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STUDIES ON THE U LTR A STR U C TU R E O F THE P E A  NUCLEOLUS 

AND R E L A T E D  NUCLEAR STRU CTU RES

INTRODUCTION

B io c h e m ic a l s tu d ie s  in  th e s e  la b o ra to r ie s  h av e  shown th a t p ea  

n u c leo li a r e  co m p le te ly  equ ipped  fo r  p ro te in  sy n th e s is  and  do, in d eed , 

sy n th e s iz e  p ro te in s  in  v ivo  (B i rn s t ie l  an d  c o - w o rk e r s ,  1961-1963). 

C h e m ic a lly , they n o t only h av e  RNA and  p ro te in  b u t a ls o  DNA a s  an 

in te g ra l  p a r t  of th e ir  m ak e -u p  (B irn s t ie l  e t  a l . ,  1961; 1963). They have 

r ib o s o m e s  th a t c o m p a re  v e ry  w e ll to  th o se  of cy to p la sm ic  o r ig in  in  

r e g a rd  to bo th  s t r u c tu r e  and  co m p o sitio n  (B irn s t ie l  e t  a l . , 1962). Such  

find ings p ro m p te d  us to  look  in to  th e  u l t r a s t r u c tu r e  of th e s e  n u c leo li 

w ith  a tw o -fo ld  p u rp o se , f i r s t ,  to lo c a liz e  th e  re p o r te d  m a in  c h e m ic a l 

co m p o n en ts  and  seco n d , to c o r r e la t e ,  if  p o s s ib le ,  s t r u c tu r e  w ith  r e ­

p o rte d  fu n c tio n .

A th ird  p u rp o se  a r o s e  a f te r  a  b r ie f  su rv e y  of p u b lish ed  s tu d ie s  

on n u c le o la r  u l t r a s t r u c tu r e .  Such  r e p o r t s  often  c o n f lic t a s  th e  fo llo w ­

ing  p a ra g ra p h s  w ill a t te m p t to show . A lm o s t a l l  su ch  s tu d ie s  have 

been  m ade on th in  s e c tio n s  of p la n t an d  a n im a l m a te r ia l .

1
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L a F o n ta in e  (l9 5 8 a ) an d  L aF o n ta in e  and  C h o u in a rd  (1963), w o rk ­

ing  w ith  V ic ia  and  A lliu m  re p o r te d  th a t  the n u c leo lu s  i s  d if fe re n tia te d  

in to  a  g ra n u la r  re g io n  and  an  am o rp h o u s  re g io n . In  h is  l a t e r  p a p e r ,  :this 

a u th o r fin d s  th e  am o rp h o u s  re g io n  lo o se ly  p ack ed  w ith  60-100  A  f ib r i l s .  

T h a t th is  co m p o n en t is  f ib r i l l a r  in  n a tu re  is  c o n f irm e d  by o th e r r e p o r t s  

d ea lin g  w ith  n u c le o li f ro m  a n im a l c e lls  (M ille r ,  1962; Jac o b  and  S ir l in ,  

1963). H o w e v er, th e se  o th e r  a u th o rs  do no t a g r e e  in  o th e r  r e s p e c ts  

w ith  L a F o n ta in e . F o r  e x a m p le , Jac o b  and  S ir l in  (1963) b e lie v e  th a t  

th e re  i s  no r e a l  d iffe re n tia tio n  of the  n u c le o lu s . They find  th a t  s o m e ­

t im e s  the  n u c leo lu s  c o n s is ts  of only the  f ib r i l l a r  co m p o n en t (a s  does 

M il le r ,  1962) and  a s s u m e  th a t  the  a p p a re n t d iffe re n tia tio n  a r i s e s  due to 

re g io n s  of the  sam e  co m p o n en t b e in g  e ith e r  m o re  o r  l e s s  d is p e r s e d .

T he g ra n u la r  co m p o n en t i s  r e p o r te d  to  c o n s is t  of p a r t ic le s  th a t  a v e r ­

ag e  ab o u t 150 A in  d ia m e te r  ( P o r t e r ,  1954; B e rn h a rd  e t  a l . , 1955;

S w ift, 1958; L a F o n ta in e  and  C h o u in a rd , 1963; Jac o b  an d  S ir l in ,  1963; 

e tc . )  in  a  w ide v a r ie ty  of p la n t and  a n im a l c e l l s .  S uch  p a r t ic le s  a r e  

su sc e p tib le  to  r ib o n u c le a s e  and  r e s e m b le  cy to p la sm ic  r ib o s o m e s  

a c c o rd in g  to M a r in o z z i (1962). T he sam e  a u th o r r e p o r t s  (w ith  r a t  

p a n c re a s  m a te r ia l)  an  in n e r  c o re  in  th e  n u c leo lu s  th a t c o n s is ts  of 50- 

100 A w ide n e tw o rk  of p ro te in a c e o u s  s t r a n d s .  W hether th is  in n e r 

c o r e  i s  synonym ous w ith  the "a m o rp h o u s"  o r f ib r i l l a r  co m p o n en t 

(w hich a ls o  i s  g e n e ra lly  r e p o r te d  to  be  in te rn a l  to  th e  g ra n u la r  re g io n ) 

r e p o r te d  by o th e r  a u th o rs  i s  n o t know n.
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A g ain , w h ile  m any a u th o rs  r e p o r t  (L a F o n ta in e , 1958b; B row n 

a n d R is ,  1959; S w ift, 1959a; Ja c o b  an d  S ir l in ,  1963; e tc . )  a  s i m i l a r ­

i ty  be tw een  s t r u c tu r a l  e le m e n ts  in  n u c le o li and  c h ro m o s o m e s , only a  

few  (fo r ex a m p le , D a v is , I960) co n ten d  th a t DNA fo rm s  an  in te g ra l  

p a r t  of the n u c leo lu s  p ro p e r .  In d eed , m any doub t the e x is te n c e  of 

DNA in  n u c leo li. S tudy ing  r a t  l iv e r  c e l l s ,  W atson  and  A ld rid g e  (196l) 

o b s e rv e d  th a t "c lu m p s  of d en se  an d  p o ss ib ly  s tra n d e d  m a te r ia l  . . .  l ie  

on the  su rfa c e  of the  n u c leo lu s  and  a ls o  c o n g reg a te  a t  the  s u r fa c e  of 

the  n u c le u s , in  g e n e ra l  fo llow ing  the p a t te rn  of feu lg en  p o s itiv e  m a te ­

r i a l . "  Such a  c r i t i c i s m  cou ld  be o ffe re d  fo r  o th e r  e f fo r ts  to  lo c a l iz e  

DNA in  n u c leo li in  s i tu  l ik e , fo r  ex a m p le , the s tu d ie s  of a u to ra d io g ­

ra p h y  a t  the e le c tro n  m ic ro s c o p e  le v e l by Hay and  R e v e l (1962, 1963). 

T h u s, p ro o f fo r  the e x is te n c e  of DNA in  n u c leo li a t  the  u l t r a  s t r u c tu r a l  

le v e l i s  y e t  to  be found.

A cco rd in g  to L a F o n ta in e  (1958a), P o r t e r  (1958) and  Sun (1961), 

e x tre m e ly  d en se  p a r t ic le s  c h a r a c te r iz e  n u c leo li of m any p la n t s p e c ie s .  

H ow ever in  a  l a t e r  p a p ^ r , L a F o n ta in e  (L a F o n ta in e  and  C h o u in a rd ,

1963) d id  n o t find  su ch  d en se  p a r t ic le s  in  h is  s tu d ie s  of th e  sam e  m a te ­

r i a l .  The n a tu re  of th e se  p a r t ic le s  i s  n o t w ell u n d e rs to o d  (Sun, 1961). 

T a h d le r  (i9 6 0 ) fe e ls  th a t su ch  re g io n s  m ay  be co m p o sed  of in o rg a n ic  

p h o sp h a te s . ,

Thus the u l t r a s t r u c tu r e  of n u c leo li r e m a in s  fa r  f ro m  c le a r .  

W hile we have a ls o  in c lu d ed  s tu d ie s  of p ea  n u c leo li in  s i tu ,  o u r
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p r im a ry  e f fo r t  w as to  study  is o la te d  n u c leo li a s  they  o ffe r the  p o s s i ­

b ility  of o b se rv in g  s t r u c tu r e  in  a new  m a te r ia l  th a t  w as re la t iv e ly  

w e ll c h a ra c te r iz e d  b io c h e m ic a lly .



M ATERIALS AND METHODS

M a te r ia ls

The ch o ice  of m a te r ia l  fo r  th is  study  w as P i  sum  sa tiv u m  v a r .  

A la s k a . T h is i s  the  s a m e  m a te r ia l  a s  th a t  u se d  fo r b io c h e m ic a l in v e s ­

t ig a tio n s  in  th e se  l a b o r a to r ie s .  A ll c h e m ic a ls  th a t  w e re  u se d  in  th is  

in v e s tig a tio n  a r e  of c h e m ic a l re a g e n t  g ra d e . S u g a r , C & H " B a k e rs  

S p e c ia l ,"  w as u sed  in  the  in i t ia l  p ro c e s s  of se p a ra tin g  the  em b ry o n ic  

a x e s  fro m  the co ty led o n s . D e o x y rib o n u c lea se  (c ry s ta l l in e )  an d  r i b o ­

n u c le a s e  (5x r e c ry s ta l l iz e d )  w e re  o b ta in ed  f ro m  S ig m a , S t. L o u is , M o.

M ethods

Iso la tio n  of n u c le o li.  The fo llow ing  is  a  b r ie f  ac co u n t of the  

p ro c e s s  a s  dev e lo p ed  by B iiin s tie l e t  a l .  (1961) and  R ho e t  a l .  ( l 9 6 l ) i n  

th e se  la b o ra to r ie s .

A p p ro x im a te ly  100 to 150 lb s .  of p ea  se e d s  (v a r .  A la sk a )  w e re  

w ash ed  w ith  d e te rg e n t ,  so ak ed  in  ru n n in g  w a te r a t  ro o m  te m p e ra tu re  

fo r  12-18 h o u rs  and sp ra y e d  co n tin u o u sly  fo r a n o th e r  2 0 -2 4  h o u rs .  T he 

young see d lin g s  w e re  h a rv e s te d  by a  s e m i-a u to m a tic  th re e  s te p  p ro c e s s
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in vo lv ing  th e  l ib e ra tio n  of the ax e s  by c ru sh in g  the p ea  s e e d s  b e tw een  

g ro o v ed  r o l l e r s ,  a f lo a ta tio n  of the ax e s  fro m  the co ty led o n s  in  an  

a p p ro x im a te ly  0. 3 M s u c ro s e  so lu tio n  an d  a s iev in g  s te p  in  a  m e c h a n ­

ic a l  s h a k e r .

A ll the su b seq u en t o p e ra tio n s  w e re  c a r r i e d  o u t a t  0 -4  C u n le s s  

o th e rw ise  s p e c if ie d . T he em b ry o n ic  ax e s  w e re  th en  s te r i l i z e d  w ith  a 

0 .05%  so lu tio n  o f P u r  ex  fo r  th re e  m in u te s . A fte r  th o ro u g h  r in s in g  w ith  

d is t i l le d  w a te r  the s e e d lin g s  w e re  so ak ed  fo r 20 m in u te s  in  a  0. 05 M 

C aC l^  so lu tio n  and  once ag a in  r in s e d  th o ro u g h ly . The n u c le i w e re  then  

l ib e ra te d  by p a s s in g  the a x e s  th ro u g h  the " p e a -p o p p e r"  (Rho and  C h ip - 

c h a s e , 1962) in  a  s u c ro s e  g rin d in g  m ed ium  (0 .6  M s u c r o s e ,  6 mM  

C aC lg , and  1 m M  M gC l^). A f te r  f i l t r a t io n  th ro u g h  m ira c lo th , the 

h o m o g eh a te  w as th en  spun a t  350 x  g fo r  10 m in u te s  in  an  In te rn a tio n a l 

C en tr ifu g e  to se d im e n t m o s t of the n u c le i  and s ta r c h .  T he n u c le i w e re  

fu r th e r  p u r if ie d  by p e lle tin g  th em  th ro u g h  a 2 M s u c ro s e  d en s ity  g r a ­

d ien t in  the  Sp inco  SW 25 ro to r  a t  8000 rp m  fo r  20 m in u te s . T he p u r i ­

f ie d  n u c le i w e re  re s u sp e n d e d  in  25-30  m l . of h ig h  d en s ity  (1 .3 1 5 ) s u c ­

ro s e  and  g ro u n d  in  a  S o r v a il  O m nim ix  a t  40 v o lts  w ith  0. 2 5 -0 .3 0  m l of 

0. 1 M sod ium  c i t r a te  fo r  p e r io d s  of 30 seco n d s a t  a  t im e  t i l l  th e re  w e re  

m o re  th an  ten  is o la te d  n u c le o li p e r  e v e ry  w hole n u c le u s . If the  in i t ia l  

p re p a ra tio n  of w hole n u c le i w as c lu m p ed , i t  w as d is p e rs e d  .by a  p r e ­

l im in a ry  g rin d in g  s te p  a t  100 v o lts  fo r n o t m o re  th an  A r e e  sec o n d s . 

S u b seq u en tly , th is  m ed iu m  co n ta in in g  th e  b ro k e n -u p  n u c le i w as d ilu ted
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17% by vo lum e w ith  d is t i l le d  w a te r  an d  spun a t  4000 rp m  in  the  S pinco SW 

25 ro to r  fo r  20 m in u te s  to  s e d im e n t out m o s t of the n u c le i . The 

n u c leo li w e re  then  p e lle te d  a t  14000 rp m  fro m  th is  s u p e rn a ta n t. Such 

a p re p a ra tio n  co n ta in s  m o s tly  n u c le o li,  a  l i t t l e  of o th e r  n u c le a r  m a te ­

r i a l  and  r a r e ly ,  w hole n u c le i .

The n u c le o la r  p e l le t  w as th en  re s u sp e n d e d  in  a  m in im a l am o u n t 

of 2 M s u c ro s e  so lu tio n  and  d ia ly zed  a g a in s t  a  1 M s u c ro s e  so lu tio n  

co n ta in in g  C aC l^  (O. 5 mM) and  M gC l^ ( 0 . 1 mM) fo r  12 h o u rs  (a p p ro x ­

im a te ly )  and then  fo r 4 -6  h o u rs  a g a in s t  a  0 .4  M s u c ro s e  so lu tio n  co n - 

ta in in g  the sam e  am o u n ts  of C a and M g io n s . T h is  w as th e  b a s ic  

is o la te d  m a te r ia l  u se d  in  th e se  s tu d ie s  and  a lso  the  m a te r ia l  su b je c te d  

to  en zy m a tic  e x tra c tio n  e x p e r im e n ts .  T h ese  w ill farom now on b e  r e ­

f e r r e d  to  a s  su e r  o s e - c i t r a t e  (SC) n u c le o li .

Incu b atio n  and  c h e m ic a l d e te rm in a tio n s . S u c r o s e - c i t r a te  

n u c leo li w e re  in c u b a te d  a s  sp e c if ie d  in  T ab le  1. C o n tro ls  w e re  k e p t a t  

0 C a ls o .  A fte r  in cu b a tio n  the n u c leo li w e re  c h il le d  to  0 C an d  a liq u o ts  

w e re  s e t  a s id e  fo r c h e m ic a l d e te rm in a tio n s  of RN A , DNA and  p ro te in .  

The r e s t  of the ch ille d  n u c le o la r  su sp en s io n  w as u se d  to  p r e p a re  the  

m a te r ia l  fo r e le c tro n  m ic ro sc o p y . T h e se  e x p e r im e n ts  h av e  b een  r e ­

p e a te d  th re e  t im e s .

RNA w as e x tra c te d  fo r  48 h o u rs  in  1 N p e r c h lo r ic  a c id  a t  0 C .

T he DNA w as su b seq u en tly  e x tra c te d  w ith  0. 5 N p e r c h lo r ic  a c id  fo r  

20 m in u te s  a t  70 C (O gur and  R o se n , 1950). N u c le o tid e s  w e re  m e a s u re d



T able  1. Incubation  C onditions of D iffe ren t E x p e r im e n ts .

T re a tm e n t C o n c e n tra tio n  in  
|i g /m l  o f n u c le o la r  

su sp e n s io n  
1 2 3

pH  a t  s ta .r t  

1 2 3

D u ra tio n
in

m in u te s

T e m p e ra tu re

N u c le o li a lo n e - — - - - 0 C

N u c le o li a lo n e - - 6 .7 7 . 1 6 .9 30 3 0 -3 4  C

N u c le o li a lo n e  
- r ib o n u c le a  s e 5 50 50 6 .5 6 .6 6 .9 30 3 0 -3 4  C

N u c le o li a lo n e  
-d e o x y rib o n u c le a  se 5 5 5 6 .5 6 .6 6 .9 30 3 0 -3 4  C

In c u b a tio n  m ix tu re :  8 -1 0  m l o f n u c le o la r  s u s p e n s io n  in  0 .4  M s u c r o s e  w ith  0 . 5 m M  

C aC l^  a n d  0 .1  ntM  M gC l^ ; 1 /2  m l p e r  10 m l of in i t ia l  su s p e n s io n  o f t r i s  b u ffe r  a t  pH  7; f in a l 

pH  a d ju s te d  a f te r  a d d itio n  of en z y m e s  w h e re  a p p lic a b le .

T he f ig u re s  1, 2 an d  3 r e f e r  to ,  in  o r d e r ,  e x p e r im e n ta l  d e ta i ls  fo r  e x p e r im e n ts  d en o ted  

a s  2 S C , 3 SC a n d  4  S C , r e s p e c t iv e ly .  C o n d itio n s  fo r  e x p e r im e n t  5 SC w e re  th e  s a m e  a s  fo r  

3 SC in  (2) ab o v e .
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by d e te rm in in g  th e i r  a b s o rb e n c ie s  a t  258 m(i and  268 m|x on a  co m p le te  

UV s p e c tru m  a s  o b ta in ed  w ith  the  C a ry  sp e c tro p h o to m e te r .  P ro te in  

d e te rm in a tio n s  w e re  c a r r i e d  o u t on th e  r e s id u a l  s a m p le s  by the  b iu r e t  

r e a c t io n .  A c c o rd in g  to  B i r n s t ie l  e t  a l .  (1962), th e  t r e a tm e n t  w ith  p e r ­

c h lo r ic  a c id  do es  n o t c a u se  d e te c ta b le  h y d ro ly s is  of b iu r e t  p o s itiv e  

m a te r ia ls .

