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Chemical ly  isolated individual p repara t ions  of the unaggregated f rac t ion  of p ro te in -chondro i t in -  
kera tan  sulfate  (PCKS) f r o m  hyaline car t i lage  and of hyaluronic acid (HUA) f r o m  the v i t reous  
body of the eye and umbi l ica l  cord were  invest igated e l e c t r o n - m i c r o s c o p i c a l l y .  PCKS and HUA 
in f i lms without cy tochrome c consis ted of granules  and differed in the i r  s t ruc tu ra l  organiza t ion .  
In f i lms  with cy tochrome c, pro teoglycans  appeared  as a ne twork of thin f ibr i l s  and they differed 
m o r e  c l ea r l y  in the i r  m a c r o m o l e c u l a r  organizat ion.  Complexes  formed in mix tu res  of the two 
proteoglycans  as a r e su l t  of noncova[ent in terac t ion .  Uranyl  aceta te  s ta ins  pro teoglycans  well,  
e spec ia l ly  PCKS without cy tochrome c.  
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The var ious  pro teoglycans  which a re  components  of the s t ruc tu ra l  e l ements  of an imal  cel ls  and t i s sues  
f o r m  complexes ,  agg rega t e s ,  and a s s o c i a t e s  with each other  and with prote ins  and lipids [5,10]. The d i scovery  
of f ree  and s t ruc tu ra l l y  bound individual proteoglycans  is an impor tan t  but difficult t a sk .  E l e c t r o n - h i s t o c h e m i -  
ca[ methods r evea l  only aggrega tes  consis t ing of sulfated pro teog lycans ,  binding prote in ,  and hyaluronic acid 
in individual t i s sues ,  such as hyaline ca r t i l age  [6, 7]. In mos t  other t i s sues  h i s tochemica l  methods have shown 
the p re sence  or absence  of p ro teog lycans .  The i r  identification with the aid of po lysaceha r idase s  cannot be 
r ega rded  as suff icient ly re l iab le  because  of the p re sence  of p r o t e a s e s  in p repa ra t ions  of these  e n z y m e s .  

The object  of the p re sen t  invest igat ion was an e l e c t r o n - m i c r o s c o p i c  study of the m a c r o m o i e c u l a r  o rgan-  
ization of chemica l ly  individual p repara t ions  of the unaggregated f rac t ion  of p ro t e in -chondro i t i n -ke ra t an  su l -  
fate (PCKS) and hyaluronic acid (HUA), which a re  mos t  widespread in animal  t i s sues ,  and the i r  in terac t ion  
p roduc t s .  

E X P E R I M E N T A L  M E T H O D  

PCKS was isolated f r o m  bovine t r achea l  car t i lage  [1]; HUA was obtained f r o m  human umbi l ica l  cords  
and f r o m  bovine v i t reous  bodies in the fo rm of the ca lc ium sa l t s  [2]. 

The e l e c t r o n - m i c r o s c o p i c  invest igations were  conducted by the method of Rosenberg  et a l .  [9] with c e r -  
ta in  modif ica t ions .  The proteoglycans  were  d issolved in phosphate buffer ,  pH 7.0, to give concentra t ions  of 
PCKS and HUA of 3 and 2 m g / m [  r e s pec t i ve l y .  The solutions were  mixed for  18 h at 4~ and the i r  pH was 
adjusted to 5.0 with acet ic  acid.  Mixtures of PCKS and HUA consis ted  of equal vo lumes  of the final solutions 
of the p ro teog lyeans .  One drop of each t e s t  solution was applied to gr ids  sp rayed  on both sides with gold and 
covered  with f o r m v a r  f i lm,  and dr ied in a i r  without admiss ion  of dust  at r oom t e m p e r a t u r e  until a f i lm had 
fo rmed .  In another  s e r i e s  of expe r imen t s  cy tochrome c was added to the solutions of pro teoglycans  to a final 
concent ra t ion  of 0o01%. Into a Teflon t r ay  filled with 0.3 M po tass ium ace ta te  0~ ml  of the pro teoglycan  so lu-  
t ion was added and the f i lm which formed on the su r face  was t r a n s f e r r e d  to a gr id ,  s tained for  30-60 sec  with 
10 -4 M uranyl  aceta te  solution in acetone,  and examined in the IEM-100S e lec t ron  m i c r o s c o p e .  

EXPERIMENTAL RESULTS 

Solutions of PCKS and HUA without cytochrome c were able to form a strong electron-translucent film, 
nonuniform in thickness but sufficiently thin, in which structured proteoglycans could be detected. 

