosenberg e t  aZ.3 cou ld  v i s u a l i z e  t h e  PG molecules as an extended c e n t r a l  
core f i l a m e n t  t o  which s ide-chain f i l a m e n t s  were a t tached  a t  va r ious  i n t e r -  
va l s .  

These obse rva t i ons  were extended i n  a ~ t u d y ~ , ~  on PG monomers i s o l a t e d  from 
th ree  d i f f e r e n t  h y a l i n e  c a r t i l a g e s .  The PG f rom t h e  th ree  sources were u l -  
t r a s t r u c t u r a l  l y  r a t h e r  s i m i l a r .  The d i s t r i b u t i o n s  o f  co re  f i l a m e n t  lengths 
ranged from about 170 t o  370 nm i n  molecules f rom bovine nasal  c a r t i l a g e .  
S t a t i s t i c a l  e v a l u a t i o n  revealed no s i g n i f i c a n t  d e v i a t i o n s  f rom a normal 
d i s t r i b u t i o n  i n  c o n t r a s t  t o  p rev ious  observat ions3.  The use o f  h i g h  shear3 
and d i ssoc i a t  i ve4 y 5  prepara t i on  techniques, r e s p e c t i v e l y ,  e x p l a i n s  t h i s  
d i f f e r e n c e .  The observed average c e n t r a l  f i l a m e n t  l e n g t h  o f  some 300 nm i s  
o f  t h e  same magnitude as would be expected f o r  a p a r t i a l l y  extended p r o t e i n  
w i t h  a molecular  weight  (M,) o f  120,000, assuming a p e p t i d e  l e n g t h  o f  0.25 
nm. The number o f  s ide-chain f i l a m e n t s  was c o r r e l a t e d  t o  t h e  l e n g t h  o f  t h e  
core f i l a m e n t ,  w i t h  an average o f  about 25. Since t h e  number o f  c h o n d r o i t i n  
s u l f a t e  (CS) molecules i n  a PG monomer i s  about l o o 1 ,  i t  i s  l i k e l y  t h a t  
each s ide-chain f i l a m e n t  observed represents  a c l u s t e r  o f ,  on the  average, 
4 C S  chains.  The average lengths o f  the s ide-chain f i l a m e n t s  i n  the  th ree  
m a t e r i a l s  ranged from 39 t o  46 nm. Assuming a d i sacchar ide  l eng th  o f  about 
1 nm and a M, o f  about 500  per  d isacchar ide,  t h i s  would correspond t o  a M, 
o f  about 20,000 f o r  t he  C S .  

The above c a l c u l a t i o n s  agree w i t h  t h e  c u r r e n t  model f o r  t he  PG monomer f rom 
h y a l i n e  c a r t i l a g e l .  I t  should be noted, however, t h a t  w i t h  t h e  techniques 
used f o r  v i s u a l  i z a t i o n  o f  monomers the  te rm ina l  h y a l u r o n i c  ac id(HA)-b ind ing 
reg ion  o f  t h e  pep t ide  co re  cannot be demonstrated. I f  the  average molecular  
parameters found f o r  monomers f rom bovine nasal c a r t i l a g e  ( co re  l e n g t h  290 
nm, 25 s ide-chain f i l amen ts /co re  f i l a m e n t ,  l e n g t h  o f  s ide-chain f i l a m e n t s  
45.6 nm) a r e  used t o  c a l c u l a t e  t h e  Mw a va lue o f  2 . 4 ~  l o 6  i s  obta ined6.  The 
range w i t h i n  t h e  m a t e r i a l  o f  100 measured molecules was 0 . 7 - 3 . 8 ~ 1 0 ~ .  T h i s  
va lue  agrees w e l l  w i t h  the  va lue o f  2 . 3 ~ 1 0 ~  c a l c u l a t e d  on t h e  b a s i s  o f  
chemical and physicochemical data1. Fu r the r  s t a t i s t i c a l  t reatment  o f  t h e  
u l t r a s t r u c t u r a l  data i n d i c a t e d  t h a t  t he  average l e n g t h  o f  t he  s ide-chain 
f i l a m e n t s  increased w i t h  i nc reas ing  l eng th  o f  t h e  p r o t e i n  core.  I f  t h e  hy- 
drodynamic s i z e  o f  the CS-clusters i s  c o r r e l a t e d  t o  t h e  l eng th  o f  t h e  s ide -  
c h a i n  f i l a m e n t s  t h i s  cou ld  i n d i c a t e  t h a t  t he  hydrodynamic s i z e  o f  t h e  C S -  
c l u s t e r s  i s  sma l le r  c l o s e  t o  the  HA-binding region6. 