E le c tro n  m ic ro s c o p y . I s o la te d  su b n u c le a r  f r a c t io n s  an d  s e c tio n s  

of f r e s h  see d lin g s  fo rm e d  th e  m a in  m a te r ia ls  fo r  th is  s tu d y . A lso , 

s a m p le s  taken  d ire c t ly  f ro m  v a r io u s  s ta g e s  of the is o la t io n  p ro c e d u re  

w e re  s tu d ied . O sm iu m  te tro x id e , e i th e r  b u ffe re d  w itli s -c o ll id in e  (pH 

7. 2 -7 .4 )  in  eq u a l p ro p o r tio n s , o r m ix ed  w ith  an  eq u a l v o lu m e of 0 .4 M  

s u c ro s e  (w ith  C a^ ^  and  M g^^ io n s , pH 5 .8 - 6 .  6) w as u se d  a s  the  f ix a tiv e  

fo r  p e r io d s  of 30 m in u te s  to  12 h o u r s .  D e R o b e rtis  (1956) found th a t 

C a io n s  m ay h e lp  in  the p re s e rv a t io n  of n u c le a r  s t r u c tu r e s .  In  a d d i­

tio n , C au lfie ld  (1957) c o n s id e r s  a n o n -e le c tro ly te  l ik e  s u c ro s e  p r e f e r ­

a b le  to  N aCl (a s  is  the c a s e  w ith  the  f ix a tiv e  fo rm u la te d  by K e lle n -  

b e r g e r  e t  a l .  (1958) ) a s  an  o s m o re g u la to r  fo r n a tu ra l  p re s e rv a t io n  of 

s t r u c tu r e s .  T h e re fo r e ,  o u r u se  of a  C a - Mg -  s u e r  o s e -o sm iu m  fix a tiv e  

s e e m s  lo g ic a l.

The m a te r ia l  w as then d e h y d ra te d  th ro u g h  g ra d e d  s e r ie s  of 

a lco h o l and  tw o ch an g es of p ro p y len e  o x id e . The d e h y d ra ted  m a te r ia l  

w as then  in f i l tr a te d  w ith  L u f t 's  ( l9 6 l )  epoxy r e s in  fo r  two to  s ix  h o u r s .  

We u s e d  the  fo llow ing  fo rm u la tio n :
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E pon 812 (S hell C h e m ic a l C om pany) 5. 92 g

D odeceny l su cc in ic  an h y d rid e  (DDSA) 1 .7 9  g

N adic m eth y l an h y d rid e  (NMA) 4 . 04 g

2 ,4 ,  6 - t r i  (d im e th y lam in o m e th y l) pheno l 0. 2 m l

The m a te r ia l  w as then  t r a n s f e r r e d  in to  f r e s h ly  p re p a re d  p la s t ic  in  

g e la tin  c a p s u le s  and  p o ly m e riz e d  a t  60 C o v e rn ig h t. U ltra th in  s e c tio n s  

(350-700  A) of th e  m a te r ia l  w e re  th en  o b ta in ed  w ith  the a id  of the  LKB 

4800 U ltra to m e . S ec tio n s  w e re  su p p o rte d  on 200 m e sh  co p p er g r id s  

p re v io u s ly  c o v e re d  w ith  a p a r lo d io n  f ilm  co a ted  by ev a p o ra tio n  of c a r ­

bon .

The fo llow ing  com pounds w e re  em p lo y ed  a s  p o s t-s ta in s  in  an  

e f fo r t  to  im p ro v e  the  c o n t r a s t  of the  c e llu la r  o rg a n e lle s  b e in g  stud ied : 

0 .0 1  M aq ueous so lu tio n  of u ra n y l a c e ta te  (U A c), pH 4 .4 ,

2 0 -45  m in u te s .

1% P b  (C lO ^)g , pH 4 .4 ,  fo r  one to  tw elve h o u r s .

P b  (OH)g so lu tio n  (K a rn o w sk i, 1961) fo r  3 0 -7 5  m in u te s , 

pH o v er 10.

The le a d  com pounds p ro d u c e  su ff ic ie n t c o n t r a s t  i f  u se d  by th e m ­

s e lv e s .  H o w ev er, s o m e tim e s ,s ta in in g  w ith  UAc w as co m b in ed  w ith  

FIi(C 1 0 ^ ) 2  in  an  e f fo r t  to  u n d e rs ta n d  w h e th e r th e re  i s  any d if fe re n tia l  

s ta in in g  of the  n u c le o la r  co m p o n en ts  by th e se  two s ta in s .  E x c e p t fo r  

le a d  h y d ro x id e , the  sa m e  b a tc h  of s ta in in g  so lu tio n s  w as u se d  th ro u g h o u t 

th e se  e x p e r im e n ts .



11
A  r a th e r  ex te n s iv e  l i t e r a tu r e  can  be found on th e  su b je c t of 

s ta in in g  fo r  e le c tro n  m ic ro sc o p y  (G e rs c h  e t  a l . , 1957; H uxley and  c o -  

w o rk e rs*  1957, I960 an d  1961; W atso n , 1958a, 1958b, 1962; Z obel and  

B e e r ,  1961; S w ift an d  A d a m s , 1962; e t c . ) .  H o w ev er, v e ry  few  r e p o r ts  

c la im  any d e g re e  of sp e c if ic  s ta in in g  of any t is s u e  co m ponen t by any of 

th e se  s ta in s .  A c co rd in g  to  B e e r 's  c la s s if ic a t io n  (B e e r ,  1962), the above 

l i s te d  s ta in s  a r e  m e m b e rs  of a  g roup  of heavy m e ta l io n s  fo rm in g  m o stly  

co o rd in a tio n  c o m p lex e s  w ith  t is s u e  co m p o n en ts . C o n tro l of p h y s ic a l and  

c h e m ic a l co n d itio n s u n d er w h ich  a  s ta in  is  u sed , p a r t ic u la r ly  th e  c o n ­

c e n tra tio n  and pH , a r e  c o n s id e re d  to  b e  c r i t i c a l  in  s ta in in g  (W olfe e t  a l . ,

1962). T hey found th a t UAc in  c o n c e n tra tio n s  of 10 ^ M and  10 ^  M

•• Z -1
s ta in e d  DNA p re fe re n t ia l ly ,  w hile  a t  10 M and  10 M , b o th  DNA and  

p ro te in  f ilm s  w e re  s ta in e d . W atson  (1958b) c o n s id e rs  th a t le a d  h y d ro x ­

id e  i s  the  m o s t g e n e ra lly  u se fu l of the heavy  m e ta l s ta in s .  H o w ev er, 

th e re  i s  som e d ifficu lty  in  ch o o sin g  the  c o r r e c t  tim e  of s ta in in g ; if  the 

tim e  i s  too s h o r t ,  only th e  s u r fa c e  of th e  s e c tio n  i s  s ta in e d  and  a  m i s ­

lead in g  im p re s s io n  of the fine  s t r u c tu r e  of the sp e c im e n  i s  o b ta in ed .

If the  tim e  of s ta in in g  is  too lo n g , e x tra c tio n  of t i s s u e  co m p o n en t o c c u r s .  

A ls o , i t  i s  d iff ic u lt to  p re v e n t  a d en se  c a rb o n a te  se ttlin g  on the  s u r fa c e  

of the  sec tio n  w hile  i t  i s  be in g  s ta in e d . We have t r ie d  to  o v e rc o m e  th is  

'  p re c ip i ta tio n  by s ta in in g  in  a CO^ f r e e  a tm o s p h e re  an d  w ash ing  the  g r id s  

ex h a u s tiv e ly  in  p re v io u s ly  b o iled  and  co o led  d is t i l le d  w a te r .  We r e je c t  

any g r id s  in  w hich  we s u s p e c t  any e x tra c tio n  h ad  o c c u r re d .  O sm iu m
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te tro x id e  i t s e l f  p ro v id e s  a d d itio n a l c o n t r a s t  to  the  m a te r ia l ,  p a r t ic u la r ly  

fo r  the  l ip o p ro te in  m e m b ra n e s  of th e  c e l l .  B a r r 's  (1954) w o rk  on 

n u m e ro u s  b io lo g ic a l com pounds su g g e s ts  th a t s ta in in g  p ro p e r t ie s  of the 

f ix a tiv e  on p ro te in s  w ould be d ep en d en t on th e ir  am in o  a c id  c o n s titu tio n . 

F ro m  e m p ir ic a l  c o n s id e ra tio n s  i t  i s  su g g es ted  th a t p ro te in  re a c t io n s  

w ith  O sO ^ a r e  ro u g h ly  d ep en d en t on try p to p h an , c y s te in e  an d  h i s t id in e /2 

co n ten t in  the p ro te in .

The s ta in e d  s e c tio n s  w e re  ex am in ed  in  a  P h il l ip s  E M  200 e le c ­

tro n  m ic ro s c o p e , u s in g  80 k v , and  2 0 p, o b jec tiv e  a p e r tu r e s .  P h o to ­

g ra p h s  w e re  tak en  on 35 m m  K odak n o n -p e r fo ra te d  fin e  g ra in  p o s itiv e  

f ilm  and  e n la rg e d  6 .5  t im e s  on su ita b le  p r in tin g  p a p e r s .



P A R T  A . OBSERVATIONS ON NUCLEOLI

SECTIO N  1. U l t r a s t r u c tu r e  of N u c leo li in  s itu

T h ese  o b se rv a tio n s  w e re  m ade on c e lls  of th e  hypo co ty l re g io n s  

of 4 8 -7 2  ho u r old p ea  s e e d lin g s . They a r e  p re s e n te d  h e r e  b e c a u se  we 

n eed  a  r e fe re n c e  fo r  o u r o b s e rv a tio n s  on is o la te d  n u c le o li.  F u r th e r ,  

they  w ill h e lp  to p ro v id e  the l in k  b e tw een  the  p u b lish ed  w o rk  and  o u r 

r e s u l t s  on is o la te d  n u c le o li.

O b se rv a tio n s  to d a te  su g g e s t th a t  p ea  n u c le o la r  u l t r a  s t r u c tu r e  

v a r ie s  a c co rd in g  to  the type of t is s u e  in  w hich i t  i s  lo c a te d  , th a t  i s ,  

n u c le o la r  s t r u c tu r e  ch an g es a s  the c e ll  d i f f e re n t ia te s .  T he te r m  " d if ­

fe re n tia tio n "  is  u se d  to d e s c r ib e  h e r e  the  s tag e  of v a c u o liz a tio n  of a  

c e ll .  T h u s , a m e r is te m a t ic  c e ll  h a s  no v ac u o le s  and  the  to ta l c e ll  

v o lu m e is  o ccu p ied  by a  la rg e  n u c le u s  and  the c y to p la sm . S e m i-  

d if fe re n tia te d  c e lls  h ave a  few  v a c u o le s . The c e l ls  a p p e a r  l a r g e r ,  b u t 

a s  y e t the  c y to p la sm  and  the n u c leu s  occupy 50% o r m o re  of c e l lu la r  

v o lu m e . C e lls  in  a  fu lly  d if fe re n tia te d  s ta te  h av e  a  m a jo r  p o rtio n  of 

th e ir  vo lum e d evo ted  to  a  s in g le  v ac u o le  leav in g  a  v e ry  s m a ll  a r e a  in  

the  p ro x im ity  of the  c e ll  w a ll to  the  c y to p la sm  an d  th e  n u c le u s .

13
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In g e n e ra l ,  n u c leo li in  m e r is te m a t ic  c e lls  a r e  m o s t e le c tro n  

d en se  a f te r  p o s t  s ta in in g  w ith  heavy  m e ta ls^  A s the  c e lls  b ec o m e  m o re  

d if fe re n tia te d , th e  d en s ity  of n u c le o li a p p ro a c h  m o re  c lo se ly  th a t of 

the r e s t  of the n u c leu s  (F ig s .  1 -3 ).

N u c leo li in  m e r is te m a t ic  p ea  c e lls  in  in te r  p h a s e . T h ese  c o m ­

m only a p p e a r  lik e  th a t r e p r e s e n te d  in  f ig u re  1. T h e ir  s t r u c tu r a l  d e ta i ls  

c o m p a re  w ell w ith  m o s t  p u b lish ed  d e s c r ip tio n s  of n u c le o la r  u l t r a ­

s t r u c tu r e  fro m  bo th  p la n t and  a n im a l t i s s u e s .

Such  n u c le o li a r e  c h a ra c te r iz e d  by a  d is t in c t  g ra n u la r i ty  (F ig .

1) b e c a u se  they  co n ta in  m any 120-160 A  (a few a ls o  of 80 and  180 A) 

d ia m e te r  p a r t i c le s .  T hough the p a r t ic le s  a r e  n o t r e s t r i c t e d  to  a  n a r ro w  

p e r ip h e ra l  r in g  (a s  re p o r te d  by so m e  w o rk e rs ) ,  su ch  g ra n u le s  a p p e a r  

a lw ay s to be m o re  c o n c e n tra te d  in  the p e r ip h e ra l  a r e a s  of the n u c le o lu s . 

O ften , they  fo rm  w edge sh ap ed  o r f in g e r  lik e  p ro je c t io n s  to  the c e n te r  

of the n u c le o lu s  (F ig . l ) .  In  a p p e a ra n c e , th e s e  g ra n u le s  c o m p a re  w ell 

w ith  the  150 A  p a r t ic le s  r e p o r te d  by L a F o n ta in e  (1958a; V ic ia ; A lliu m ), 

L a F o n ta in e  and  C h o u in a rd  (1963; V ic ia ) , and by Jac o b  and  S ir l in  (1963; 

s a l iv a ry  g land  c e lls  in  s c ia r id s ) .  M a r in o z z i^ l9 6 2 )  r e p o r t s  th a t  such  

p a r t ic le s  c o m p a re  w e ll to  c y to p la sm ic  r ib o s o m e s .  F u r th e r ,  such  

g ra n u le s  a p p e a r  o ften  to  be a r r a n g e d  a s  a  s tr in g  of b e a d s  (F ig . 1). 

S o m e tim e s ,  h o w e v e r, they  do n o t a p p e a r  a s  d is t in c t  p a r t ic le s  o r  g r a n ­

u le s  b u t r a th e r  a s  d e n s e r  p o r tio n s  of 50-80 A  s t r a n d s .
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The seco n d  s t r u c tu r a l  f e a tu re  to  be o b se rv e d  in  th e se  p ea  

n u c le o li is  the  p r e s e n c e  of 60-100 A  f ib r i l s  o r s t ra n d s  (F ig s ,  1 and 

26). Such f ib r i l s  occupy sm a ll p a tc h e s  th a t  a r e  u su a lly  lo c a te d  in  the  

c e n tr a l  re g io n  of th e  n u c leo lu s  (F ig . l ) .  Such s t ra n d s  a p p e a r  to  b e  of 

the  s a m e  d en s ity  a s  th e  c h ro m a tin  s t ra n d s  o u ts id e . N e ith e r  the 

c h ro m a tin  s t ra n d s  n o r  the above m en tio n ed  n u c le o la r  s tra n d s  a p p e a r  to  

be doub le . The th in n e s t  s t ra n d s  th a t  can  b e  id e n tif ie d  in  th e s e  n u c le o li 

a v e ra g e  20-30  A  in  w id th . B e c a u se  th e  a r e a s  w h e re  su ch  s t ra n d s  a r e  

u su a lly  p r e s e n t  a r e  devo id  of the  120-160 A  p a r t ic le s ,w e  w ill c a ll  su ch  

a r e a s  the  n o n -p a r t ic u la te  a r e a s  of th e  n u c le o lu s .

The n o n -p a r t ic u la te  a r e a s  of m e r is te m a t ic  p ea  n u c le o li a r e  a ls o  

c h a ra c te r iz e d  by so m e la r g e ,  d en se ly  s ta in in g  g ra n u le s .  Such  g ra n u le s  

a p p e a r  s im ila r  to  the  o n es  th a t h av e  b een  r e p o r te d  in  m any p la n t n u c le o li 

by Sun (1961), L a F o n ta in e  (1958b), an d  o th e r s .  In  s iz e  they  ra n g e  f ro m  

160-320 A in  d ia m e te r .  A  m a jo r i ty  of su ch  g ra n u le s  a v e ra g e  210-230  

A in  d ia m e te r .  O ften , 20-30  A w ide s tra n d s  a r e  a s s o c ia te d  w ith  th e se  

g ra n u le s  ( a r ro w s , F ig .  1; a ls o  in  F ig . 2).

N u c leo li in  s e m i-d if fe re n tia te d  c e l l s .  A s c e l ls  d if fe re n tia te  

m o re  and  m o re , the g ra n u la r i ty  of the  n u c leo lu s  b e c o m e s  l e s s  and  l e s s  

ev id en t (F ig s .  2 and  3 ). F ig u re  2 d e s c r ib e s  th e  type of n u c le o lu s  see n  

m o s t com m only  in  s e m i-d if fe re n tia te d  c e l l s .  S uch  a  n u c leo lu s  a p p e a rs  

so m ew h a t in te rm e d ia te  in  a p p e a ra n c e  b e tw een  the p re d o m in a n tly  g ra n u la r
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n u c leo li su ch  a s  th a t o f f ig u re  1 and  the p re d o m in a n tly  f ib r i l l a r  n u c leo li 

(F ig . 3) com m only  found in  w e ll-d if fe re n tia te d  c e l l s .

The n u c leo lu s  of a  n o n -m e r is te m a tic  p ea  c e ll  h a s  v e ry  few , if  

an y , re c o g n iz a b le  120-160 A  p a r t i c le s .  M o re  o ften , the  a b s e n c e  of 

su ch  120-160 A p a r t ic le s  i s  d e c is iv e . L o o se ly  d is tr ib u te d  60-100  A 

w ide s tra n d s  ( th ick  a r ro w s .  F ig . 2b), a few  th in  s tra n d s  of ab o u t 20-25  

A , and  la rg e  d en se  g ra n u le s  a r e  the  only d is t in c t  s t r u c tu r a l  co m p o n en ts  

of such  n u c le o li.

A  fu r th e r  p o in t of i n t e r e s t  in  s e m i-d if fe re n t ia te d  n u c le o li i s  the  

a p p e a ra n c e  of th e  d e n se  g ra n u le s  ( s e e  F ig . 2b). T h ese  g ra n u le s  now 

ap p e a r  to be  l e s s  c o m p a c t (th an  th e  ones seen  in  F ig . 1) and  so m e tim e s  

ap p e a r  to f r a y  ou t in to  s tra n d s  (a r ro w s . F ig . 2b). S o m e tim e s  re g io n s  

of su ch  g ra n u le s  a r e  l e s s  d èn se  an d  g ive  the a p p e a ra n c e  o f h av ing  e i th e r  

convo lu ted  o r  co iled  s t ra n d s  (so m e  a r r o w s .  F ig . 2b). T h ese  o b s e rv a -  ■ 

tie n s  th u s  su g g e s t th a t  th e se  g ra n u le s  m ay  in  r e a l i ty  be c o ils  of s t r a n d s .

N u c le o li in  w e ll-d if fe re n tia te d  c e lls  (F ig . 3 ). T h e se  have  been  

the  l e a s t  w e ll s tu d ied  n u c le o li in  th is  in v e s tig a tio n . H o w ev er, the 

n u c le o li th a t  we hav e  o b se rv e d  so fa r  in  such  c e l ls  la c k  bo th  the la rg e  

d en se  g ra n u le s  and  the 120-160 A  p a r t i c le s .  S uch  a  n u c leo lu s  h a s  fo r 

the m o s t p a r t  c o a r s e  s t r a n d s  of app rox im a.te ly  80-100  A  d ia m e te r .  

