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Discussion. W h e n  t h e  l ipid a n d  p r o t e i n  c o m p o n e n t s  of 
l ipofuscin  granules  are r emoved ,  a b l ack  insoluble  res idue 
r ema ins  wh ich  ha s  t he  same  chemica l  and  spec t ra l  cha-  
rac te r i s t i cs  of k n o w n  m e l a n i n  isola ted f rom o t h e r  sources ~. 
The  q u a n t i t y  Of m e l a n i n  i so la ted  f rom n o r m a l  h e a r t s  a n d  
l ivers  a n d  those  w i t h  b r o w n  a t r o p h y  cor re la t ed  well  w i t h  
t he  microscopic  c o u n t s  of l ipofuscin  g ranu les  in  these  
t issues.  Th i s  suggests  t h a t  l ipofuscin  p i g m e n t  con t a in s  a 
m e l a n i n  c o m p o n e n t .  
S t reh le r  e t  al. i0 obse rved  b y  h i s tochemica l  s tudies ,  t h a t  
t he  n u m b e r  of l ipofnsc in  g ranu les  in  t he  h e a r t  increased  
w i t h  age. In  our  s tudy ,  a l t h o u g h  t he  m e l a n i n  p i g m e n t  in  
con t ro l  h e a r t s  a n d  l ivers  a p p e a r e d  to  increase  du r ing  t he  
f i rs t  3 decades  of life, t h e  overa l l  co r re la t ion  of m e l a n i n  
p i g m e n t  w i t h  age was  no t  s ign i f ican t  in  e i t he r  the  h e a r t  
or t he  liver.  Melan in  is a b s e n t  in  fe ta l  l iver  a n d  hea r t ,  
decreased  in f a t t y  m e t a m o r p h o s i s  of t he  l iver  a n d  in- 
creased in b r o w n  a t r o p h y  of t h e  h e a r t  a n d  liver.  The  
absence  oJ[ l ipofuscin  in f e t a l  o rgans  has  been  p rev ious ly  
r epo r t ed  n a n d  suggests  t h a t  a n  a d e q u a t e  per iod  of t i m e  
is necessa ry  for t h e  syn thes i s  of th i s  p igmen t .  I n  f a t t y  
m e t a m o r p h o s i s  t he re  is l iver  cell d e s t r u c t i o n  and  in- 
c reased cel lular  t u r n o v e r ,  T he  newly  fo rmed  cells m a y  
also n o t  h a v e  h a d  suff ic ient  t i m e  to  syn thes ize  l ipofuscin 

g ranu les  wh ich  could  a c c o u n t  for our  o b s e r v a t i o n  of de-  
c reased  m e l a n i n  in l ivers  w i t h  f a t t y  me tamorphos i s .  On 
t he  o t h e r  h a n d ,  in  b r o w n  a t r o p h y ,  t he re  is a m a r k e d  
increase  in t h e  l ipofuscin  g ranu le  c o u n t  as well  as me l a n in  
concen t r a t i on .  La rge  q u a n t i t i e s  of m e l a n i n  p i g m e n t  also 
h a v e  been  found  in  t h e  b lack  l ivers  o b t a i n e d  f rom m u t a n t  
Corr iedale  sheep  1~-14, Howle r  monkeys15,  le a n d  p a t i e n t s  
w i t h  D u b i n - J o h n s o n  s y n d r o m e  12,14. F u r t h e r  s tudies  are 
needed  to d e t e r m i n e  t he  pa thogenes i s  a n d  func t ion  of 
th i s  v iscera l  p i g m e n t a t i o n .  
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Summary. Pro t eog lycans  in car t i l age  are found  as aggrega tes  a n d  as monomers .  Ev idence  ha s  been  o b t a i n e d  ind ica t ing  
t h a t  h y a l u r o n i c  acid,  n o r m a l l y  p r e s en t  in  t h i s  t issue, b inds  t o g e t h e r  m o n o m e r s  in to  large molecu la r  we igh t  aggregates.  
I n  th i s  inves t iga t ion ,  t he  i n t e r ac t i ng  region of t he  p r o t e i n  b a c k b o n e  ha s  been s tudied.  T h e  resu l t s  unequ ivoca l l y  de-  
m o n s t r a t e d  t h a t  $he epsi lon a m i n o  groups  of lysine are  invo lved  in hya lu ron ic  acid b i n d i n g  to  p ro teog lycans  a n d  
t h a t  t h e i r  b lock ing  b y  a c e t y l a t i o n  e i the r  p r e v e n t s  r eaggrega t ion  or  d i saggrega tes  t he  h i g h  mol .w aggregates .  