The PCKS maeromolecules were represented as electron-dense granules, round or ova[ in shape, with 
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Fig.  1. P repa ra t ions  of PCKS. Single g ranu les ,  chains (a, b), and r e t i cu l a r  
fo rmat ions  of PCKS (e) with g ra ins  of uranyl  aceta te  (arrows) in f i lm prepara t ions  
without cy toehrome e .  Cel lu lar  s t ruc tu re  of PCKS in p repa ra t ions  with cy tochrome 
c (d). a) 100,000x,  b) 200,000x,  c) 20 ,000x ,  d) 200 ,000x.  

i r r e g u l a r  outlines measu r ing  23-30 nm and with a homogeneous internal  s t r uc tu r e .  They stained well with 
uranyl  aceta te  which, bes ides  a diffuse d is t r ibut ion,  was visual ized as re la t ive ly  large g ranu les .  In thin pa r t s  
of the f i lm PCKS granules  were  d is t r ibuted s ingly,  or  as chains,  whbr[s ,  and r o s e t t e s .  Zones of increased  
e lec t ron  densi ty  were  p resen t  in the center  of these  fo rmat ions ,  probably  as a r e su l t  of the ve r t i ca l  o r i en ta -  
t ion of the chain (Fig. l a ,  b).  In th icker  par t s  of the f i lm the number  of long chains ,  running in different  d i -  
rec t ions  and interweaving with each  other to f o r m  re t i cu la r  aggregat ions  was cons iderably  increased  (Fig. l c ) .  

In p repa ra t ions  with cy tochrome c, granules  of PCKS measu r ing  30-40 nm could be e i ther  round or poly-  
gonal in shape,  finely g ranu la r  in s t r u c t u r e ,  and they contained no gra ins  of uranyl  aceta te  (Fig. ld ) .  They 
were  joined into chains of di f ferent  shapes  and 100-200 nm long. A s t r uc tu r e l e s s  halo of lower e lec t ron  den-  
s i ty  was often observed  around individual c lu s t e r s  of g ranu les .  

Macromolecu les  of umbi l ica l  HUA cons is ted  of c i r cu l a r  granules  measu r ing  8-10 rim. Unlike the PCKS, 
they had m o r e  c l ea r l y  defined outlines and a finely g ranu la r  s t ruc ture ,  they stained less  intensely with urany[  
ace ta te ,  and they were  dis t r ibuted in thin pa r t s  of the f i lm sepa ra te ly  or  as in the f o r m  of chains consis t ing of 
5-12 granules  40-90 nm tong or of sma l l  c l u s t e r s .  In chains formed by 2 or 3 granules  they were  joined to -  
ge ther  by a homogeneous e l ec t ron -dense  s t r i p  (Fig. 2a). HUA isolated f rom the v i t reous  body of the eye had 
a s i m i l a r  u l t r a s t r uc tu r a l  organizat ion (Fig. 2b). 

In p repara t ions  with cy tochrome c, a thin f ib r i i l a ry ,  honeycombed s t ruc tu re  of HUA was v is ib le .  No 
g ranu la r  e l ements  were  observed (Fig. 2c, d). 
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Fig.  2. P repa ra t ions  of HUA and mix ture  of HUA with PCKS. Single granules  and 
shor t  chains of umbil ical  HUA (a). Charac te r i s t i c  interweaving chains of granules  
of v i t reous  HU,~ (b). Thin f ib r i l l a ry  s t ruc tu re  of HU,~ in p r e sence  of cy toehrome c 
(c, d). Contras ted  r e t i cu l a r  fo rmat ions  of PCKS (D, assoc ia ted  with t h in -g ranu la r  
chains of HU,4 (II), contain g r a in s  ( a r r o w s ) o f  uranyl  ace ta te  (e, f).  a )100 ,000  • 
b) 30,000 • c) 100,000 • d) 200,000 • e) 30,000 • f) 200,000 • 

In f i lms  obtained f r o m  a mix ture  of HUA and PCKS re t i cu la r  s t r u c t u r e s  of var ious  shapes  and s izes  
could be detected.  The underlying thin network of HUA fibr i ls  was read i ly  dist inguishable among the coa r se ly  
g ranu la r  chains of PCKS, but was pa r t i cu la r ly  c l ea r ly  vis ible  at the pe r iphery  of these combined f i lms .  F ree  
mac romolecu l e s  of HUA and PCKS were  p re sen t  in ve ry  smal l  numbers  and could be eas i ly  identified because  
of the i r  s t ruc tu ra l  pecu l ia r i t i es  (Fig. 2e, f). 