F u r th e r m o r e ,  i t  i s  d iff ic u lt  to  re c o g n iz e  any d if fe re n c e s  in  s t r u c tu r e  

betw een  m any re g io n s  in  the  n u c le o lu s  and  the d e n s e r  a r e a s  of c h r o m a ­

tin  (se e  F ig . 3b).
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In  s u m m a ry , th e se  s tu d ie s  on in  s i tu  p ea  n u c leo li in d ic a te  

c le a r ly  the v a r ia b i l i ty  of n u c le o la r  u l t r a  s t r u c tu r e .  P re l im in a ry  e v i­

d en ce  in d ic a te s  th a t th is  m ay  be r e la te d  to  the s tag e  of d if fe re n tia tio n  

of the  c e lls  in  w hich  the n u c leo li a r e  lo c a te d . A lso , th e s e  s tu d ie s  

su g g e s t th a t the m o s t o ften  found p e a  n u c leo lu s  is  e s s e n tia l ly  f ib r i l l a r  

in  n a tu re ,  s in c e  m e r is te m a t ic  c e l ls  fo rm  only a  m in o r f ra c t io n  of the 

c e ll  p o p u la tion  o f a  p ea  se e d lin g .



SECTIO N  II A . C h e m ic a l A n a ly se s  of Is o la te d  N u c le o la r  F ra c t io n s

T he is o la te d  n u c le o la r  f r a c t io n  u se d  in  th is  study  is  a  c ru d e  

p re p a ra tio n  c o n s is tin g  m o s tly  of n u c le o li ,  som e c h ro m a tin , and  o c c a ­

s io n a l w hole n u c le i . T he c h e m ic a l co m p o sitio n  of su ch  a  f r a c t io n  i s  

r e p r e s e n te d  in  T ab le  I I a  and  i s  c o m p a re d  w ith  d a ta  o b ta in ed  w ith  p u re r  

f ra c t io n s  o b ta in ed  f ro m  the sa m e  m a te r ia l  by o th e r w o rk e rs  in  T ab le  

l i b .  On the  av e ra g e ,, a  p u r if ie d  n u c le o la r  p re p a ra tio n  is  co m p o sed  of 

a p p ro x im a te ly  12% RN A, 6% DNA, and  80-85%  p ro te in  (B irn s t ie l  e t  a l . , 

1962),

T he c h e m ic a l co m p o s itio n  of is o la te d  p ea  n u c le o li i s  d ep en d en t 

on m any f a c to r s .  T he ag e  of se e d lin g s  fro m  w hich  the  n u c leo li a r e  i s o ­

la te d  i s  one fa c to r  ( B i rn s t ie l ,  u n p u b lish ed  d a ta ) . F u r th e r ,  th e  f r a c t io n ­

a tio n  p a t te rn  and  e ffic ien cy  of r e c o v e ry  depend  la rg e ly  on the p re v io u s  

e x p e rie n c e  of the  n u c le i and  a r e  v e ry  s e n s itiv e  to C aC l^  c o n c e n tra tio n  

(B irn s t ie l  e t  a l . , 1962). A lso , p ro lo n g ed  g rin d in g  beyond  an  o p tim um  

tim e  r e s u l t s  in  a  p a r t ia l  e lu tio n , e sp e c ia lly  of RNA, fro m  n u c le a r  c o m ­

p o n en ts  (B irn s t ie l ,  p e r s o n a l  co m m u n ica tio n ). Som e o r a l l  of the  above 

f a c to r s ,  co m b in e^  w ith  the  fa c t  th a t  th e  is o la te d  n u c le o la r  f r a c t io n  fo r  

th e s e  s t r u c tu r a l  s tu d ie s  w as n o t c a re fu lly  p u r if ie d , a llow  a  r a t io n a l -

18
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iz a tio n  of the  d a ta  r e p r e s e n te d  in  T a b le s  I I a  an d  b .

S ince  the p r e s e n t  in v e s tig a tio n  d e a lt  m a in ly  w ith  d ia ly zed  n u c le ­

o la r  m a te r ia l ,  an  a n a ly s is  of the  s u p e rn a ta n t of d ia ly z e d  n u c leo li w as done 

in  an  e f fo r t  to  a s c e r ta in  w h e th e r d ia ly s is  i t s e l f  e lu ted  a  s ig n if ic a n t 

p o rtio n  of the n u c le o la r  co m p o n en ts . Such an  a n a ly s is  (f ro m  the  s u p e r ­

n a ta n t of ab o u t 20 m l n u c leo li)  y ie ld ed  a p p ro x im a te ly  34 p.g of RNA 

( le s s  than  15%), 180 ng of p ro te in  ( le s s  than  15%), an d  d id  n o t co n ta in  

m o re  than 5 |i.g of DNA ( le s s  than  5%), in d ica tin g  th a t th e re  w as n e g ­

lig ib le  lo s s ,  i f  any , of th e se  co m p o n en ts  fro m  the  n u c le o la r  f r a c t io n  

d u rin g  d ia ly s is .  A lso , th e re  w as no s ig n if ic a n t d if fe re n c e  in  q u an tity   ̂

of RNA and  DNA betw een  in cu b a ted  (32 C , 30 m in u te s )  and  n o n -in c u b a  ted  

( s to re d  a t  0 C) n u c le o la r  f r a c t io n s .  T h e re  w a s , p e r  m l of in cu b a te d  

f ra c t io n  2. 2 p,g l e s s  of RNA (c a . 10%) and  2. 6 tig m o re  of DNA (c a .

12%).

D ata  in  T ab le  II c in d ic a te  the  e f fe c tiv e n e ss  of the  v a r io u s  

e x tra c tio n  t r e a tm e n ts  em p lo y ed  in  th is  stu d y . The co n d itio n s  of in c u ­

b a tio n , d o sag e , e t c . ,  have a lre a d y  been  sp ec if ie d  in  T ab le  I u n d er 

m a te r ia ls  and m e th o d s . The p ro te in  v a lu e s  in  th e  ta b le  h av e  n o t b een  

c o r r e c te d  fo r  the  co n trib u tio n  m ade by th e  en zy m es th e m s e lv e s .  F u r ­

th e r ,  the d a ta  a r e  su b je c t to  the fo llow ing  l im ita t io n s .  D u rin g  the 

v a r io u s  e x tra c tio n  t r e a tm e n ts ,  the t r e a te d  m a te r ia ls  c lu m p , m ak ing  

r e s u s p e n s io n  d iff ic u lt.  T h u s , a liq u o ts  s e p a ra te d  fo r  c h e m ic a l a n a ly s e s  

do n o t n e c e s s a r i ly  h av e  s t r ic t ly  the  s a m e  am o u n t o f m a te r ia l ,  m ak ing
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c o m p a r iso n  d iff ic u lt. A lso , the e x p e r im e n ts  a r e  n o t c o m p a ra b le  w ith  

ea ch  o th e r  on an  a b so lu te  b a s is  s in ce  the am o u n t of m a te r ia l  p e r  m l of 

su sp en s io n  w as n o t s ta n d a rd iz e d .

D a ta  r e p r e s e n te d  in  T ab le  II c in d ic a te  th en  th a t  ab o u t 60% of 

the RNA is  re m o v a b le  by r ib o n u c le a s e  t r e a tm e n t  and  th a t in c re a s in g  

th e  d o sag e  of en zy m e by ten fo ld  d id  n o t r e s u l t  in  i t s  fu r th e r  lo s s  (c o m ­

p a re  2 SC to 5 s c ) .  T he d a ta  fo r  4 SC r ib o n u c le a s e  t r e a tm e n t  i s  c o n ­

s id e re d  an  a b e r ra t io n  th a t m ig h t be  due to  an  a b n o rm a lly  la r g e  am o u n t 

of m a te r ia l  (a s  a r e s u l t  of c lum ping) in  the  p o rtio n  a llo t te d  fo r a n a ly s is  

a s  c o m p a re d  to the  c o n tro l.  D e o x y rib o n u c lea se  w as u se d  a t  a  c o n s ta n t 

d o sag e  of 5 |tg  p e r  m l of n u c le o la r  su sp en s io n  so a s  to  k eep  i t s  r ib o ­

n u c le a s e  a c tiv ity  to a  m in im u m . A t su ch  d o sa g e s , d eo x y rib o n u c lea se  

w as ab le  to  e f fe c t a t  l e a s t  a  60% re d u c tio n  in  DNA co n ten t of the n u c le ­

o la r  f r a c t io n .

In  su m m a ry , the  c h e m ic a l co m p o s itio n  of o u r n u c le o la r  f ra c t io n  

is  d if fe re n t  f ro m  th o se  o b ta in ed  fo r  p u r if ie d  n u c le o la r  p re p a ra t io n s .

O u r c h e m ic a l d a ta  th u s r e f l e c t  the  m ean  co m p o s itio n  of a  n u c le o l i - r ic h  

f r a c t io n  co n ta in in g  so m e c h ro m a tin  a s  co n tam in an t. D ia ly s is  and  in c u ­

b a tio n  d id  n o t a l te r  the  g ro s s  c h e m ic a l co m p o sitio n  of th is  f r a c t io n  s ig ­

n if ic a n tly . F in a lly ,  ou r d a ta  on the e f fe c tiv e n e ss  of n u c le a s e  e x t r a c ­

tio n  do show th a t  a  m a jo r  p ro p o r tio n  of n u c le ic  a c id s  w as e x tra c te d  

by the r e s p e c t iv e  e n z y m e s .
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TABLE 11. Data o f  Chemical Analyses on Iso la ted  Nucleolar F rac t io n s .*̂

a .  Composition of Iso la ted  n u c leo la r  f r a c t io n s .

Expt. %RNA 7cDNA % P ro te  In Remarks

4 SC 7.7 6 .9  85.4 m ater ia l d ia lysed  to  0.4 N 
sucrose with Mg and Ca Ions

5 SC* 5.8 7 .2  87.0 m ater ia l d i lu te d  to  above 
concentra tion

The sum of R N A , DNA and p ro te in  Is  taken as 100.

b. R ela tive  composition of RNA, DNA and p ro te in  In Iso la ted  subnuclear 
f r a c t io n s .

Source Fraction RNA ! DNA ; P ro te in

2 SC crude nucleo li 1.2 1

4 SC crude nucleo li 1.1 1 12.4

5 SC* crude nucleoli 0.75 1 11.2

B Irn s t le l  
e t  a l .(1962) n u c leo la r  apparatus 2.6 1 12

B Irn s t le l  
e t  a l . ( 1962) chromatin 0.45 1 2.5

B i rn s t ie l  
e t  a l .(1962) whole nucleus 0.75 1 6
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TABLE II  ( C o n t ' d )

c . Composition o f  Iso la ted  nu c leo la r  f r a c t io n s  a f t e r  var ious e x t ra c t io n  

trea tm en ts .

Component Control Ribonuclease
trea ted

Deoxyr1bonuciease 
t re a ted

Expt.^

RNA 22.7 8 .7 ,  38 15.2, 6k 2 SC

7.7 5 .8 ,  2â 10 , H O 4 SC

19.7 8 .4 ,  41 26.7 , 136 5 SC*

DNA 19.4 13.9, ]4 5 .8 ,  10 2 SC

6.9 13.8, 210 2 .8 ,  41 4 SC

26.7 22.3 , 8% 4 .7 ,  18. 5 SC*

Protein**
VALUES NOT DETERMINED 2 SC

85.8 123.8, 156 83.3 , 22 4 SC

298 276 , 21 250 , 84 5 SC*

® All values  In micrograms per ml of n u c leo la r  f r a c t i o n .  Underlined 

numbers represen t per cent remaining.

^  Material a l lo te d  fo r  chemical an a ly s is  In expt.  3 SC was lo s t  before 

ac tua l determ ina tions could be made.

*  Control was Incubated fo r  one hour a t  32 C whereas the t re a te d  

m a te r ia ls  were Incubated fo r  h a l f  an hour on ly .

** Pro te in  values Indicated  In r ibonuclease and deoxyribonuclease t re a ted  

columns Include the co n tr ib u t io n  made by the enzymes themselves.



SECTIO N II B . U l t r a s t r u c tu r e  of Iso la te d  N u c leo li

a .  C h a r a c te r i s t i c s  of C o n tro l N u c leo li

M o st of our s tu d ie s  on the  u l t r a s t r u c tu r e  of is o la te d  n u c leo li 

h av e  b een  done on c ru d e  n u c le o la r  f r a c t io n s  d ia ly z e d  to  0 .4  M s u c ro s e  

(w ith  C a^^  and  io n s) and  in cu b a te d  in  the  sa m e  so lu tio n  fo r  h a lf

an  h o u r a t  30-33  C . F i r s t ,  h o w e v e r, a  p re lim in a ry  e x p e r im e n t  w as 

done to be s u re  th a t d ia ly s is  d o es  n o t e x t r a c t  d r a s t ic  am o u n ts  of the  

n u c le o la r  co m p o n en ts  f ro m  the  n u c le o li.  C h em ica l d e te rm in a tio n s  

(p re v io u s  sec tio n ) show ed th a t  th e r e  w as no m a jo r  lo s s  of e i th e r  RN A , 

DNA, o r  p ro te in  f ro m  the  n u c le o la r  f r a c t io n  d u rin g  d ia ly s is  o r  in c u ­

b a tio n . We w ill now e s ta b l is h  th a t su ch  p re p a ra t iv e  p ro c e d u re s  do 

n o t d e s tro y  the  u l t r a s t r u c tu r e  of n u c le o li bu t, in  fa c t ,  a l t e r  i t  in  su ch  

a  w ay a s  to  fav o r a  m o re  c r i t i c a l  a n a ly s is .

C o m p a riso n  of s t r u c tu r e  in  n o n -d ia ly z e d  and  d ia ly ze d  

c o n tro l n u c le o li . In  a  p re lim in a ry  e x p e r im e n t, n o n -d ia ly z e d  c o n tro l 

n u c le o li ,  f ix ed  in  eq u a l am o u n ts  of 2% o sm iu m  te tro x id e  an d  2 M 

s u c ro s e  (we w ill r e c a l l  th a t  the n u c le o la r  p e l le ts  a r e  tak en  up in  2 M
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s u c ro se )  w e re  co m p a re d  w ith  d ia ly ze d  c o n tro l n u c le o li fix ed  in  a  1% 

so lu tion  of O sO ^ in  0 .4  M s u c ro s e  (w ith  C a^^  and  io n s ) .

I t  i s  n e c e s s a ry  fo r  u s  to d ig r e s s  a t  th is  p o in t to  r e p o r t  the 

ex is te n c e  of a  new  n u c le a r  body in  p ea  c e lls  j^Fig. 4 ). In  f ig u re  4 an  

ovoid body i s  see n  a tta c h e d  to  the  la r g e r  oval s t r u c tu r e ,  the  n u c le o lu s . 

A t l e a s t  a t  the u l t r a  s t r u c tu r a l  le v e l ,  such  a  body h a s  n o t b een  d e s c r ib e d  

so  fa r  in  p u b lish ed  l i t e r a t u r e . O u r s tu d ie s  to d a te  in d ic a te  th a t  they  

a r e  d if fe re n t  f ro m  n u c le o li,  c h ro m a tin  o r c h ro m o s o m e s , the " e l e ­

m e n ta ry  n u c le o li"  of Jac o b  and  S ir l in  (1963), o r the p a ra n u c le o la r  

b o d ies  r e p o r te d  by L a F o n ta in e  (1958b). We hav e  n am ed  th e se  b o d ies  

" k a ry o s o m e s . " K a ry o so m e s  have b een  seen  n o t only in  is o la te d  n u c le ­

o la r  f r a c t io n s  (p r e p a re d  a t  d if fe re n t  t im e s  and  in  d if fe re n t  w ay s), b u t 

a ls o  w ith in  is o la te d  w hole n u c le i (F ig . 14) and  in  in  s itu  p ea n u c le i 

(F ig . 26). K a ry o so m e s  n eed  n o t be  a tta c h e d  to  n u c le o li  a lw ay s  and , 

in  fa c t ,  a r e  found m o re  o ften  f r e e  a m o n g s t c h ro m a tin  m a s s e s  (F ig s .  8,

9 and  22). B e c a u se  we th ink  th e se  b o d ies  have  n o t b een  d e s c r ib e d  

b e fo re , w e hav e  a l lo tte d  P a r t  B of th is  d is s e r ta t io n  to the d e ta ilin g  of 

o u r o b s e rv a tio n s  on th e ir  s t r u c tu r a l  c h a r a c te r i s t ic s .

F ig u re s  4 -7  show n u c le o la r  u l t r a s t r u c tu r e  b e fo re  and a f te r  d i ­

a ly s i s .  B o th  non - d ia ly  z e d \(F  ig  s . 4 and  5) and  d ia ly ze d  (F ig s .  6 and  7) 

n u c le o li show the  sa m e  b a s ic  p a t te rn  of n u c lo la r  u l t r a s t r u c tu r e .  A t 

l e a s t  two d is t in c t  co m p o n en ts  can  be o b se rv e d  in  th e se  n u c le o li .  One 

co m ponen t i s  a  l ig h tly  s ta in in g  m a te r ia l  th a t  fo rm s  a  n e tw o rk  in  the
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n ucleo lu8v(F ig8 . 4 an d  6). Thi8 b ack g ro u n d  a r r a y  of s t ra n d s  i s  r e f e r r e d  

to a s  n u c leo lo n e m a ta  by B u sch  e t  a l .  (1963) in  th e ir  d e s c r ip tio n s  of 

s im ila r  s t r u c tu r e s  in  is o la te d  n u c le o li o f W alker tu m o r c e l l s .  H o w ev er, 

b e c a u se  the te rm  "n u c le o lo n e m a ta "  w as o rig in a lly  g iven  ^y  E s ta b le  an d  

S o te lo  (1951, 1955) fo r  a  n e tw o rk  of s tra n d s  seen  in  the  l ig h t m ic ro s c o p e , 

we w ill r e f e r  to  ou r b ack g ro u n d  s tra n d s  a s  " s tra n d s  of the  n u c le o lo ­

n e m a ta . " The seco n d  co m p o n en t we r e f e r  to i s  c lu s te r s  of d e n se ly  

s ta in in g  m a te r ia l  w h ich  se e m  a tta c h e d  to the  s t ra n d s  of th e  n u c le o lo ­

n e m a ta . (We w ill r e f e r  to  th e s e  d en se  s t r u c tu r e s  f ro m  now on a s  the 

c lu s te r s  of d en se  g r a n u le s . )

F ig u re s  4 ,5 , 6 an d  7 show n u c le o li s ta in e d  w ith  Pb(O H )^ o r 

P b(C lO ^) s e p a ra te ly  (F ig s .  4 and  7) o r  w ith  UAc and  Pb(C 10^)g  (F ig s .