The  c h o n d r o i t i n s u l f a t e  p ro t eog lycans  are cha rac t e r i s t i c  
c o m p o n e n t s  wh ich  occur  in car t i l age  as aggrega tes  of a 
m o l . w t  r a n g i n g  f r o m  30 • 10 s to  100 • l 0  s da l ton .  These  
aggrega tes  are  m a d e  u p  b y  p r o t eog l ycan  monomers  of an  
ave rage  mol .w t  of 2 to  2.5 • l0  s da l ton ,  b y  2 l ink  pro-  
t e ins  * a n d  b y  hya lu ron ic  acid 3. Recen t ly ,  ev idence  has  
been  o b t a i n e d  d e m o n s t r a t i n g  t h a t  t he  m a i n  func t i on  of 
h y a l u r o n i c  acid consis ts  of b i n d i n g  t o g e t h e r  p ro t eog lycan  
m o n o m e r s  in to  aggrega tes  of large molecu la r  size 8. Th i s  
i n t e r a c t i o n  appears ,  therefore ,  to  be  of f u n d a m e n t a l  im-  
p o r t a n c e  for aggrega t ion  a n d  t h u s  for t h e  o rgan iza t i on  of 
p ro t eog lycans  in car t i l age  ex t race l lu la r  ma t r ix .  Cer ta in  
f ea tu res  of th i s  p h e n o m e n o n  are now  k n o w n  in some 
detai l ,  e.g. t he  genera l  pos i t ion  of t h e  i n t e r a c t i n g  side(s) 
in  t he  po lysacchar ide- f ree  region of t he  core p r o t e i n  of t he  
monomer* ,  t he  m i n i m u m  size of a h y a l u r o n i c  acid seg- 
m e n t  capab le  of i n t e r a c t i n g  w i t h  t h e  core p r o t e i n  5, a n d  
t he  func t ion  of t h e  l ink  p ro t e ins  wh ich  do n o t  p r o m o t e  
aggrega te  f o r m a t i o n  pe r  se, b u t  t h e y  seem to  s tabi l ize  t he  
whole  molecu la r  sys tem,  p r e v e n t i n g  i ts  d i ssoc ia t ion  u n d e r  
t he  s t ress  of u l t r a c e n t r i f u g a l  forces 6. 
The  p r e s e n t  e x p e r i m e n t s  were devised  to  s t u d y  t h e  
chemica l  cha rac t e r i s t i c s  of t h e  h y a l u r o n i c  ac id-pro teo-  
g lycan  in t e r ac t i on ,  a n d  a t t e m p t s  are m a d e  to  i den t i fy  t h e  
si tes on  t h e  p ro t e in  b a c k b o n e  of t he  p r o t e o g l y c a n  invo lved  
in t he  l inkage  w i t h  h y a l u r o n i c  acid.  