Macromolecu les  of PCKS and HUA in f i lms without cy tochrome e thus differed s ignif icant ly in the i r  
s t r uc tu r e .  The u l t r a s t ruc tu re  of the proteoglycans  in f i lms with cy toehrome c was apprec iab ly  modified; the 
change was observed f r o m  granu la r  to honeycombed with thin f ib r i l s ,  and the d i f ferences  in the m a c r o m o l e c -  
ular  organizat ion ofJthe PCKS and HUA became  m o r e  c l ea r ly  defined. A mix ture  of the two proteoglycans  
fo rmed s t ruc tu ra l ly  connected complexes  in which mac romolecu l e s  of PCKS and HUA could be d i f ferent ia ted .  
F ree  pro teoglycans ,  espec ia l ly  PCKS without ey tochrome c, and mix tu res  of proteoglyeans  s ta in  well with 
uranyl  ace ta te .  

The extensive use of uranyl  aceta te  for  staining in e lec t ron  mic roscopy  is based on its abil i ty to r eac t  

110 



with the acid groups of all b iopolymers  [4]. In the proteoglycans now investigated,  these acid groups are  e a r -  
boxy[ groups of glucuronic and s ia l ic  acids ,  dicarboxylic  amino acids ,  and sulfate groups of PCKS. The in-  
tense  staining of PCKS with uranyl  acetate  was due to its higher  content of anionic groups,  both in the g lycos-  
aminoglycan and the prote in  components ,  than in HUA, in which there  are  no sulfuric  acid res idues  and the 
content of the protein component is ex t r eme ly  smal l .  This conclusion is confirmed by compar i son  of data 
obtained by the study of film prepara t ions  of PCKS and HUA containing and not containing cytochrome c.  In 
the f i r s t  case proteoglycans ,  interact ing with some of thei r  anionic groups with the cationic groups of cy to-  
chrome c, formed complexes with it.  As a resu l t ,  the number  of f ree  acid groups of proteoglycan was r e -  
duced and the r ema inde r  were oriented r a the r  different ly in space .  In PCKS this led to a dec rease  in the 
number  of grains  of uranyl acetate  and to the appearance of s t ruc tu re l e s s  halos around the granules .  In HUA 
the dec rease  in the number  of f ree  carboxyl  groups reduced the binding of uranyl  acetate  and revealed  its thin 
f ibr i l la ry-honeycombed s t ruc tu re ,  which was masked in the absence of cytochrome c by the s t rongly bound 
uranyl  aceta te .  

The polydisperse  nature of the chemical ly  individual prepara t ions  of PCKS and HUA, revealed  in the 
e lec t ron  mic roscope ,  re f lec t s  the natural  physical  heterogenei ty  of these proteoglycans .  However,  the poss i -  
bility of an increase  in the i r  polydispers ion in the course  of isolation f rom the t i ssues  cannot be completely 
ruled out. 

In th icker  par ts  of the fi lm with an increased concentra t ion of proteoglycans aggregations consist ing of 
interweaving chains were  observed as th ree -d imens iona l  s t ruc tu re s  formed f rom separa te  macromolecu les  
with dif ferent  degrees  of d i spers ion .  This natural  polydisperse  nature  of the proteoglycan macromoIecules  
was perhaps essent ia l  for  the c rea t ion  of s t ruc tu res  with specif ic  s t e r i c  relat ionships between thei r  pa r am-  
e te rs  in the t i ssues  of the body [3, 8]. 

Associat ions formed in a mixture  of HUA and PCKS had no s t r ic t ly  o rder ly  s t ruc tu re ,  they were formed 
by means of noncovalent fo rces ,  and the possibil i ty of thei r  appearance has been confirmed by other indirect  
methods [3]. The nonaggregated f ract ion of proteoglycans f rom hyaline car t i lage ,  on interact ion with HUA, 
evidently does not c rea te  complexes with a s t r i c t ly  o rder ly  s t ruc tu re ,  such as are  cha rac t e r i s t i c  of aggregates  
of the aggregating f ract ion of proteoglyeans .  By cont ras t  with the la t ter ,  PCKS--HUA complexes readi ly  d i s so-  
ciate in solutions of weak ionic s t rength .  The ease  of format ion  and dissocia t ion of these complexes suggests 
that in the cell  and t issue sys tems  of the body they can eas i ly  appear  and d isappear .  

The macromolecu la r  format ions  of PCKS and HUA thus revealed are  present  in fi lms formed by p ro teo -  
glycans themselves  in prepara t ions  without the addition of cy tochrome c.  It can tentat ively be suggested that 
this s t ruc tu re le s s  e l ec t ron - t r anspa ren t  f i lm, which does not r eac t  with uranyl ace ta te ,  is formed f rom the 
lowest -molecular -weight  f rac t ion of proteoglycans in the p resence  of acet ic  acid.  Relations between the 
s t ruc tured  and nonst ructured phases of the proteoglycans a re  unchanged during film format ion .  No dif ference 
as regards  the format ion  of such films is observed between PCKS and HUA. 
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