5 and  6). W hen a  n u c leo lu s  i s  s ta in e d  w ith  P b(C 10^)^  a lo n e  (F ig . 7), 

the n u c leo lo n e m a ta  a r e  v e ry  m uch l e s s  ev id en t th an  w hen s ta in e d  in  

co m b in a tio n  w ith  U A c '(F ig s . 5 and  6) o r w ith  Pb(O H )g a lo n e  (F ig . 4).

The only s t ru c tu r e s  th a t s tan d  o u t c le a r ly  now a r e  the  c lu s te r s  of d en se  

g ra n u le s  (F ig . 7 ). W hen UAc i s  u se d  in  co m b in a tio n  w ith  th is  s ta in  

(F ig . 5), the v is u a liz e d  n u c le o la r  u l t r a s t r u c tu r e  a p p e a rs  v e ry  s im ila r  

to  th a t seen  a f te r  s ta in in g  w ith  Pb(O H ) 2  a lone  (F ig . 4 ). H o w ev er, the 

UAc and  P b(C lO ^)^  co m b in a tio n  a p p e a rs  to  o b li te ra te  the  s u b s tru c tu re  

of the  d en se  g ra n u le s  th a t is  ev id en t when Pb(O H ) 2  a lo n e  i s  u se d  (c o m ­

p a r e  F ig s ,  4 and  5). A cco rd in g  to  W olfe e t  a l .  (1962), b o th  DNA and  

p ro te in  w ould be s ta in e d  ( r a th e r  th an  DNA alone) by UAc a t  the
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c o n c e n tra tio n s  we h av e  u se d  (O.Ol M ). T h e re fo re , we h av e  a rg u e d  

th a t Pb(O H )^ a lo n e  w ould p e r m it  a m o re  co m p le te  and  d e ta ile d  v i s u ­

a liz a tio n  of n u c le o la r  u l t r a  s t r u c tu r e .

In  a  n o n -d ia ly z e d  n u c leo lu s  the s tra n d s  of the n u c leo lo n e m a ta  

m e a s u re  75-120  A in  d ia m e te r  and o cc a s io n a lly  show  fu r th e r  s u b ­

s t ru c tu r e  (F ig s .  4 and  5). S uch  75 -120  A s tra n d s  do n o t see m  to
/

fo rm  a  t ru e  n e tw o rk  in  the  n u c leo lu s ; r a th e r ,  they  see m  to ru n  a lo n g ­

s id e  o r a c r o s s  each  o th e r  w ith o u t b ra n c h in g . T he in te r  s t ra n d  re g io n  

a p p e a rs  s t r u c tu r e le s s  and  of the  sa m e  d ep s ity  a s  the  su p p o rtin g  f ilm  

of p a r lo d io n . R e la tiv e ly  la r g e  a r e a s ,  em pty  o r  n e a r ly  so , a p p e a r  

c i r c u la r  in  m any is o la te d  n u c le o li .  We w ill r e f e r  to  such  re g io n s  a s  

v a c u o le s . ^

The c lu s te r s  of g ra n u le s  en m esh e d  in  the n u c leo lo n e m a ta  a r e  

in te rp r e te d  n o t to  b e  p o r tio n s  of the s tra n d s  o f the  n u c leo lo n e m a ta .

O ften  they  a p p e a r  to be  d e n se  re g io n s  of s tra n d s  o r a s  s h o r t .d e n s e  

f ib r i l s  (F ig s .  4 -7 ) . W hen th e r e  is  no c lo se  p ack ing  of su ch  d en se  

s t r u c tu r e s ,  they  a p p e a r  a s  s h o r t  d e n se  f ib r i l s .  T hey a p p e a r  a s  s tra n d s  

w hen m any su ch  c lu s te r s  of " g ra n u le s "  a r e  c lo s e  to g e th e r  an d  seem  to 

b e  in te rc o n n e c te d  w ith  ea ch  o th e r .  W h ere  the in te rc o n n e c te d  g ra n u le s  

fo rm  a  ch a in , su ch  a  ch a in  o r  s tra n d  m e a s u re s  60-120  A  in  d ia m e te r  

(m ode, 80 A ). .

A th ird  co m p o n en t can  b e  o c c a s io n a lly  see n  in  th e s e  n u c le o li. 

T h ese  a r e  s in g le  s tra n d s  th a t a p p e a r  so m ew h a t m o re  co m p ac t th an  the
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s tra n d s  of the n u c leo lo n e m a ta . T h e se  s in g le  s t ra n d s  a r e  u su a lly  seen  

in  c lo se  a s s o c ia tio n  w ith  the d en se  f i b r i l s .  T hey a r e  a p p ro x im a te ly  

20 A  w idé (a r ro w s ,  F ig .  4).

D ia ly s is  p ro d u c e s  n u c leo li w ith  a  l e s s  co m p ac t s t r u c tu r e  (F ig s .  

6 and  7 ). The s tra n d s  of the n u c leo lo n e m a ta  now a v e ra g e  m o s tly  200 A 

w ide (ra n g e  100-200 A ). The in te rc o n n e c te d  d e n se  f ib r i l s  see n  e a r l i e r  

a ls o  in  n o n -d ia ly z ed  c o n tro l n u c le o li now a v e ra g e  80-120  A  in  w id th . 

S o m e tim e s , they  now a p p e a r  to  be d iv is ib le  in to  two 4 0 -6 0  A w ide 

s tra n d s  (F ig s . 6 an d  7).

The s tra n d s  of the  n u c leo lo n e m a ta  ap p e a r  to  be c o a le s c e d  in to  

d e n se  am o rp h o u s  p a tch e s  in  c e r ta in  re g io n s  of d ia ly ze d  c o n tro l n u c le ­

o li. In  su ch  re g io n s ,  the s in g le  20 A  w ide s tra n d s  th a t  w e re  r e p o r te d  

to be o cc a s io n a lly  seen  in  n o n -d ia ly z e d  c o n tro l n u c leo li a r e  m o re  o ften  

seen  (F ig . 6). A lso , the  d en se  f ib r i l s  a p p e a r  to  be m uch  m o re  c o n c e n ­

t r a te d  in  su ch  a r e a s  a s  w e ll a s  a ro u n d  the  " v a c u o le s ."  Such  d e n se  

am o rp h o u s  p a tch e s  h av e  n o t been  see n  in  n o n -d ia ly z e d  c o n tro l n u c le o li .

The fo llow ing  o b s e rv a tio n s  on d ia ly ze d  an d  in cu b a te d  n u c leo li 

belong  to  a  d if fe re n t  e x p e r im e n t  f ro m  th e  one d e s c r ib e d  ab o v e . H ence 

we canno t m ake d i r e c t  c o m p a r iso n s  of n u c leo li in  F ig u r e s  4 -7  w ith  

n u c leo li in  F ig u re s  8 -20  ( th e se  belong  to the sa m e  (3 SC) e x p e r im e n t) , 

fo r  w e h ave n o t s ta n d a rd iz e d  th e  ag e  a t  w hich the  se e d lin g s  a r e  h a r ­

v e s te d . F u r th e r ,  th e re  i s  a  la r g e  v a r ia t io n  in  th e  r a te  of g ro w th  of 

th e se  see d lin g s  fro m  tim e  to  t im e . T h u s , w hile we m ig h t i s o la te  

n u d leo li in  one e x p e r im e n t la rg e ly  f ro m  m e r is te m a t ic  o r  n e a r
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m e r is te m a tic  c e l l s ,  in  an o th e r  e x p e r im e n t we m ig h t is o la te  the bu lk  

of n u c leo li f ro m  m o re  d if fe re n tia te d  c e l l s .  We have  a lre a d y  shown 

(se c tio n  l) th a t  n u c le o la r  u l t r a  s t r u c tu r e  v a r ie s  w ith  c e llu la r  " d i f f e r ­

en tia tio n . "

N u c le o la r  u l t r a s t r u c tu r e  a s  se e n  in  d ia ly ze d  and  in cu b a ted

c o n tro l n u c le o li . A su rv e y  of d ia ly ze d  and  in cu b a te d  n u c le o li ( in c u -

* n *
b a ted  fo r  30 m in . a t  pH 7 in  0 .4  M s u c ro s e  co n ta in in g  C a and  Mg 

io n s , t r i s ,  a t  30-33  C) in d ic a te s  a  fu r th e r  lo o sen in g  of n u c le o la r  

u l t r a s t r u c tu r e  (F ig . S). A  sm a ll  p e rc e n ta g e  of n u c le o li  a r e  found to 

be  p a r t ia l ly  d is ru p te d . T h is  c la s s  of n u c leo li h a s  b een  the m o s t 

in te n s iv e ly  in v e s tig a te d . They show , a p p a re n tly , a w ide v a r ia t io n  in  

s t r u c tu r e  (F ig s .  8 -1 3 ) . Of th e s e , n u c leo li such  a s  th o se  in  F ig u r e s  11 

and  12 a r e  found m uch  l e s s  o ften .

The s t ra n d s  of the n u c leo lo n e m a ta  in  d ia ly ze d  and  in cu b a ted  

n u c le o li a p p e a r  i l l  d efin ed  an d  m u ch  m o re  d iffu se  (F ig s .  8, 9 and  10).

A t t im e s  they  lo s e  th e ir  s tra n d e d  a p p e a ra n c e  a lto g e th e r  and  a p p e a r  a s  

an  am o rp h o u s  m a s s  of l ig h tly  s ta in in g  m a te r ia l  (F ig s .  11 and  13). In 

any c a s e ,  they  fo rm  the  l ig h te s t  s t r u c tu r e s  o r  m a te r ia l  in  the n u c le ­

o lu s . A ls o , th ey  see m  to fo rm  the "b ack g ro u n d "  of the  n u c leo lu s  

(e s p e c ia lly  c le a r  in  F ig .  12).

M any in cu b a ted  n u c le o li show  la rg e  v a c u o le s ,  fo r  ex a m p le  F ig u re  

8 . T h e ir  sh ap e  and  c o n s is te n t  a p p e a ra n c e  su g g e s t th a t  they  a r e  n o t 

a r t i f a c t s  of is o la tio n .
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A new com p o n en t th a t  we cou ld  n o t see  in  o th e r ty p es  of c o n tro l 

n u c leo li i s  n o tic e a b le  in  th e se  d ia ly z e d  an d  in cu b a ted  n u c le o li .  T h ese  

a r e  p a r t ic le s  th a t  a v e ra g e  m o s tly  a  d ia m e te r  of 120 A  and  so m e tim e s  

150-1È0 A . They a p p e a r  o ften  oval in  sh ap e  an d  see m  to h av e  a  ho llow  

c o re  w hen seen  a g a in s t  a l ig h t b ack g ro u n d  (F ig s .  9 -1 3 ) . S uch  g ra n u le s  

s tro n g ly  re s e m b le  th e  120 A p a r t ic le s  we saw e a r l i e r  in  in  s i tu  m e r i ­

s te m a tic  p ea  n u c leo li n o t only in  s iz e  b u t a ls o  in  th e ir  a p p e a ra n c e  and  

a r ra n g e m e n t.  A s b e fo re , they  s t i l l  a p p e a r  to  b e  a r r a n g e d  a s  a  s t r in g  of 

b e a d s  o r a s  p o r tio n s  of 60-100  A  w ide s tra n d s  (F ig s ,  10, 12 and  13). I t  

i s  d iff icu lt to  d ec id e  w h e th e r su ch  60-100  A  s t ra n d s  ( if  they a r e  r e a l  

and  n o t a r e s u l t  of l in e a r  a r r a n g e m e n t  of m any su ch  g ra n u le s )  a r e  p a r t  

of th e  n u c leo lo n e m a ta  o r n o t.

Though such  120 A p a r t ic le s  a r e  p r e s e n t  a l l  o v e r the  n u c le o lu s , 

they ten d , h o w ev er (a s  in  in  s i tu  n u c le o li) , to  be p r e s e n t  in  g r e a te r  

q u a n titie s  in  th e  p e r ip h e ra l  a r e a s  of the  n u c leo lu s  (F ig s .  10 an d  12). 

T he p au c ity  of su ch  p a r t ic le s  in  n u c leo li of F ig u re s  9 and  11 m ay  be 

a t tr ib u ta b le  to  a lo s s  d u rin g  is o la tio n  and  in cu b a tio n .

P a tc h e s  of d en se  m a te r ia l  th a t  ap p e a r  am o rp h o u s  fo r  th e  m o s t 

p a r t ,  ex cep t fo r  som e d en se  p a r t ic u la te  s t r u c tu r e s  s im ila r  to  th e  o n es 

th a t  o c c u rre d  sp o ra d ic a lly  in  d ia ly z e d  n u c le o li,  a r e  o ften  seen  in  

d ia ly z e d  and  in cu b a te d  n u c le o li. In  d ia ly ze d  an d  in cu b a ted  n u c leo li 

the  am o u n t of n u c le o lo r  a r e a  su ch  d en se  p a tc h e s  m ay  occupy v a r ie s  

w ide ly , a s  do es  the s iz e ,  sh ap e , and  am o u n t of p a r t ic u la te  s t r u c tu r e s
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th a t  see m  to  be  p r e s e n t  in  th e s e  a r e a s .

Such d en se  p a tc h e s  ten d  to  o ccu r e sp e c ia lly  a ro u n d  v ac u o le s  

in  th e s e  n u c le o li ( fo r  ex a m p le , F ig . 8). A s b e fo re , in  the  c a s e  of 

d ia ly ze d  n u c le o li,  w e once ag a in  in te r p r e t  su ch  p a tc h e s  to  be the  r e s u l t  

of a  c o a le sc in g  of th e  s t ra n d s  of the  n u c leo lo n e m a ta .

A lso  o c c u rr in g  in  th e se  a r e a s  a r e  s in g le  s t ra n d s  s im ila r  in  

a p p e a ra n c e  and  d im e n s io n s  (20 A  w ide) to  the  s in g le  s tra n d s  th a t w e re  

o b se rv e d  in  n o n -d ia ly z e d  and  d ia ly ze d  n u c leo li ( a r r o w s , F ig . 11, fo r  

ex am p le ).

I t  i s  d if f ic u lt  to an a ly z e  the  s t r u c tu r e  of the  d en se  " g ra n u le s "  

b e c a u se  of th e ir  p re s e n c e  in  the d e n s e s t  a r e a s  of the n u c le o lu s . They 

p r e s e n t  a v a r ie d  a p p e a ra n c e  in  th e s e  n u c le o li .  I t  i s  p o s s ib le  th a t th is  

co m p o n en t r e p r e s e n t s  a  lo o se n e d  fo rm  of the d e n se  c lu s te r s  of g ra n u le s  

w e o b se rv e d  in  n o n -d ia ly z e d  an d  d ia ly ze d  c o n tro l n u c le o li .  In  F ig u re  

12 th is  d e n se  m a te r ia l  i s  c le a r ly  seen  to  e x is t  a s  lo o se ly  c o ile d , s h o r t  

double s t r a n d s  th a t s o m e tim e s  in te r lo o p . We app ly  the sam e  i n t e r p r e ­

ta tio n  to th e  d e n s e s t  m a te r ia l  in  F ig u re  10. T h ese  double s t ra n d s  a r e  

80-120  A w ide and  r e s o lv e  s o m e tim e s  to two 40 A  (a p p ro x im a te ly ) w ide 

s t r a n d s .  S im ila r  d im e n s io n s , i t  m ay be  r e c a l le d ,  w e re  r e p o r te d  fo r  the 

s t ra n d s  of the d en se  c lu s te r s  of g ra n u le s  in  n o n -d ia ly z e d  and  d ia ly zed  

n u c le o li.  In F ig u re s  10 and  12, r e g io n s  of su ch  s t ra n d s  a p p e a r  to  be 

co iled  in  tig h t lo o p s o r c o i ls ,  u su a lly  to w ard s  one en d , to  fo rm  d en se  

g ra n u le s  of v a ry in g  s iz e .  In  o th e r n u c leo li (F ig s .  9 and  13), s t r u c tu r e s
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w ith  a s im ila r  d en s ity  o cc u r a s  r e la t iv e ly  lo n g , 80-120  A w ide, s t r a n d s .  

We in te r p r e t  the a s s o c ia te d  d en se  g ra n u le s  to b e  due to  re g io n s  w h e re  

su ch  s tra n d s  a r e  c o ile d  tig h tly . T he n u c leo lu s  in  F ig u re  11 show s only 

v e s tig e s  of su ch  s t r u c tu r e s  an d  we a s s u m e  th a t th is  is  due to  a  p a r t ia l  

d is ru p tio n .

Such 80-120  A s tra n d s  a p p e a r  to  be d if fe re n t f ro m  a l l  o th e r 

s tra n d s  in  the  n u c le o lu s . S tra n d s  o r g ra n u le s  of lik e  d en s ity  can  be 

see n  a ls o  am o n g s t c h ro m a tin  s t ra n d s  .(F ig s . 8 , 9 and  13). F u r th e r ,  

they c o m p a re  in  d en s ity  and  d im en s io n s  to  som e s tra n d s  in  k a ry o s o m e s . 

S ince  the  s t r u c tu r e  of k a ry o so m e s  w ill be d is c u s s e d  in  p a r t  B of th is  

d is s e r ta t io n ,  we can  d is c u s s  th is  a s p e c t  fu r th e r  only a f te r  th a t  s e c tio n .

S tra n d s  of c h ro m a tin  m a te r ia l  a r e  o ften  found w ra p p ed  a ro u n d  

is o la te d  n u c le o li^ F ig .  8, fo r e x a m p le ). S o m e tim es  they  a p p e a r  to 

in tru d e  in to  the  n u c leo lu s  (F ig s .  8 , 9 and  10; a r ro w s ) .  H o w e v er, we 

in te r p r e t  su ch  an  a s s o c ia tio n  of c h ro m a tin  a s  an  a r t i f a c t  of the  is o la t io n  

p ro c e s s .

N u c leo li fix ed  a t  v a r io u s  s ta g e s  of i s o la t io n . In  a  fu r th e r  e f fo r t  

to u n d e rs ta n d  s t r u c tu r a l  o rg a n iz a tio n  in  the  n u c le o lu s , w hole n u c le i 

th a t  w e re  (a) f r e s h ly  r e le a s e d  f ro m  young pea se e d lin g s , (b) p u r if ie d  

in  2 M s u c ro s e  (F ig . 14), and  (c ) p r e s e n t  in  the  d ia ly z e d  an d  in c u b a te d  

f ra c tio n  (F ig . 15) w e re  s tu d ied . A lso  o b se rv e d  w e re  n u c le o li f r e s h ly  

r e le a s e d  fro m  s u c r o s e - c i t r a te  n u c le i ,  b u t n o t spun to  o b ta in  a  n u c le o li 

r i c h  f ra c tio n  (F ig . 16).
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W hole n u c le i in  (a) and  (b) above show n u c leo li c o n s is t in g  e s s e n ­

tia lly  of am o rp h o u s  m a s s e s  of u n ifo rm  d en sity  (F ig . 14). The only 

p a r tic u la te  s t r u c tu r e s  th a t  can  s o m e tim e s  be d is c e rn e d  a r e  a  few  25-40  

A  w ide s t r a n d s , 120 A p a r t ic le s  s im ila r  in  a p p e a ra n c e  and  d is tr ib u tio n  

to  th o se  seen  in  s itu  (F ig . 1) and  in  is o la te d  n u c le o li (F ig . 12), and  a 

few d en se  g ra n u le s  th a t  a p p e a r  s im ila r  to  th o se  in  th e  a tta c h e d  k a ry o -  

so m e (F ig . 14), and  a ls o  a p p e a r  an a lo g o u s  to  the  d en se  c lu s te r s  of 

g ra n u le s  see n  in  is o la te d  n u c le o li  (fo r ex a m p le . F ig .  4).