Materials and methods. Viscos imetr ic  a n d  c h r o m a t o g r a p h i c  
ana lyses  of t h e  A 1 p r e p a r a t i o n s  d e m o n s t r a t e d  t h a t  t h e  
sample  were h i g h  molecu la r  we igh t  c o m p o u n d s  (fig. l a )  
a n d  t h a t  a b o u t  50% of t he  m a t e r i a l  was exc luded  f rom 
the  gel sugges t ing  t h a t  a large p r o p o r t i o n  was in a n  
aggrega ted  fo rm (fig. 2-1). On  ace ty la t ion ,  t he  d ras t i c  d rop  
in v i scos i ty  of these  samples ,  i nd ica t ing  a decrease  in h y -  
d r o d y n a m i c  size of t h e  p ro t eog lycans  and  the i r  c h r o m a t o -  
g raph ic  b e h a v i o u r  on  Sepharose  2 B, d e m o n s t r a t e s  t h a t  
t h e y  were all  e lu ted  in  the  inc luded  v o l u m e  a n d  prov ides  
ev idence  for t h e i r  d i saggrega t ion  (figs. l b  and  2-2. I n  th i s  
regard,  i t  is i n t e r e s t i ng  to no t e  t h a t  t he  size of t he  ace ty-  
la ted  samples  co r re sponded  to  t h a t  of t h e  AID 1 p r epa ra -  
t ions  (figs. l c  and  2-4) and  was also s imi lar  to  the  A 1 
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samples  d iges ted  wi th  S t r ep tomyces  hya lu ron idase  
(fig. 2-3). This enzyme,  by  degrading  HA, de t e rmined  
the  d isaggregat ion of the  complex  to p ro teog lycan  sub- 
units ,  the  size of which  was similar  to the  A:D:  p repara -  
t ions used in th is  s t u d y  (fig. 2-4). This d a t a  suggested 
t h a t  the  p roduc t s  ob ta ined  af ter  ace ty la t ion  were the  ex- 
pression of a specific chemical  react ion.  
Reaggrega t ion  of AiD 1 occurred readi ly  upon addi t ion  of 
H A  as indica ted  b y  viscosi ty  measu remen t s  and gel chro-  
m a t o g r a p h y  (figs. l d and 2-5). However ,  when  these  
subuni t s  were f i rs t  ace ty la ted  and then  combined  wi th  
HA, reaggregat ion  did no t  take  place (figs. 1 f and 2-6). 
These f indings s t rong ly  suggest  t h a t  the  region on the  
p ro te in  in the  p ro teog lycan  molecule responsible  for 
hyaluronic  acid b ind ing  is r ich in lysine residues and  t h a t  
blocking of their  pos i t ive ly-charged  groups  p reven t s  ag- 
gregation.  A l though  the  lack of in te rac t ion  be tween  glu- 
curonic ca rboxyls  and  the  p r o t o n a t e d  amino side chains  
m a y  sugges t  t h a t  Coulombic forces are involved no deft- 
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Fig. 1. Viscosimetric analyses of bovine A 1 and A1D x preparations. 
Samples (1.0 mg/ml) were dissolved in 0.05 M Na-aeetate, pH 5.8 
containing 0.5 M GuHC1. The variations of relative viscosity were 
recorded at 23 ~ 
a A I (aggregate), b aeetylated A1, c AzD I (subunit), d A1D 1 mixed 
with 0.6% (w/w) of hyaluronic acid, e acetylated AID1, ] aeetylated 
AID 1 and then mixed with 0.6% (w/w) of hyaluronic acid, g relative 
viscosity of the solvent. 
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Fig. 2. Gel chromatographic profile of A 1 and A1D I. 
I Represents the normal profile of A1, 2 A z after aeetylation, 3 
A 1 preparation after digestion with Streptomyces hyaluronidase, 
Z A1D1, 5 A1D 1 mixed with 0.6% HA (w/w), 6 aeetylated A1D 1 
with 0.6% HA (w/w). 