The technique f o r  v i s u a l i z i n g  PG monomers i n  the  e l e c t r o n  microscope was 
l a t e r  mod i f i ed  t o  a l l o w  the  obse rva t i on  o f  PG aggregates7. I t  was shown 
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t h a t  t h e  aggregates cons is ted  o f  PG monomers a r i s i n g  l a t e r a l l y  a t  
i n t e r v a l s  o f  20 t o  30 nm from a f i lamentous backbone va ry ing  i n  
l e n g t h  from 400 t o  4,000 nm. It was suggested t h a t  t h e  f i l amen tous  backbone 
corresponded t o  the  HA o f  t h e  PG aggregates. Moreover, t he  spacin 
mers corresponded t o  t h a t  suggested on t h e  b a s i s  o f  chemical data . 
I n  at tempt  t o  f u r t h e r  i n v e s t i g a t e  the  molecular  a r c h i t e c h t u r e  o f  t he  PG ag- 
gregate n a t i v e  and fragmented aggregates were s t u d i e d  a f t e r  spreading w i t h  
cytochrome c 8,9. Aggregates f rom bovine nasal  c a r t i l a g e  were stepwise d i -  
gested w i t h  chondro i t i nase  and t r y p s i n  and the  fragments p u r i f i e d  and then 
observed i n  the  e l e c t r o n  microscope. HA was i s o l a t e d  from t h e  same t i s s u e  
a f t e r  papain d i g e s t i o n .  The general  appearance o f  t h e  n a t i v e  p repara t i ons  
corresponded t o  t h a t  p r e v i o u s l y  observed7. I n  a m a t e r i a l  o f  25 n a t i v e  ag- 
gregates the  c e n t r a l  f i l a m e n t  measured on the  average 1037 nm (range 341- 
2343 nm) w i t h  an average of  29 monomers a t tached  a t  a mean i n t e r v a l  of 36 
nm. The average leng th  o f  t he  monomers was 255 nm. Aggregates p a r t i a l l y  d i -  
gested w i t h  chondro i t i nase  d i sp layed  a s i m i l a r  general  a r c h i t e c h t u r e  w h i l e  
molecules d iges ted  w i t h  chondro i t i nase  and t r y p s i n  o r  o n l y  t r y p s i n  appeared 
as f i l a m e n t s .  The average l e n g t h  o f  these f i l a m e n t s  was 442 and 864 nm re-  
s p e c t i v e l y .  HA i s o l a t e d  from nasal  c a r t i l a g e  appeared as f i l a m e n t s  w i t h  an 
average l e n g t h  o f  732 nm. Assuming a M, o f  about 2 x l o 6  f o r  each monomer 
t h e  average t o t a l  M, f o r  P G  aggregate f rom bovine nasal  c a r t i l a g e  would be 
o f  t he  o r d e r  o f  6 x 1 0 7 .  The r e s u l t s  o f  t h e  observat ions and measurements on 
fragmented molecules and HA s t r o n g l y  co r robo ra te  the  c u r r e n t  model f o r  t he  
P G  aggregate f rom h y a l i n e  c a r t i l a g e .  I f  t h e  d i sacchar ide  u n i t  o f  HA i s  as- 
sumed to  have a l eng th  o f  1 nm and a M, of 416 t he  M, of the HA o f  t he  ag- 
gregates o f  bovine nasal  c a r t i l a g e  would be about 4 . 5 ~ 1 0 ~ ~  a f i g u r e  i n  
good agreement w i t h  the  v i scos i t y -ave rage  M, o f  5 x  l o 5  r e c e n t l y  est imated 
f o r  HA f rom t h i s  t i s s u e l o .  

Summing up, e l e c t r o n  m ic roscop ic  s t u d i e s  on i s o l a t e d  proteoglycans have 
y i e l d e d  i n f o r m a t i o n  which con f i rms  and extends a v a i l a b l e  chemical and phys- 
i c a l  data.  The technique should be a p p l i c a b l e  t o  i n v e s t i g a t i o n s  on p ro teo -  
glycans from o t h e r  t i s s u e s  as w e l l  as s u b f r a c t i o n s  o f  monomers and aggre- 
gates.  
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