N u c leo li co n ta in ed  in  n u c le i w hich  have re m a in e d  in ta c t  th ro u g h  

g rin d in g , f ra c tio n a tio n , d ia ly s is ,  and  in cu b a tio n  show re la t iv e ly  m uch  

m o re  c o m p a c t s t r u c tu r e  th an  is o la te d  n u c leo li in  the  sa m e  p e l le t  (F ig . 

15). N o n e th e le s s , they  r e v e a l  a p p a re n tly  doub le , 75 -100  A  w ide s t r a n d s ,  

120 A p a r tic le S j  and  a ls o  so m e s in g le  s tra n d s  th a t a r e  25-40  A  w ide. 

D en se  a m o rp h o u s  p a tc h e s , r e m in is c e n t  of th o se  se e n  in  is o la te d ,  

d ia ly ze d , and  in cu b a te d  n u c le o li (F ig s .  6 -1 3 ), can  b e  se e n  in  the n u c le ­

o lus and  a ls o  e ls e w h e re  in  th e  n u c leu s  (F ig . 15).

A study  of f r e s h ly  b ro k e n  s u e r o s e - c i t r a te  n u c le i  fix ed  p r io r  to  

c e n tr ifu g a tio n  (F ig . 16) re v e a ls  a n u c le o la r  s t r u c tu r e  e s s e n tia l ly  lik e  

th a t  of d ia ly ze d  and  in cu b a te d  n u c le o li (c o m p a re  F ig s .  16 and  13). The 

fo llow ing  o b se rv a tio n s  a r e  w o rth  p o in tin g  ou t, h o w e v e r . D en se  a m o r ­

phous p a tc h e s  s im ila r  to  th o se  see n  in  d ia ly ze d  n u c le o la r  f r a c t io n s  a r e  

n o t seen  in  th e se  n u c le o li .  T h e re fo re ,  we a s s u m e  th a t su ch  p a tch e s  

a r i s e  a s  a r e s u l t  of in cu b a tio n  and  d ia ly s is .
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T h ese  f r e s h ly  is o la te d  n u c le o li do n o t show a  p e r ip h e ra l  band  

of c h ro m a tin  w rap p ed  a ro u n d  th em  a s  d id  c e n tr ifu g e d  n u c le o li .  T h e r e ­

fo r e ,  such  an  a s s o c ia tio n  of c h ro m a tin  m ay be co n c lu d ed  to  r e p r e s e n t  

an  a r t i f a c t  of c e n tr ifu g a tio n .

B e s id e s  the  120-160 A p a r t f c le s ,  two co m p o n en ts  a r e  c le a r ly  

v is ib le  in  th e  n u c leo lu s  in  F ig u re  16. T he d e n s e r  m a te r ia l  a p p e a rs  

s tra n d e d  and  se e m s  em b ed d ed  in  th e  lig h tly  s ta in in g  m a te r ia l .  We 

i n te r p r e t  the  lig h tly  s ta in in g  m a te r ia l  a s  belong ing  to  th e  n u c le o lo n e ­

m a ta . The d en se  s tra n d e d  m a te r ia l ,  we th in k , i s  w hat c o ils  up in  

n o n -d ia ly z e d  and  d ia ly ze d  c o n tro l n u c le o li to  fo rm  the c lu s te r s  of d e n se  

g ra n u le s  (c o m p a re  w ith  F ig s .  4 -7 ) .  T h e ir  re s e m b la n c e  to  eq u a lly  d e n se  

m a te r ia l  in  d ia ly zed  and  in cu b a te d  c o n tro l n u c leo li i s  m uch  m o re  e a s ily  

ev id en t.

T h ese  s tu d ie s  th en  c o n f irm  th a t n u c le o la r  s t r u c tu r e  in  d ia ly z e d  

an d  in cu b a ted  n u c leo li p re s e n ts  a  r e l ia b le  so u rc e  of in fo rm a tio n  fo r  an 

u n d e rs ta n d in g  of the  u l t r a  s t r u c tu r a l  o rg a n iz a tio n  of the n u c le o lu s . 

C o m p a riso n  of n u c le o li in  w hole n u c le i o r  in  s i tu  n u c le i w ith  is o la te d  

n u c le o li in d ic a te s  th a t  the c la r i ty  of s t r u c tu r e s  seen  in  the  l a t t e r  cou ld  

b e  due to  a  so lu b le  co m ponen t in  p ea  n u c le i .  T h is  co m p o n en t i s  w ha t 

o b s c u re s  s t r u c tu r a l  d e ta i ls  in  s i tu  o r  in  w hole n u c le i b u t w h ich  i s  lo s t  

to  a  v a r ie d  e x te n t d u rin g  iso la tio n  of n u c leo li and  the  su b seq u e n t p r e ­

p a ra t iv e  p ro c e s s e s  of d ia ly s is  and  in cu b a tio n .
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b . E ffe c t  of E n zy m a tic  E x tra c t io n  T re a tm e n ts  on I s o la te d  N u c le o li .

A lte ra t io n  of n u c le o la r  s t r u c tu r e  by r:ib o n u c lea se« W hen 

d ia ly ze d  n u c le o li a r e  in cu b a ted  w ith  r ib o n u c le a s e  fo r  one h a lf  h o u r , 

m o s t of tlie  p a r t ic u la te  s t r u c tu r e s  in  the n u c leo lu s  a r e  d e s tro y e d . Only 

a few d e n se  p a r t ic le s  o r  s t ra n d s  b e long ing  to the  d e n s e s t  a r e a s  of c o n ­

t r o l  n u c le o li a r e  le f t  (F ig s .  17 and  18). E x ce p t fo r th e s e  s t r u c tu r e s  

w hich  see m  e i th e r  an a lo g o u s  to , o r p a r t  of, th e  d e n se  c lu s te r s  of 

s tra n d s  an d  g ra n u le s ,  the n u c leo lu s  h a s  no d is c e rn ib le  s t r u c tu r e  and  

c o n s is ts  of a  u n ifo rm  d en s ity  m a te r ia l .

A c c o rd in g  to  o u r c h e m ic a l a n a ly s e s  (T a b le  II c ), m o s t of the 

p ro te in  in  n u c le o li r e m a in s  u n a ffec ted  a f te r  r ib o n u c le a s e  d ig e s tio n . 

T h e re fo re ,  we a s s u m e  th a t the  am o rp h o u s  re s id u e  th a t  now p e rv a d e s  

th e s e  n u c le o li i s  ch ie fly  p ro te in .  S ince such  a  r e s u l t  i s  p ro d u c ed  only 

a f te r  r ib o n u c le a s e  t r e a tm e n t,  w e conc lude  th a t the  now a b s e n t  s t r u c ­

tu r e s  in  n u c le o li ,  th e  r ib o s o m e - l ik e  120 A p a r t ic le s  and  the s tra n d s  of 

th e  n u c leo lo n e m a ta  (we in c lu d e  h e re  bo th  the double s tra n d s  and  s ing le  

s t r a n d s ,  u s in g  the te rm  n u c lo lo n em a ta  in  i t s  m o s t g e n e ra l  s e n se ) , a r e  

e s s e n tia l ly  r ib o n u c le o p ro te in  in  c h e m ic a l co m p o s itio n . H o w ev er, we 

can n o t say  th a t a l l  s t ra n d e d  s t r u c tu r e s  th a t  a r e  now a b s e n t  a r e  co m p o sed  

of r ib o n u c le ic  a c id  fo r the fo llow ing  r e a s o n s .  F i r s t l y ,  we ca n n o t p r e ­

clude a  p a r t ia l  re m o v a l  of DNA by r ib o n u c le a s e  in  th e se  e x p e r im e n ts  

s in ce  c o m m e rc ia l  p re p a ra t io n s  of r ib o n u c le a s e  a r e  n o t p ro v e n  to  b e
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sp e c if ic  fo r  re m o v in g  only RNA fro m  a  m a te r ia l  th a t  co n ta in s  b o th  the 

n u c le ic  a c id s .  S eco n d ly , a  co lla p s in g  of s t r u c tu r e  (due to  the  p re s e n c e  

of m ain ly  a  p ro te in a c e o u s  m a s s  now in  n u c leo li)  cou ld  o b l i te ra te  any 

fin e  s tra n d e d  s t r u c tu r e s  th a t  m ay be sandw iched  in  th e m . W e h av e  

c o n s is te n tly  o b s e rv e d  th a t m any n u c leo li t r e a te d  w ith  r ib o n u c le a s e  

a p p e a r  s m a lle r  th an  c o n tro l n u c le o li.

The su s c e p tib il ity  of the  v e ry  d en se  s t r u c tu r e s  ( r e la te d  to  the 

d en se  c lu s te r s  of g ra n u le s )  v a r ie s  w idely  (F ig s . 17 and  18). N u c le o li 

in  w hich th e re  is  a  d r a s t ic  re d u c tio n  of su ch  g ra n u le s  to  s m a ll  d e n se  

sp eck s  do o c c u r ,  b u t r e la t iv e ly  r a r e l y ,  a f te r  r ib o n u c le a s e  t r e a tm e n t  

(F ig . 18a). N u c leo li in  w hich  th e se  s t r u c tu r e s  a p p e a r  only s lig h tly  

a f fec te d  (F ig . 18b) and  in  w hich they  a p p e a r to  re m a in  a s  v e s t ig ia l  

s t r u c tu r e s  (F ig . 17) a r e  m u ch  m o re  com m on .

Such a  v a r ia b le  su sc e p tib il ity  m ig h t p e rh a p s  be c a u se d  e i th e r  

by a f lu c tu a tin g  RNA co n ten t in  th e se  d en se  s t r u c tu r e s  o r  by s te r ic  

h in d ra n c e . The l a t t e r  im p lic a tio n  th a t th e se  g ra n u le s  o r  s t r a n d s  a r e  

in  d if fe re n t  o rg a n iz a tio n a l s ta te s  in  d if fe re n t  n u c le o li i s  su p p o rte d  by 

ou r e a r l i e r  o b s e rv a tio n s  (in  d ia ly ze d  and  in tu b a te d  n u c leo li)  th a t  in c u ­

b a tio n  u n co ils  th e se  " g ra n u le s "  to  v a ry in g  d e g re e s  (F ig s .  9 -1 3 ).

N u c le o la r s t r u c tu r e  a f te r  d eo x y r ib o n u c le a se  t r e a tm e n t . I s o la te d  

n u c leo li when in c u b a te d  w ith  d eo x y r ib o n u c le a se  show few , i f  an y , 

s t r u c tu r a l  a l te r a t io n s  "(F igs. 19-21). T h is  c o n s is te n t  s im ila r i ty  of 

d eo x y r ib o n u c lea se  t r e a te d  n u c leo li to  c o n tro l n u c le o li su g g e s ts  th a t
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DNA p lay s  a  n eg lig ib le  ro le  in  n u c le o la r  u l t r a s t r u c tu r e .  I t  a l s o  c o n f irm s  

the  r ib o n u c le o p ro te in  n a tu re  of m o s t of the n u c le o la r  s t r u c tu r e s  a s  s u g ­

g e s te d  by a  study  of th e ir  r ib o n u c le a s e  s u s c e p tib il ity .  T h a t d eo x y ­

r ib o n u c le a s e  h as  b een  a c tiv e  is  ev id en t f ro m  i t s  e f fe c t on c h ro m a tin , 

w hose s t r u c tu r e  now a p p e a rs  r e la t iv e ly  d e s tro y e d  (F ig s .  19 and  20).

T he only s t r u c tu r e s  th a t see m  su sc e p tib le  to the  ac tio n  of d e ­

o x y rib o n u c le a se  a r e  th e  d en se ly  s ta in in g  c lu s te r s  of p a r t ic u la te  s t r u c ­

tu re s  (F ig s .  1 9 -21 ). T he com m on d eo x y r ib o n u c lea se  e f fe c t on su ch  

" g ra n u le s "  i s  see n  in  the  d en se  s t r u c tu r e s  in  F ig u re s  19 and  20. T h a t 

th e se  s t r u c tu r e s  do co n ta in  DNA is  su g g es ted  by the re s e m b la n c e  to 

d e o x y r ib o n u c le a se  t r e a te d  c h ro m a tin  (F ig . 19). The c h ro m a tin  a p p e a rs  

c o lla p se d  and  d o es  no t see m  to  h av e  c le a r ly  d efin ed  double s tra n d s  a s  

w e re  see n  in  c o n tro l n u c le o li (F ig . 19). T h at a  m a jo r  p ro p o r tio n  of 

such  " g ra n u le s "  can  s t i l l  be  see n  a s  in te g ra l  s t r u c tu r e s  is  c le a r  e v i ­

dence  fo r  a  m a jo r  non-D N A  co n ta in in g  com ponen t in  th em  (F ig s .  19 

an d  20).

A  m a rk e d  d e g ra d a tio n  of the  n u c le o la r  d en se  "g ran u l.e s"  l ik e  th a t  

of F ig u re  21 i s  r a r e .  Such an  o c c u r re n c e  m ay b e  due e i th e r  to  a  p r e ­

sen c e  of DNA in  n u c le o li in  r e a l i ty ,  o r  i t  m ay b e  due to  a  n o n -sp e c if ic  

d e g ra d a tio n  of th e se  s t r u c tu r e s  d u rin g  in cu b a tio n  w ith  d e o x y r ib o ­

n u c le a s e .

O b se rv a tio n s  and  co n c lu s io n s  re g a rd in g  th e  co m p o s itio n  of the 

n u c le o la r  c lu s te r s  of d e n se  " g r a n u le s ."  T he fo llow ing  c o n s id e ra tio n s
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e n te r  in  any ra tio n a liz a t io n  of the  o b s e rv e d  v a r ia b i l i ty  of r ib o n u c le a se  

and  d eo x y rib o n u c lea se  on th e se  d en se  s tra n d s  o r  " g r a n u le s ."

(i) D e o x y rib o n u c le a se  m o d ifie s  th e se  s t r u c tu r e s  in  a  d r a s t ic  

way only r a r e ly .  H o w ev er, th e re  a lw a y s  s e e m s  to  b e  som e u n d efin - 

ab le  change in  the a p p e a ra n c e  of th e s e  g ra n u le s  w hen c o m p a re d  w ith  

c o n tro ls .

(ii) W hile r ib o n u c le a s e  a f fe c ts  th e s e  s t r u c tu r e s  m o s t of the  tim e  

to a  re c o g n iz a b le  e x te n t, i t  d o es  n o t d e s tro y  th em  c o m p le te ly . S o m e ­

tim e s  i t  h a s  only a re la t iv e ly  m ild  e f fe c t on th e se  s t r u c tu r e s .

T h ese  two o b se rv a tio n s  h av e  to  con tend  w ith  the  fo llow ing  

e x p e r im e n ta l  l im ita t io n s ,  (a) The r ib o n u c le a s e  p re p a ra tio n s  we u se d  

in  th e se  e x p e r im e n ts  a r e  n o t n e c e s s a r i ly  p u re .  T hey m ay  h ave so m e 

d eo x y r ib o n u c lea se  a c tiv i ty , (b) The RNA in o u r n u c le o la r  f r a c t io n  is  

a lm o s t  c e r ta in ly  co m p lex ed  w ith  p ro te in .  T h e re fo re ,  the  e f fe c tiv e n e s s  

of r ib o n u c le a s e  w ill be l e s s  than  if  we w e re  d ea lin g  w ith  p u re  p r e p a r ­

a tio n s  of RNA on ly . E ven  if  the l a t t e r  w e re  the  c a s e ,  i t  i s  w e ll known 

th a t th e re  a lw ay s s e e m s  to  b e  a r e s i s t a n t  " c o re "  of RN A  le f t  a f te r  

r ib o n u c le a s e  tr e a tm e n ts  u n d er d r a s t ic  c o n d itio n s .

W ith r e g a r d  to  d e o x y r ib o n u c le a se , we fe e l  co n fid en t th a t  (a) 

above does n o t app ly  to any re c o g n iz a b le  e x te n t in  o u r e x p e r im e n ts .

We know th a t  (b) above d o es app ly  (c h e m ic a l a n a ly s e s ,  s e c tio n  II  a ) . 

F u r th e r ,  e x p e r im e n ts  in  th is  la b o ra to ry  (B o n n er , p e r s o n a l  c o m m u n i­

ca tio n ) h ave show n th a t  d e o x y rib o n u c le a se  is  ro u g h ly  2(1 t im e s  l e s s
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e ffec tiv e  in  d eg rad in g  DNA fro m  p re p a ra tio n s  of d e o x y rib o n u c leo - 

p ro te in  th an  fro m  p u re  " so lu tio n s"  of DNA.

H o w ev er, we r e ly  on so m e b u il t- in  c o n tro ls  in  o u r s e c tio n s  to 

judge the  e f fe c tiv e n e s s  of th e se  en z y m e s . F o r  ex a m p le , we lo o k  a t  

c h ro m a tin  in  d eo x y r ib o n u c lea se  tr e a te d  se c tio n s  and  fo r  the  a b se n c e  of 

the  r ib o n u c le o p ro te in  p a r t ic le s  in  r ib o n u c le a se  t r e a te d  s e c tio n s .

N o n e th e le s s , even  h e r e  we a r e  l im ite d  by a  p o s s ib le  in e f fe c t iv e ­

n e s s  of th e se  en z y m e s  b e in g  r e la te d ,  in  p a r t ,  to  s te r ic  h in d ra n c e . T h a t 

i s ,  the d en se  s tra n d s  cou ld  be so  k n o tted  up th a t the en z y m e s can n o t 

g e t to a l l  the s i te s  of b re a k a g e  th a t they  w ill n o rm a lly  a f fe c t.

We conclude th a t  RNA is  p r e s e n t  a lw ay s to a  m a jo r  e x te n t and 

DNA to a  ( re la t iv e ly )  m in o r ex te n t in  th e se  d en se  s t r u c tu r e s  in  n u c leo li, 

tak ing  a m a jo r i ty  of o u r o b s e rv a tio n s  to r e p r e s e n t  th e  r e a l i ty .  We then  

p o s tu la te  th a t  the o b se rv e d  v a r ia b i l i ty  i s  due to  one o r m o re  of the 

fo llow ing  c a u se s ;

(i) T he RNA and  DNA co n ta in ed  in  th e se  s t r u c tu r e s  e x is t  a s  

n u c leo p ro te in 's .

(ii) T hey a r e  so  k n o tted  up a ro u n d  each  o th e r  th a t  they  o ffe r 

s te r ic  h in d ra n c e  to enzym e ac tio n .