ni te  in format ion  is thus  far available.  The o the r  possi- 
bili ty,  t h a t  upon  ace ty la t ion  major  conformat iona l  
changes  m a y  lead e i ther  to d isaggregat ion  of the  large 
molecular  weight  complex  or p r e v e n t  p ro teog lycan  sub- 
uni ts  to be bound  into  aggregates,  remains  to be demon-  
s t ra ted .  
Results and discussion. Aggregates  (A1) 7 and monomers  
(A1D1) were ex t r ac t ed  f rom bovine  nasal  cart i lage while 
hyaluronic  acid (HA) was a sample  ob ta ined  f rom a 
h u m a n  mesothel ioma.  
The hexuronic  co n t en t  of these  prepara t ions ,  calcula ted 
as glucuronate ,  was 24% for the  A 1 30.6% for the  A1D 1 
and 34% for HA. S t r ep tomyces  hyaluronidase ,  ob ta ined  
f rom Amano  Pha rmaceu t i ca l  Co., was used as descr ibed 
previously  s. In  order  to s t u d y  the  sites on the  p ro te in  
backbone  of the  monomer ,  the  eps i lon-amino side chains  
of A z and A1D 1 were acety la ted .  20 mg of these  p repara -  
t ions  were dissolved in a cold, ha l f - sa tu ra t ed  solut ion of 
Na-ace ta te  (pH ca. 7.5), acetic anhydr ide  was added  to  a 
final concen t ra t ion  of 3.1 v1/mg and  ace ty la t ion  was 
carried out  a t  4~ under  con t inuous  st irr ing.  The an-  
hydr ide  was added  to the  solut ion every  20 min  over  a 
per iod of 1 h, the  p H  was control led t h r o u g h o u t  the  reac- 
t ion wi th  2.0 N NaOH.  Controls  were t r e a t ed  like the  
exper imen ta l  excep t  t h a t  t h e y  were no t  ace ty la ted .  The 
samples  were t h e n  dialyzed aga ins t  0.05 M Na-ace ta te ,  
p H  5.8 conta in ing  0.5 M GuHcl  ( E a s t m a n  Organic Che- 
micals). 
Reaggrega t ion  of p ro teog lycan  mo n o mer s  was ob ta ined  
using A1D 1 (1.5 mg/ml) dissolved in 0.05 M Na-ace ta te  
buffer  p H  5.8 conta in ing  0.5 M GuHcl.  This p repa ra t ion  
was combined  wi th  0.6% (w/w) of hya luronic  acid and  
mixed  under  co n s t an t  s t i r r ing in the  cold. Viscosi ty  
measu remen t s  were carried out  on the  contro l  on ace ty-  
la ted A: and A:D 1 p repara t ions  and on A~D1 combined  
wi th  hyaluronic  acid. Rela t ive  v iscos i ty  was measured  in 
a Cannon Ubbe lohde  di lut ion v iscos imeter  and was es tab-  
l ished f rom the  outf low t imes  and  f rom the  dens i ty  of the  
solutions wi th  the  re la t ionship:  

t . ~  
rel r/ = 

r/o to ~o 

where  *1 is the  viscosi ty  of the  solute,  T0 the  viscosi ty  of 
the  solvent ,  t the  outf low t ime  of the  solut ion and t o the  
outf low of the  solvent ,  ~ indica tes  the  dens i ty  of t h e  
solute and Q0 the  dens i ty  of the  solvent .  The loading con- 
cen t ra t ion  of the  samples  was 1.5 mg/ml ,  which  were 
fi l tered into the  v iscosimeter  and  viscosi ty  t aken  a f te r  
equi l ibra t ion of the  solut ions a t  23 ~ In  a separa te  ex- 
per iment ,  the  aggregate  was diges ted  wi th  S t r ep tomyces  
hya luron idase  and 3 mg of th is  p r epa ra t i on  were dissolved 
in 0.05 M Na-ace ta t e  buffer,  p H  5.0, and diges ted  for 6 h 
a t  38 ~ using an enzyme to subs t r a t e  ra t io  of 3 T RU ]mg .  
Boiled enzyme p repa ra t ions  were made  as controls  pr ior  
to incuba t ion  of the  mixtures .  Column c h r o m a t o g r a p h y  
on normal  samples,  hya lu ron idase -d iges ted  prepara t ions ,  
and  control  and  ace ty la ted  A~ and  A~D1 was also carr ied 
out.  Samples  were dissolved in 0.05 M Na-ace ta t e  b u f f e r  
p H  6.8 a t  a concen t ra t ion  of 1 mg/ml ,  and  3 ml  were 
e luted in the  cold t h ro u g h  Sepharose  2 B co lumn 
(68 X 1.6 cm). The flow ra te  was 4 ml  per  h, 2 ml  f ract ions  
were collected and  the i r  c o n t e n t  ana lyzed  for hexuronic  
acid by  the  carbazol  me t h o d  of B i t t e r  and Muir g. 
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