T h a t they  a r e  s o m e tim e s  lo o se  enough to  o ffe r m o re  s i te s  on 

w h ich  th e  en z y m e s  can  a c t  i s  c le a r  fro m  our o b s e rv a tio n s  in  p re v io u s  

s e c tio n s  on is o la te d  n u c le o li .  T h a t su ch  a  lo o sen in g  of c o ils  m ay o cc u r 

in  n u c leo li in  s i tu  i s  a ls o  w o rth w h ile  no ting  in  th is  co n n ec tio n . We w ill
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r e c a l l  th a t we o b s e rv e d  m e r is te m a tic  n u c le o li w ith  la r g e ,  c o m p ac t 

" g ra n u le s "  (F ig . l ) .  In  s e m i-d if fe re n tia te d  c e lls  th e s e  sam e  s t r u c tu r e s  

a p p e a re d  to  b e  co m p o sed  of co ils  of s tra n d s  (F ig . 2). F in a lly , in  d if ­

fe re n tia te d  c e l ls  we o b s e rv e d  only d en se  s tra n d s  (F ig . 3). Such ch an g es  

of th e se  s t r u c tu r e s ,  w e b e lie v e , a r e  in d ica tiv e  of the  m e tab o lic  a c tiv ity  

of th e se  s t r u c tu r e s  in  n u c le o li .  F u r th e r  d is c u s s io n  of the s ig n if ic a n c e , 

n a tu re  and  o r ig in  of th e se  d en se  s t ra n d s  in  n u c leo li w ill ,  h o w e v e r , h av e  

to  be d e f e r re d  to  th e  end  of se c tio n  I of p a r t  B .

(ill) F in a lly , a  co m p le te  d isa p p e a ra n c e  of th e s e  s t ru c tu r e s  

a f te r  en zy m e a c tio n  m ay no t be p a s s ib le  b e c a u se  of the fo llow ing  r e a s o n .  

T he n u c le a s e s  p ro d u c e  n u c le o tid e s  (f ro m  the r e s p e c t iv e  n u c le ic  a c id s )  

w hich  a r e  p h o sp h a té  e s t e r s  of th e  v a r io u s  c o n s titu e n t b a se s '. T he p h o s ­

p h a te  th a t is  now open cou ld  co m p lex  (w e a r e  a s su m in g  h e r e  th a t the  

n u c le o tid e s  so p ro d u c ed  a r e  n o t w ash ed  out) w ith  tlie heavy  m e ta ls  of 

ou r p o s t-s ta in in g  so lu tio n s  to  p ro d u c e  r e l i c t  sp e c k s  of tlie s t r u c tu r e s  

p re v io u s ly  see n  in  c o n tro l n u c le o li .  Such " sp e c k s "  w ith  the m a s s  of 

p ro te in  re m a in in g  ( th a t  w as p re v io u s ly  co m p lex ed  w ith  the n u c le ic  a c id s  

in  th e se  s t ru c tu re s )  cou ld  g ive r i s e  to the  v e s t ig ia l  s t r u c tu r e s  w e s e e  

a f te r  t r e a tm e n t  w ith  r ib o n u c le a s e  (e sp e c ia lly )  of ou r n u c le o la r  f r a c t io n .

S u m m a riz in g , we conc lude th a t  th e  n u c le o la r  d en se  c lu s te r s  of 

" g ra n u le s "  a r e  co m p o sed  of r ib o n u c le o p ro te in  s t ra n d s  to  a  m a jo r  e x te n t 

an d , to  a  r e la t iv e ly  sm a ll e x te n t of DNA o r d eo x y rib o n u c le o p ro te in .



DISCUSSION AND CONCLUSIONS

In su m m a ry , the  fo reg o in g  o b s e rv a tio n s  on s u e r  o s e - c i t r a te  

is o la te d  n u c le o li show th a t they  have  fo u r m a jo r  c l a s s e s  of s t r u c tu r e s .  

T h ese  a re :

(i) A  m a te r ia l  th a t  a p p e a rs  am o rp h o u s  an d  s ta in s  lig h tly  w ith  

heavy  m e ta ls  a f te r  f ix a tio n  w ith  O sO ^. T h is , we in f e r ,  a c c o u n ts  fo r  a 

m a jo r  p o rtio n  of the p ro te in a c e o u s  m a s s  in  p ea  n u c le o li.  We w ill c a ll  

th is  am o rp h o u s  m a s s  the  " n u c le o la r  sap " ; (ii) S in g le  (20 A) and  a p p a r ­

en tly  double (6 0 -8 0  A) r ib o n u c le o p ro te in  s tra n d s ;  (iii)  120-160 A  oval 

r ib o n u c le o p ro te in  p a r t ic le s ;  and  (iv) o ften , b u t n o t a lw ay s p r e s e n t ,  

d en se ly  s ta in in g  co ile d  s t ra n d s  th a t co n ta in  RNA and  DNA, p ro b ab ly  

a s  r ib o n u c le o p r  o te in  and  d eo x y rib o n u c leo p r o te in .

O rg a n iz a tio n a lly  sp eak in g , the " a m o rp h o u s"  p ro te in  m a te r ia l  

p e rv a d e s  th e  n u c le o lu s . I n te r s p e r s e d  in  th is  " n u c le o la r  sap "  of p ro te in  

i s  a  m e sh  of r ib o n u c le o p r  o te in  s t r a n d s .  E x tre m e  d e h y d ra tio n , coup led  

w ith  a  p a r t ia l  lo s s  of p ro te in  and  RNA (a s ,  fo r  ex a m p le , d u rin g  i s o ­

la tio n , fix a tio n  of is o la te d  n u c le i an d  d eh y d ra tio n  of n u c le o li in  2 M 

s u c ro s e ) ,  m ay  p ro d u c e  a  n e tw o rk  of "n u c le o lo n e m a ta . " T h u s , we 

v is u a liz e  the  p re s e n c e  of n u c leo lo n e m a ta  a s  an  a r t i f a c t  c a u se d  by an

40
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a g g lu tin a tio n  o r ro ll in g  up of p ro te in  to  the  m e sh  of r ib o n u c le o p ro te in  

s tra n d s  r e f e r r e d  to  in  (ii) ab o v e .

We in fe r  th is  b e c a u se  "n u c le o lo n e m a ta "  v a ry  in  d im e n s io n s , 

a p p e a ra n c e , an d  a r e  n o t see n  in  n u c leo li in  s i tu . E s ta b le  an d  S o te lo  

(1951, 1 9 5 5 ) d e s c r ib e d  and  f i r s t  gave the n am e  n u c le o lo n e m a ta  fo r  a 

n e tw o rk  of s t ra n d s  they  saw  u n d e r the l ig h t  m ic ro s c o p e .  T h e re fo r e ,  

th e se  s t r u c tu r e s  w e re  0 .2  m ic ro n  o r  o v e r in  th ic k n e s s .  T he " n u c le o ­

lo n e m a ta "  d e s c r ib e d  in  n u c leo li f ro m  W alk e r tu m o r t i s s u e  by B u sc h  e t  

a l .  (1963) a p p e a r  a s  n o n -u n ifo rm  " s t r a n d s "  th a t  can  b e  m o re  a c c u ra te ly  

d e s c r ib e d  a s  i r r e g u la r  a m o rp h o u s  m a s s e s .

L a F o n ta in e  and C h o u in a rd  (1963) d e s c r ib e  150 A g ra n u le s  

a s s e m b le d  in to  0. 1 m ic ro n  w ide th re a d - l ik e  s t r u c tu r e s  in  in  s itu  V ic ia  

faba  n u c leo li b u t conc lude th a t  they can n o t e s ta b l is h  a  d i r e c t  c o r r e s p o n d ­

en ce  of such  s t r u c tu r e s  w ith  the n u c leo lo n e m a ta  of E s ta b le  an d  S o te lo  

(1951, 1 9 5 5 ) .  F u r th e r ,  ou r s tu d ie s  on in  s itu  p ea  n u c le o li  d id  n o t r e v e a l  

any th re a d lik e  s t r u c tu r e s  th a t cou ld  c o r re s p o n d  to  " n u c le o lo n e m a ta ."

We d iffe r  f ro m  the  co n cep t of M arin o z z i (1962) th a t  the  n u c le o lu s  

c o n s is ts  b a s ic a l ly  of a  p ro te in a c e o u s  n e tw o rk  of 50-100 A  w ide s t r a n d s .  

O ur o b se rv a tio n s , show th a t a t  l e a s t  in  the  c a s e  of p e a s  , n u c le o li c o n ­

s i s t  of a  b a s ic  s t r u c tu r e  of r ib o n u c le o p r  o te in  s t r a n d s .  W e in fe r  th is  

b e c a u se  a co m p ac tin g  of n u c le o la r  s iz e  o c c u rs  fo llow ing  r ib o n u c le a s e  

t r e a tm e n t .  F o llo w in g  e x tra c tio n  w ith  1 M  N aC l o r  10 m M  sod ium  

c i t r a te ,  n u c leo li a p p e a r  e s s e n tia l ly  to  c o n s is t  of s tra n d s  l e s s  th an  40 A
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in  w id th . T h e re  is  no v is ib le  co m p ac tin g  fo llow ing  su ch  tre a tm e n ts  

w hich  e ffe c t a  50% o r  m o re  e x tra c t io n  of n u c le o la r  p ro te in s  (Hyde e t  a l . , 

p e r s o n a l  co m m u n ica tio n ).

W e conclude th a t the 120-160 A  p a r t ic le s  se e n  bo th  in  is o la te d  

n u c le o li and  in  s i tu  n u c leo li r e p r e s e n t  n u c le o la r  r ib o s o m e s .  T h e ir  

r ib o n u c le a s e  s e n s i t iv ity ,  th e ir  re s e m b la n c e  to  c y to p la sm ic  r ib o s o m e s ,  

and  th e ir  s im ila r i ty  in  a p p e a ra n c e  and  d im en s io n s  to  r ib o n u c le o p r  o te in  

p a r t ic le s  s e e n  in  m any o th e r n u c le o li of bo th  p la n ts  and  a n im a l c e lls  

(M il le r ,  1962; J a c o b  and  S ir l in ,  1963; L a F o n ta in e  and  C h o u in a rd , 1963; 

e t c . )  a llow  su ch  a  co n c lu s io n .

We o b se rv e d  bo th  in  is o la te d  and  in  s i tu  n u c leo li th a t  the n u c le o la r  

r ib o s o m e s  a p p e a re d  to  be e i th e r  o pposed  to , o r  a p p e a r  a s  p o r tio n s  of 

50-80  A  s t r a n d s .  S uch  an  a r r a n g e m e n t  w as see n  a ls o  in  V ic ia  faba 

n u c leo li by L a F o n ta in e  and  C h o u in a rd  (1963). Such an  a p p e a ra n c e  cou ld  

a r i s e  a s  a  r e s u l t  of th e se  p a r t ic le s  being  a tta c h e d  to th e  r ib o n u c le o ­

p r  o te in  s tra n d s  th a t  fo rm  the  b a s ic  s t r u c tu r e  of the  n u c le o lu s .

I s o la te d  c a lf  th y m u s n u c le i h av e  been  show n to h av e  150 A r ib o -  

n u c le o p ro te in  p a r t ic le s  a tta c h e d  to  80 A w ide r ib o n u c le o p r  o te in  s tra n d s  

(G e o rg iev  and  C h en tso v , 1962). T h ese  a u th o rs  id en tify  su ch  s t r u c tu r e s  

a s  "n u c le o n e m a ta . " T he n u c leo n em a  i s  one of the s t r u c tu r a l  e le m e n ts  

of c h ro m o s o m e s , the  " r e s id u a l  c h ro m o so m e , " a c c o rd in g  to  th e s e  

a u th o rs ,  and  they  in fe r  th a t  n u c leo n e m es  fo rm  th e  s t r u c tu r a l  e le m e n ts  

of n u c le o li.  W hile o u r s tu d ie s  do n o t p e r ta in  to  c h ro m a tin  (we have
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no ted  o ften  th e  p re s e n c e  of 120-160 A  p a r t ic le s  in  c h ro m a tin  a ls o ) , 

th e se  s tu d ie s  of G eo rg iev  and  C h en tso v  (1962) o ffe r  su p p o rtin g  ev id en ce  

fo r the e x is te n c e  in  n u c leo li of 60-80  A s tra n d s  w ith  a tta c h e d  150 A  

p a r t ic le s .

We sp e c u la te  th a t one of th e  fu n c tio n s of n u c le o li i s  to  m ake 

r ib o so m e s  (o r  th e ir  su b u n its) th a t w ill ev en tu a lly  b e  in c o rp o ra te d  in to  

the c y to p la sm . B e s id e s  the  above in fe re n c e  of n u c le o li hav ing  60 -80  A 

rib o n u c le o p r  o te in  s t ra n d s  w ith  a tta c h e d  r ib o s o m e s ,  we a ls o  o ffe r  the  

fo llow ing  o b se rv a tio n s  su g g es tiv e  of su ch  a  r o le  fo r  the n u c le o lu s .

S tu d ie s  on n u c le o li in  s i tu  in  p ea s  show th a t  n u c le o la r  r ib o s o m e s  

a r e  p r e s e n t  l e s s  an d  l e s s  a s  c e lls  d if fe re n tia te  an d  ev en tu a lly  d is a p p e a r  

a lto g e th e r  in  d if fe re n tia te d  c e l l s .  S tu d ie s  by B i rn s t ie l  and  Hyde (1963) 

su g g e s t th a t r ib o s o m e s  a r e  n o t the  m a in  fu n c tio n a l u n its  of n u c le o la r  

p ro te in  sy n th e s is  in  p ea  n u c le o li .  T h ese  d a ta , a s  w e ll a s  o th e r  s tu d ie s  

(F la m m  and B irn s t ie l ,  1963), s u g g e s t th a t n u c le a r  r ib o s o m e s  tak e  a  

m in o r p a r t  in  p ro te in  s y n th e s is .

F u r th e r ,  a s  h av e  b een  o b s e rv e d  in  m any p u b lish ed  s tu d ie s  on 

n u c le o la r  u l t r a  s t r u c tu r e ,  we a ls o  o b s e rv e  a p e r ip h e ra l  c o n c e n tra tio n  of 

th e se  r ib o s o m e s  in  pea  n u c le o li.  We su g g e s t th a t  th is  lo c a tio n  m ay  be 

p re p a ra to ry  to  th e ir  t r a n s f e r  to  the  c y to p la sm . T h u s , a c c o rd in g  to  the 

co n c ep t we h ave p ro p o se d  aS ove, th e  n u c le o la r  r ib o s o m e s  a r e  a  p ro d u c t 

of the  sy n th e tic  a c tiv ity  of the  n u c leo lu s  and  do n o t fo rm  a  s t r u c tu r a l
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u n it  of the n u c le o lu s . F o r  th is  r e a s o n ,  we do n o t c o n s id e r  r ib o s o m e s  

a s  fu n c tio n a l u n its  of n u c le o li .

T he fo u r th  s t r u c tu r a l  co m p o n en t of pea  n u c le o li is  the d e n se , 

p re d o m in a n tly  RNA co n ta in in g  co ile d  s t r a n d s .  We w ill r e c a l l  ( la s t  su b ­

sec tio n  in  se c tio n  II B .b )  th a t  we r e la te d  th e se  s t r u c tu r e s  to  the  la rg e  

d en se  " g ra n u le s "  in  n u c leo li s e e n  in  s itu  in  m e r is te m a t ic  and s e m i­

d if fe re n tia te d  p e a  c e l l s .

We b e lie v e  the  RNA co n ta in ed  in  th e se  d e n se  s t r u c tu r e s  is  a 

d if fe re n t  k ind  of r ib o n u c le o p r  o te in  - -a  r ib o n u c le o p r o te in  c h a ra c te r iz e d  

by a  h igh  tu rn o v e r  r a t e - - f r o m  th a t  of the  n u c le o la r  r ib o s o m e s  and  

rib o n u c le o p r o te in  s tra n d s  of the " n u c le o lo n e m a ta ."  T h ese  ab o v e - 

m en tio n ed  r ib o n u c le o p r  o te in  s t r u c tu r e s  have a lre a d y  b ee n  d is c u s s e d  

in  the  fo reg o in g  p a r a g ra p h s .

O ur co n cep t of two types of RNA is  in  a g r e e m e n t  w ith  the  r e s u l t s  

of s e v e ra l  s tu d ie s  (L ove and  B a ra d w a j, 1959; S to lk , 1959, 1961; V in cen t 

and  B a ltu s ,  I960). Such  s tu d ie s  in d ic a te  th a t the  two ty p es  of RNA a r e  

m e ta b o lic a lly  d if fe re n t .

L e t t r e  an d  S ie b s  ( l9 5 4 a , 1954b, 1961) a ls o  found th a t  th e re  a r e  

two ty p es of RNA in  th e  n u c le o lu s . T hey  c h a ra c te r iz e d  th e s e  a s  an  RNA 

of the n u c leo lo n e m a  and  an  RNA of th e  " p a r s  a m o rp h a . " T he n u c le o lo -  

n em a  c o n s is ts  of p a r ts  of the n u c le o la r  c h ro m o s o m e s . T he " p a r s  

a m o rp h a "  r e p r e s e n ts  the  RNA o r r ib o n u c le o p r o te in  w hich i s  b e in g  sy n ­

th e s iz e d  o r a c c m u la te d  by the  n u c le o la r  c h ro m o s o m e s . T h a t the
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n u c leo lu s  " c o n ta in s  ap r ib o n u c le o p r o te in  w hich tu rn s  o v e r r a p id ly ,"  

w as a ls o  co n c lu d ed  by B u sch  e t  a l .  ( l9 6 3 ) .

B io ch em ica l s tu d ie s  of p ro te in  sy n th e s is  in  n u c leo li in  v ivo  

(tobacco ) and  in  v i tro  (p e as) a ls o  lo c a te  the m o s t  a c tiv e  f r a c t io n s  n o t 

in  t h e  d eso x y ch o la te  e x tra c ta b le  f r a c t io n  ( r ib o s o m e s )  b u t in  a  d if fe re n t  

r ib o n u c le o p ro te in  f ra c t io n  (F la m m  an d  B irn s t ie l ,  1963). T h is  " o th e r  

r ib o n u c le o p r  o te in "  f r a c t io n  th a t i s  m o s t  a c tiv e  in  p ro te in  s y n th e s is  in  

n u c le o li,  we th in k , i s  co n ta in ed  in  the d en se  c lu s te r s  of g ra n u le s  (th e  

" p a r s  am o rp h a "  RNA) in  our m ic ro g ra p h s .  We h av e  a lre a d y  o b s e rv e d  

th a t the  n u c le o la r  d en se  " g ra n u le s "  o r  c o ils  of s tra n d s  v a ry  in  th e i r  

sh ap e , s iz e  an d  n u m b er (and  a r e  m ain ly  lo c a te d  in  the  " p a r s  a m o rp h a " ) . 

We s u g g e s t th a t  th is  in d ic a te s  a  h igh  tu rn o v e r  of a c tiv e  p ro d u c ts  of 

n u c le o la r  sy n th e s is  in  th e se  re g io n s .

We h ave a lre a d y  co n c lu d ed  th a t th e se  d en se  re g io n s  c o n s is t  

p re d o m in a n tly  of RNA o r r ib o n u c le o p ro te in  and  DNA o r  d e o x y r ib o ­

n u c le o p ro te in  to  a  m uch  l e s s  e x te n t. S uch  sm a ll am o u n ts  of DNA, we 

th in k , can n o t a c co u n t fo r  a l l  the  6-8%  of DNA shown by c h e m ic a l a n a l ­

y s e s  (T ab le  II a; B i rn s t ie l  e t  a l . , 1961; B irn s t ie l  an d  H yde, 1963). Jr.. 

a g re e m e n t w ith  th e  opin ion  of B i r n s t ie l  and  Hyde (1963), w e a ls o  b e lie v e  

th a t a  m a jo r  p a r t  of the  6-8%  DNA show n in  "n u c le o li"  by c h e m ic a l 

a n a ly s e s  is  a t tr ib u ta b le  to DNA co n ta in ed  in  k a ry o s o m e s  ( s e e  P a r t  B ).



PA R T  B

SECTIO N  I . O b se rv a tio n s  on a  New N u c le a r B o d y --" K a ry o s o m e s "

In tro d u c tio n

D u rin g  o u r o b s e rv a tio n s  on is o la te d  n u c le o li,  we n o tic ed  n u c le a r  

b o d ies  th a t  r e s e m b le d  in  shape  sm a ll  n u c leo li b u t s ta in in g  m uch  m o re  

in te n se ly  (F ig s .  4 , 8 and  9). W e h av e  c a lle d  th e s e  b o d ie s  k a ry o s o m e s .

K a ry o so m e s  a r e  o ften  found a m o n g s t c h ro m a tin  m a s s e s  (F ig .

22). S o m e tim e s  they  a r e  found a tta c h e d  to  n u c le o li .  F re q u e n tly , if  n o t 

a lw a y s , c h ro m a tin  m a te r ia l  a p p e a rs  in tim a te ly  a tta c h e d  to k a ry o so m e s  

(F ig . 22).

K a ry o so m e s  have  a ls o  b een  se e n  in  is o la te d  w hole n u c le i  (fo r 

ex a m p le . F ig .  14) and  in  s i tu  in  p ea  m e r is te m a t ic  c e lls  in  in te rp h a s e  

(F ig . 26). T hey show a  c h a r a c te r i s t ic  s t r u c tu r e  in  is o la te d  m a te r ia l  

p re p a re d  in  d if fe re n t  w ays and  a t  d if fe re n t  t im e s  (F ig s .  2 2 -2 5 ). F in a lly ,  

w e have  so f a r  o b s e rv e d  only one o rg a n iz e d  k a ry o so m e  p e r  n u c le u s .

F in e  S tru c tu re  of Is o la te d  K a ry o so m e s

T he d e ta ile d  d e s c r ip tio n s  o f the f in e  s t r u c tu r e  of k a ry o s o m e s

46
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w hich  follow  a r e  ded u ced  f ro m  ou r s tu d ie s  on s u c r o s e - c i t r a te  is o la te d  

su b n u c lea r f r a c t io n s  in  w h ich  they o c c u r  f re q u e n tly  and  a r e  th e re fo re  

e a s ily  d is c e rn ib le  fo r  in v e s tig a tio n . In v e s tig a tio n s  of s t ru c tu r e  of 

k a ry o so m e s  in  s i tu  h av e  y e t  to  be m ad e . K a ry o so m e s  m e a s u re  ab o u t 

1 /3  to 1 /5  the s iz e  of n u c le o li ( s e e  in s e r t s  to F ig s .  8, 9 and  F ig . 14). 

T hey a r e  devo id  of v ac u o le s  l ik e  th o se  in  n u c leo li p ro p e r .  F u r th e r ,  

the  d en se  g ra n u le s  a r e  l a r g e r  an d  m o re  c lo se ly  p ack ed  th an  in  n u c le o li  

( F ig s .  8, 9 , 22 and  25). R ib o so m e s  a r e  n o t p r e s e n t  in  k a ry o s o m e s .

We w ill r e c a l l  th a t r ib o s o m e s ,  the 120-160 A oval p a r t i c le s ,  w e re  

p r e s e n t  in  n u c le o li. T h ese  a r e  som e of the c h a r a c te r i s t ic s  of k a r y o ­

so m es  w hich h e lp  u s  d if fe re n tia te  th em  fro m  n u c le o li.

O ur o b se rv a tio n s  of k a ry o s o m a l fine s t r u c tu r e  show the  fo llow ing  

s t r u c tu r a l  co m p o n en ts  to  be p r e s e n t  in  a  k a ry o so m e : (i) 60-80  A  w ide 

double s tra n d s  th a t  re s e m b le  c h ro m a tin  s tra n d s  in  d e n s ity ; (ii) d e n se ly  

s ta in ed  double s t r a n d s ,  80-120 A  in  d ia m e te r ;  ( ii i)  a  few  s tra n d s  

a p p ro x im a te ly  20 A in  d ia m e te r ;  and  (iv) a n u c le o la r - l ik e  b ac k g r ound 

m a tr ix .

The 60-80  A w ide double s tra n d s  a r e  re c o g n iz a b le ,,  in  fa v o ra b le  

s e c tio n s , in  the  l ig h te r  re g io n s  of the k a ry o so m e  (F ig s .  22 and  23).

T hey a r e  co m p o sed  of two 25 -30  A w ide s t ra n d s .

O fte n ,th e se  60-80  A w ide s tra n d s  a p p e a r  to  w eave th ro u g h  the 

k a ry o so m e  a s  lo n g , con tinuous s t r a n d s .  In  tlie p ro c e s s  they  m ay  fo rm  

f r e e  lo o p s o r  in te r tw in e  w ith  a n o th e r su ch  s tra n d  (F ig . 22). A lso , su ch
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s tra n d s  in te rc o n n e c t  the v e ry  d e n se  re g io n s  of the  k a ry o so m e  (F ig s .  

22 -25).

A t low m a g n if ic a tio n s , the  d e n s e s t  r e g io n s  in  th e  k a ry o so m e s  

a p p e a r  a s  co m p ac t, la rg e  " g ra n u le s ” (F ig s .  8, 9 an d  14), and  m e a s u re ,  

when w e ll co m p ac ted , 350-600  A in  d ia m e te r .

In fa v o ra b le  c a s e s ,  the  d en se  g ra n u le - l ik e  re g io n s  in  k a r y o ­

so m e s  a r e  s e e n  to r e p r e s e n t  co iled  s tra n d s  (F ig . 22). T h u s , we i n t e r ­

p r e t  the  k a ry o s o m a l d en se  " g ra n u le s "  to  c o n s is t  of d e n se  double s tra n d s  

wound in to  la rg e  c o ils .  Such a  d en se  double s tra n d  a p p e a rs  to be i t s e l f  

h e lic a lly  a r r a n g e d  and  80-120 A in  w id th . T he in d iv id u a l s tra n d s  a v e r ­

a g e  2 5 -30  A  in  d ia m e te r .

T h e re fo re ,  the  k a ry o so m e s  a p p e a r  to h av e  two k in d s of double 

s tra n d s  in  th em  in  te rm s  of d im en s io n s  and d e n s ity . W hile th is  is  p o s ­

s ib le , i t  m ay be th a t  the  d e n se  double s tra n d  of the " g ra n u le s "  (80-120  

A w ide) and  the  60-80  A  w ide s t r a n d s  of the l ig h te r  r e g io n s  of the 

k a ry o s o m e  r e p r e s e n t  one and  the sa m e  s t r a n d .  T h u s , the  in c re a s e d  

d im en s io n s  of th e  s tra n d s  in  the " g ra n u le s "  cou ld  b e  a r e s u l t  of th e ir  

b e in g  h e lic a lly  a r r a n g e d .  A n a l te rn a t iv e  p o s s ib il i ty  i s  th a t  the  in c re a s e d  

d im e n s io n s  an d  d e n s ity  a r e  due to o u r in a b ility  to  r e s o lv e  an  a b so rb e d  

co m p o n en t (w hich  i s  d en se ly  s ta in in g ) fro m  the  60-80  A  s t r a n d s .

O ften  th e s e  d en se  co ile d  re g io n s  a p p e a r  to  h av e  in  a s s o c ia tio n  

s in g le  s t r a n d s ,  18-23 A  in  d ia m e te r  (a r ro w s . F ig s .  22, 24 an d  25).

In  a d d itio n , a few 40 A w ide s t ra n d s  a r e  a ls o  p r e s e n t  in  su ch  d en se
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a r e a s  of th e  k a ry o s o m e . H o w ev er, w h ile  the  n e a r  20 A w ide s tra n d s  

do n o t ap p e a r  to  fo rm  p a r t  of the  double s t r a n d s ,  the  l a t t e r  do a p p e a r  to  

be an  in te g ra l  p a r t  of su ch  double s t r a n d s .

T h ese  d e n se  " g ra n u le s ” in  k a ry o so m e s  a p p e a r  to  b e  d if fe re n t 

f ro m  the  n u c le o la r  c lu s te r s  of d en se  g ra n u le s  w hich  a ls o  h av e  a  s im ila r  

d e n s ity . W hile the  l a t t e r  w e re  o b se rv e d  to  v a ry  in  th e ir  d is tr ib u tio n , 

s iz e  and  sh ap e  ( p a r t  A , S ec tio n  II B .b ) ,  the  d en se  g ra n u le s  of the  k a r y ­

o som e a r e  u n ifo rm ly  d is tr ib u te d ,  n e v e r  a b s e n t, and  p r e s e n t  a  r e p r o ­

d u c ib le  s t r u c tu r e  in  m a te r ia l  is o la te d  and  p re p a re d  by the sam e  p r o ­

c e d u re s .  F u r th e r ,  we w ill show  th a t  th e s e  k a ry o s o m a l d en se  re g io n s  

r e a c t  d iffe re n tly  to  n u c le a s e s  and  th u s have a  d if fe re n t  c h e m ic a l c o m ­

p o s itio n  fro m  th o se  in  n u c leo li.

An am o rp h o u s  b ack g ro u n d  s t r u c tu r e  i s  so m e tim e s  v is ib le  in  

k a ry o so m e s  (F ig . 23). In d e n s ity , su ch  a  b ack g ro u n d  m a tr ix  i s  a ls o  

seen  in  n u c leo li (c o m p a re  F ig s .  23 and  24 w ith F ig s .  8 -1 2 ).

W hen k a ry o so m e s  a r e  found  a tta c h e d  to  n u c le o li ( F ig s .  23 and  

24), the  co n n ectin g  lin k  a p p e a rs  to  b e  th is  am o rp h o u s  b ack g ro u n d  s t r u c ­

tu r e .  K a ry o so m e s  m ay  a p p e a r  e i th e r  a s  i f  they a r e  p a r t  of th e  in te g ra l  

s t ru c tu r e  of the n u c leo lu s  (F ig . 24) o r  a s  b e in g  c o n n e c ted  to  th e  n u c le ­

o lu s  by b an d s of su ch  am o rp h o u s  m a te r ia l ,  o r ju s t  l ie  in  c lo se  p ro x im ity .

C h ro m a tin  s tra n d s  a r e  a lm o s t  a lw ay s found in  in tim a te  a s s o c i ­

a tio n  w ith  the s t r u c tu r e s  in  a  k a ry o so m e  (F ig s .  22 and  23). A s s o c ia tio n  

w ith  c h ro m a tin  of k a ry o s o m e s , we b e lie v e , is  n o t a n  is o la t io n  a r t i f a c t
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(a s  we b e liev e d  to be  the  c a s e  fo r  n u c le o la r  a s s o c ia tio n  of ch ro m a tin )

. b e c a u s e  of i t s  r e g u la r i ty  an d , in  a d d itio n , fo r  the fo llow ing  r e a s o n s .  

C h ro m a tin  s tra n d s  do n o t fo rm  a  p e r ip h e ra l  band  a ro u n d  k a ry o so m e s  

a s  they  do a ro u n d  is o la te d  n u c le o li .  On the c o n tra ry ,  they  a p p e a r  to 

fo rm  a c tu a l  co n n ec tio n s  w ith  th e  s t r u c tu r e  of k a ry o so m e s  a t  s e v e ra l  

p o in ts  (F ig s .  22 and  23). A ls o , w e w ill show th a t  such  co n n ec tio n s  a r e  

r e a l  in  a  su b se q u e n t se c tio n  d ea lin g  w ith  d eo x y r ib o n u c lea se  t r e a te d  

k a ry o s o m e s .

O c c a s io n a lly , c e r ta in  re g io n s  of c h ro m a tin  can  b e  se e n  to  c o m ­

p a re  fa v o ra b ly  w ith  the d e n se  re g io n s  of k a ry o so m e s  both  in  is o la te d  

n u c le o la r  f r a c t io n s  (F ig . 22) an d  in  in  s i tu  p ea  n u c le i (F ig . 26). We 

in t e r p r e t  th e s e  re g io n s  to  c o n s is t  of n o t only c h ro m a tin  s tra n d s  

( s im i la r  to th o se  p r e s e n t  in  m any a r e a s  co n ta in in g  c h ro m a tin )  b u t a ls o  

a  co m p o n en t o r  co m p o n en ts  th a t  s ta in  d en se ly . O ur e x p e r ie n c e  w ith  

le a d  h y d ro x id e  su g g e s ts  th a t  p ro te in  a lo n e  w ill n o t " s ta in "  so  h e a v ily . 

A lso , b e c a u s e  we a r e  d ea lin g  w ith  su b n u c lea r s t r u c tu r e s ,  we have 

a rg u e d  th a t  the  d e n se  m a te r ia l  o r com ponen t i s  a  n u d e  opr o te in  c o m ­

p lex  o th e r  th an  of DNA. We w ill p r e s e n t  the p o s s ib il i ty  th a t  su ch  a 

co m p o n en t cou ld  be  of a r ib o n u c le o p ro te in  n a tu re  in  a  l a t e r  s e c tio n .

B e c a u se  k a ry o so m e s  fo rm e d  p a r t  of the is o la te d  n u c le o la r  

f r a c t io n ,  i t  h a s  b ee n  p o s s ib le  to  study  the e ffe c ts  of r ib o n u c le a s e  and  

d eo x y rib o n u c le a se  on k a ry o so m e  s t ru c tu r e s  a ls o .



5).

E ffec ts  of r ib o n u c le a s e  on k a ry o so m e  s t r u c tu r e .  R ib o n u c lea se  

t r e a te d  k a ry o so m e s  show a  b ack g ro u n d  s t r u c tu r e  th a t  a p p e a rs  e s s e n ­

tia lly  a m o rp h o u s . The a p p e a ra n c e  of th is  b ack g ro u n d  m a tr ix  is  the 

s am e  a s  in -r ib o n u c le a se  t r e a te d  n u c leo li (F ig . 27). T h e re fo re ,  we 

co n c lu d e , a s  we d id  w ith  n u c le o li, th a t  the  b ack g ro u n d  m a tr ix  of k a r y o ­

so m es  is  of a  r ib o n u c le o p ro te in  n a tu re .  We w ill r e c a l l  th a t s in g le  

s tra n d s  of ab o u t 20 A  d iam etè)r w e ré  see n  in  c o n tro l k a ry o s o m e s .

S ince th e se  s in g le  s tra n d s  m ay  no lo n g e r  be see n  in  r ib o n u c le a s e  

t r e a te d  k a ry o s o m e s , w e a t t r ib u te  to  them  a ls o  a  r ib o n u c le o p ro te in  

c h e m ic a l co m p o s itio n .

The d e n se  c o iled  re g io n s  a p p e a r  to  be the l e a s t  a f fe c te d  in  

r ib o n u c le a s e  t r e a te d  k a ry o s o m e s . T h is  i s  in  sh a rp  c o n t r a s t  to  the 

n u c le o la r  c lu s te r s  of d e n se  g ra n u le s  w h ich  w e re  m o re  o ften  a f fe c te d  by 

r ib o n u c le a se  th an  d eo x y r ib o n u c le a se , and  m o re  d r a s t ic a l ly .

H o w ev er, th e se  d en se  c o iled  re g io n s  do n o t a p p e a r  to  be a s  

in ta c t  a s  in  u n tre a te d  k a ry o s o m e s  (F ig s .  27 and  28). T hey a p p e a r  to 

be p a r tia l ly  e lu ted  o r  a s  c o lla p se d  s t ru c tu r e s  (F ig . 28). Such  a n  e lu ted  

a p p e a ra n c e  cou ld  be due e i th e r  to  the re m o v a l of an  RNA co m p o n en t 

th a t  w as o rig in a lly  p r e s e n t  w ith in  th e se  d en se  re g io n s  o r  m e re ly  a  n o n ­

sp ec if ic  a c tio n  of r ib o n u c le a s e . N o n e th e le s s , i f  su ch  a n  e f fe c t  i s  due to  

a re m o v a l of RNA fro m  th e s e  d e n se  re g io n s ,  we do n o t know how th is  

co m ponen t w as o rg a n iz e d  in to  the  o r ig in a l  d en se  " g r a n u le s ,"

D ouble s tra n d s  a r e  s t i l l  p r e s e n t  in  the  d en se  re g io n s  of the
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k a ry o s o m e s  o r  in te rc o n n e c tin g  such  d e n se  a r e a s .  T h e re fo r e ,  we m ay 

in fe r  th a t  su ch  s tra n d s  a r e  n o t of a  r ib o n u c le o p ro te in  c o m p o s itio n .

E ffe c ts  of d eo x y r ib o n u c le a se  on the  s t r u c tu r e  of k a ry o s o m e s . 

D e o x y rib o n u c le a se  t r e a te d  k a ry o s o m e s  a p p e a r  d is t in c t  f ro m  c o n tro l 

k a ry o s o m e s .  T hey la c k  th e ir  m ain  d is tin g u ish in g  c o m p o n e n t- -  

n a m e ly , the  la r g e ,  c lo se ly  p ack ed  d en se ly  s ta in in g  " g r a n u le s ."  M o st 

of such  re g io n s  now a p p e a r  to  be v e s t ig ia l .  Such s t ra n d s  th a t now r e ­

m ain  a p p e a r  to  be  s in g le  and  m e a s u re ,  on an  a v e ra g e ,  ab o u t 20 A in 

d ia m e te r  (F ig s ,  29 and  30; a r ro w s ) .

T he e f fe c tiv e n e s s  of d e o x y rib o n u c lea se  t r e a tm e n t  in  rem o v in g  

DNA fro m  c h ro m a tin  i s  c le a r ly  se e n  by à  g re a tly  re d u c e d  c a p ac ity  of 

c h ro m a tin  to  b in d  w ith  le a d  io n s  (F ig . 29). H o w ev er, they  do r e ta in  

th e ir  s tra n d e d  a p p e a ra n c e  in  so m e  in s ta n c e s  (F ig , 29), Such a s tra n d e d  

a p p e a ra n c e  of c h ro m a tin  a f te r  d e o x y r ib o n u c le a se  t re a tm e n t  w as a lso  

n o ticed  by R is  (1962) w ith  c a lf  th y m u s c h ro m a tin  f i b r i l s .  H e in te r p r e t s  

su ch  a  re te n tio n  of s tra n d e d  s t r u c tu r e  to be due to  p ro te in .

S im ila r  (to  d e o x y r ib o n u c le a se  t r e a te d  c h ro m a tin  s tra n d s )  

s t r a n d e d .s t r u c tu r e  can  a ls o  b e  se e n  in s id e  the k a ry o so m e  (F ig s ,  29 

an d  30). B e c a u s e  of th is  c o n s is te n t  re s e m b la n c e  of k a ry o s o m a l s tra n d s  

to  c h ro m a tin  s tra n d s  b o th  b e fo re  an d  a f te r  d eo x y r ib o n u c lea se  d ig e s tio n , 

w e conclude th a t  su ch  s t ra n d s  a r e  m ad e  up of d e o x y r ib o n u c le o p ro te in s .

B e c a u se  d eo x y r ib o n u c le a se  ch an g es the a p p e a ra n c e  of c h ro m a tin  

s t r a n d s ,  we can  c le a r ly  s e e  th a t c h ro m a tin  s tra n d s  a r e  a tta c h e d
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in tim a te ly  w ith  k a ry o s o m a l s t r u c tu r e s  (F ig .  29). T h u s , i t  i s  p o s s ib le  jÿ 

th a t the  deoxy r ib o n u c le o p r  o te in  s t ra n d s  o u ts id e  an d  in s id e  the k a ry o ­

so m e a r e  p a r t  of the  s a m e  s tra n d s  of c h ro m a tin .

In  s u m m a ry , w e h ave p re s e n te d  su g g es tiv e  ev id en ce  fo r  the 

c h e m ic a l co m p o sitio n  of k a ry o s o m e s .  T h ese  a r e  (i) deoxy r ib o n u c le o ­

p ro te in - -c o m p o s in g  the  double s t ra n d s  see n  in  th e  k a ry o so m e ;

(ii) a  r ib o n u c le o p ro te in  co m p o n en t co m p o sin g  the m a tr ix  of the  k a r y o ­

so m e (a long  w ith  a  la rg e  am o u n t of "a m o rp h o u s"  p ro te in )  and  th e  s in g le  

s tra n d s  th a t w e re  se e n  to  be a s s o c ia te d  w ith  th e  d e n se  " g ra n u le s "  in  

the  k a ry o so m e . T h is  r ib o n u c le o p ro te in  (and  p ro b ab ly  the  p ro te in  a lso )  

i s  v e ry  s im ila r  to  th a t p r e s e n t  in  th e  n u c leo lu s ; ( iii)  a n o th e r  r i b o ­

n u c le o p ro te in  co m p o n en t in  th e  d en se  " g ra n u le s "  c o m p a ra b le  in  d e n s ity  

to th e  n u c le o la r  c lu s te r s  of d en se  g ra n u le s  and  a ls o  to  a  r ib o n u c le o ­

p ro te in  co m p o n en t i s  p r e s e n t  in  m uch  l e s s  am o u n ts  in  k a ry o s o m e s  than  

in  n u c le b li .  •



SECTIO N  n. O b se rv a tio n s  on an  UbiquitouB R ib o n u c leo p ro te in  

C o m p o n en t in  P e a  N ucle i

We c a lle d  a tte n tio n  e a r l i e r  to  the s im ila r i ty  in  d en s ity  and  

co m p o s itio n  b e tw een  th e  d e n se  s t r u c tu r e s  in  the  k a ry o s o m e  and  c e r ta in  

a r e a s  of c h ro m a tin  n e a rb y  (F ig . 22), We su g g es ted  th a t  su ch  d en se  

re g io n s  in  c h ro m a tin  a r e  n o t p u re  n u c leo h is to n e  b u t c o n ta in , a d d itio n ­

a l ly ,  a n o th e r  co m p o n en t. T h a t su ch  m ay be the  c a s e  i s  fu r th e r  su p p o rted  

by F ig u re s  29 and  30 . If the  in c r e a s e d  d en s ity  in  the c o n tro ls  w as due 

to  p u re ly  n u c leo h is to n e  m a s s e s ,  then  d eo x y rib o n u c lea se  t r e a te d  m a te r ia l  

in  F ig u re s  29 and  30 shou ld  n o t co n ta in  a r e a s  of su ch  h ig h  d e n s ity .

On the  c o n tra ry ,  a  c h ro m a tin - lik e  s tra n d e d  m a te r ia l  th a t  s ta in s  

d en se ly  i s  e v id en t o u ts id e  th e  d eo x y rib o n u c lea se  t r e a te d  k a ry o so m e  in  

F ig u re  29. Such d en se  s tra n d s  (they  m e a s u re  on an  a v e ra g e  160 A  in  

d ia m e te r )  w e re  se e n  in  c o n tro l f r a c t io n s  a ls o  (F ig s .  9, 11, 13, 15 and  

22). We have  n o t d e f in ite ly  see n  su ch  s tra n d s  in  r ib o n u c le a s e  t r e a te d  

m a te r ia l .  H o w ev er, we a r e  n o t c e r ta in  w h e th e r they  a r e  r ib o n u c le a s e  

s u s c e p tib le ,  b e c a u se  u n til  now we h av e  n o t le a r n e d  to  re c o g n iz e  them  

by any o th e r  c r i t e r i a  th an  th e ir  d en s ity  an d , s o m e tim e s , th e ir  c o a r s e  

a p p e a ra n c e  (F ig s .  27 and  29).
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In  s i tu , su ch  a  d en se  m a te r ia l  a p p e a rs  to  b e  re c o g n iz a b le  in  

d if fe re n tia te d  c e lls  a s  a  c o a r s e ,  s tra n d e d , d en se  m a te r ia l  ( s e e  F ig .

3b). O th er o b s e rv a tio n s  in  r e g a r d  to  th e se  d e n se , c h ro m a tin - lik e  

s t ra n d s  a r e  s t i l l  in  p r o g r e s s .  O ne of o u r o b se rv a tio n s  is  th a t  su ch  a 

m a te r ia l  r e s i s t s  1 M N aC l e x tra c tio n  a ls o  (H yde, p e r s o n a l  c o m m u n ic a ­

tion) .

C h ro m a tin - lik e  s t ra n d s  th a t a r e  s im ila r ly  d en se  an d  th a t  a r e  

r e s i s t a n t  to d eo x y r ib o n u c lea se  and  2 M N aC l t r e a tm e n t  h av e  b een  r e ­

p o r te d  a ls o  by R is  (1962) in  is o la te d  an d  in  s i tu  c a lf  th y m u s n u c le i .  H e 

d e s c r ib e s  th em  a s  an  in te r  c h ro m o s o m a l, c o a r s e  f ib r i l l a r  m a te r ia l  of 

ab o u t 200-250  A th ic k n e s s .  H e a s s ig n s  a  n o n -h i s tone-R N A  c h e m ic a l 

co m p o s itio n  to  th is  m a te r ia l .  G eo rg iev  an d  C h en tso v  ( i9 6 0 ) , who 

h av e  m ade s im ila r  s tu d ie s  on is o la te d  thym us n u c le i ,  h av e  a ls o  d e ­

sc r ib e d  a  f ib ro u s  m a te r ia l  (w hich  they  c a ll  "n u c le o n e m e s" )  th a t  r e s i s t s  

2 M N aC l and  d eo x y rib o n u c le a se  e x tra c t io n .

T h u s, th e re  i s  a  c le a r  s im ila r ly  b e tw een  the c o a r s e  f ib r i l l a r  

m a te r ia l  in  c a lf  th y m u s n u c le i an d  the  c h ro m a  tin - l ik e  d e n se  s t r a n d s  in  

p ea  n u c le i. L ac k in g  c le a r  ev id en ce  th a t o u r m a te r ia l  i s  r ib o n u c le a s e  

su s c e p tib le ,  we a s su m e  th a t the  d e n se  ch ro m a  t in - l ik e  s t r a n d s  in  p ea  

n u c le i do r e p r e s e n t  a  r ib o n u c le o p ro te in  com p o n en t d if fe re n t  f ro m  

r ib o s o m e s .

Such a  d en se ly  s ta in in g  m a te r ia l  p re su m a b ly  co m p o sed  of 

r ib o n u c le o p ro te in s  s e e m s  to  be u b iq u ito u s  in  p ea  n u c le i .  U sing  d en s ity
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a lç n e  a s  a  c r i t e r io n ,  we fin d  th a t  th e re  is  a com m on s t r u c tu r a l  e le m e n t 

in  c h ro m a tin , n u c leo li and  k a ry o s o m e s . T h ese  a r e  the d en se  c h r o m a ­

t in - l ik e  s t ra n d s  a m o n g s t c h ro m a tin , d en se  s tra n d s  o r  " g ra n u le s "

. ( c lu s te r s  of d e n se  g ra n u le s )  in  n u c leo li th a t  r e s i s t  d e o x y r ib o n u c le a se  

b u t n o t r ib o n u c le a s e  e x tra c tio n  and  a  d en se  m a te r ia l  in  k a ry o so m a l 

g ra n u le s  th a t a ls o  s e e m s  to  r e s i s t  d e o x y rib o n u c lea se  e x tra c t io n . H ow ­

ever., in  k a ry o s o m e s  th is  co m p o n en t i s  l e s s  im p o r ta n t  in  g ra n u le  s t r u c ­

tu re  th an  in  n u c le o li (c o m p a re  F ig s .  29 and 19, d e o x y r ib o n u c le a se  

t r e a te d  k a ry o s o m e  and  n u c le o lu s , r e s p e c t iv e ly ) .

T h a t su ch  a  r ib o n u c le o p ro te in  com ponen t can  be  p r e s e n t  a s  

" p a r t ic le s "  in s te a d  of a s  s tra n d s  i s  su p p o rted  by so m e  s tu d ie s  by 

S w ift (1959, 1962a, 1962b). S tudying r a t  l iv e r  and  s a la m a n d e r  p a n c re a s  

n u c le i , th is  au th o r  n o ted  d en se  p a r t ic le s  a v e ra g in g  15 m|i and  40 m|i 

d ia m e te r s  in  the in te rb h ro m o s o m a l a r e a s  of su ch  n u c le i . S im ila r  

s iz e  p a r t ic le s  w e re  a ls o  s e e n  in  n u c le o li .  Sw ift a ls o  p o in ts  ou t th a t  

w hile  th e  n u c le o la r  p a r t ic le s  w e re  " re a d ily  e x tra c te d  by r ib o n u c le a s e  

o r p e r c h lo r ic  a c id ,"  th e  in te r  c h ro m a  tin  p a r t ic le s  a p p e a re d  to  co n ta in  

b o th  n u c le ic  a c id s  (a s  judged  by th e ir  su sc e p tib il ity  to  r ib o n u c le a s e  and  

d e o x y r ib o n u c le a se ) . T h e se  l a t t e r  p a r t ic le s  w e re  " p ro m in e n t in  n u c le i 

t r e a te d  w ith  d e o x y r ib o n u c le a se , b u t m uch  le s s  so  in  r ib o n u c le a s e  o r 

p e r c h lo r ic  a c id  e x tra c te d  m a te r ia l . "  (Sw ift, 1962b). T h u s , w e .in fe r  

th a t  the d en se  m a te r ia l  in  p ea  n u c le i  (in  n u c le o li, k a ry o s o m e s  and  

c h ro m a tin ) i s  co m p o sed  of a  r ib o n u c le o p ro te in  co m p o n en t in  a s s o c ia tio n  

w ith  v a ry in g  am o u n ts  of d eo x y rib o n u c leo p r o te in .



DISCUSSION

The te rm  " k a ry o so m e "  w as in tro d u c e d  by O g a ta  (1883). The 

sam e  type of s t r u c tu r e  w as c a lle d  a  " c h ro m a tin  n u c le o lu s"  by M o n t­

g o m ery  (1898). B o th  a u th o rs  w e re  d e s c r ib in g  a n im a l n u c le i and  the 

n u c leo lu s  w as c a lle d  by th e s e  a u th o rs  a  " p la sm o so m e * "  G a te s  (1942) 

q u o tes  th e se  a u th o rs  a s  o b se rv in g  th a t the  p la sm o so m e  i s  " p a le r ,  

s ta in in g  w ith  b a s ic  d y e s ."

In  th e  p ro to zo a n  C e ra to m y x a  (N ob le , 1941), the k a ry o s o m e  

s ta in s  w ith  fe u lg e n , l ik e  " th e  p e r ip h e ra l  c h ro m a tin  of the  n u c le u s .

I t  i s  fo rm e d , a t  l e a s t  in  p a r t ,  f ro m  th e  c h ro m o s o m e s , b u t d iv id ed  to  

fo rm  two c e n tr io le s ,  w hich  soon  d is in te g ra te .  I t  m ay  co n ta in  b o th  

n u c le o la r  and  c h ro m a tin  m a te r ia l"  (quo ted  f ro m  G a te s , 1942).

T h u s , the k a ry o s o m e s  d e s c r ib e d  in  p u b lish ed  l i t e r a tu r e  sign ify  

a  body co n ta in ing  b o th  n u c le o la r  an d  c h ro m a tin  m a te r ia l .  H o w ev er, 

they  h av e  b e e n  d e s c r ib e d  in  a n im a l c e lls  on ly . W e a r e  ju s t if ie d  in  

ch o o sin g  the te rm  " k a ry o s o m e ,"  th e re fo re ,  only in  so  fa r  a s  the  n u c le a r  

body we d e s c r ib e  in  p e a s  a ls o  co n ta in s  b o th  n u c le o la r  and  c h ro m a tin  

m a te r ia l .

O ur in q u ir ie s  in to  the n a tu re  of k a ry o so m e s  tak e  tw o a p p ro a c h e s .
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F ir s t l y ,  w e can  a sk  w h e th e r k a ry o s o m e s  can  b e  id e n tif ie d  w ith  any 

p re v io u s ly  d e s c r ib e d  o rg a n e lle  -  -e p h e m e ra l  o r  p e rm a n e n t- -o f  n u c le i .  

S eco n d ly , we can  s e e k  to  d ed u ce  th e ir  fu n c tio n , f ro m  w hat i s  know n of 

th e ir  c h e m ic a l co m p o s itio n , an d  c y to lo g ica l s t r u c tu r e  and  b e h a v io r .

In o u r s tu d ie s ,  k a ry o so m e s  w e re  found to b e  a s s o c ia te d  e ith e r  

w ith  the  n u c le o lu s  o r  c h ro m a tin . In  the  l a t te r  c a s e ,  th e  A sso c ia tio n  

w ith  the  c h ro m a tin  s tra n d s  w as see n  to  be  a t ru e  co n n ec tio n . T hus, 

k a ry o s o m e s  a r e  n o t s t r u c tu r e s  th a t a r e  a lw ay s a s s o c ia te d  w ith  e i th e r  

th e  n u c le o lu s  o r c h ro m a tin . T h is  su g g e s ts  th a t  k a ry o s o m e s  m ay s e rv e  

a  fu n c tio n  in te r r e la t in g  the  n u c leo lu s  and  c h ro m a tin .

K a ry o so m e s  do n o t r e p r e s e n t  n u c le o la r  e le m e n ts  b e in g  

a s s e m b le d  by c h ro m a tin . E le m e n ta ry  n u c le o li (Ja co b  and  S ir l in ,  1963), 

p a ra n u c le o la r  b o d ie s  (L a F o n ta in e , 1958b), o r the unknown n u c le o la r  

su b s ta n c e  re v e a le d  by the s i lv e r  s ta in in g  m ethod  (D as and  A lfe r t ,  1959) 

e x is t  only  d u rin g  a n a p h a se  an d  te lo p h a se . We have  so fa r  found k a r y ­

o so m e s  only in  in te rp h a s e  c e l l s .

We can  a l te rn a t iv e ly  a s s u m e  k a ry o so m e s  a r e  "young" n u c le o li. 

O r ,  s im p ly  th a t  the k a ry o so m e  i s  a  seco n d  n u c leo lu s  in  th e  c e l l .  

C a r ry in g  th is  h y p o th e s is  f u r th e r ,  we m ig h t s p e c u la te  th a t  th ey  a r e  

a tta c h e d  to  n u c le o li b e c a u se  they  w ill u ltim a te ly  b e  in c o rp o ra te d  in to  

the  b ig g e r n u c le o lu s . We c o n s id e r  th e se  p o s s ib i l i t ie s  a s  u n lik e ly  s in ce  

n u c le o li in  o u r s tu d ie s  have n o t show n d e c is iv e ly  the la rg e  am o u n ts  of 

DNA show n by k a ry o s o m e s .
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The re m a in in g  p o s s ib i l i t ie s  a r e  th a t  k a ry o s o m e s  r e p r e s e n t  

co ndensed  re g io n s  of c h ro m o so m e s  ( " c h ro m o c e n tr e s ,"  o r  h e te r o ­

ch ro m a tin ) o r  th e  n u c le o la r  o rg a n iz e r s  d e s c r ib e d  in  m any p la n ts  ( r e ­

v iew  by G a te s , 1942). K a ry o so m e s  a r e  n o t id e n tif ia b le  a s  e i th e r  of 

th e se  s t r u c tu r e s  fo r the  fo llow ing  r e a s o n s .  O u r s tu d ie s  of k a ry o s o m e s  

to  da te  have show n only one k a ry o so m e  p e r  n u c le u s , F u r th e r ,  o u r 

e f fo r ts  so fa r  to  lo c a te  k a ry o s o m e s  in  s itu  h ave show n th a t th e s e  b o d ie s  

do n o t a p p e a r  in  m any se c tio n s  of n u c le i.

H ow ever, fu r th e r  s tu d ie s  a r e  n e c e s s a ry  to  co n c lu s iv e ly  d ec id e  

th a t k a ry o so m e s  a r e  n o t e i th e r  n u c le o la r  o rg a n iz e r s  o r h e te r o c h r o -  

m a tic  re g io n s  of c h ro m o s o m e s . F o r  th is  p u rp o s e , i t  w ould b e  d e s i r a b le  

to  study a  p la n t m a te r ia l  l ik e  m a iz e  o r to b acc o , w h e re  c h ro m o c e n te rs  

and  n u c le o la r  o rg a n iz e r s  h ave b ee n  w ell c h r a c te r iz e d  a t  th e  l ig h t 

m ic ro s c o p ic  le v e l .

O ur know ledge of k a ry o so m e s  then  d epends on fu r th e r  s tu d ie s  

of th e ir  o r ig in , d ev e lo p m en t and  fa te  in  the c e ll .  L ack in g  su ch  s tu d ie s  

a s  y e t ,  we se e k  sp e c u la tiv e  c o r re la t io n s  w ith  e x is tin g  b io c h e m ic a l d a ta  

d e r iv e d  fro m  s tu d ie s  on p ea  su b n u c lea r co m p o n en ts .

In th is  r e g a r d ,  som e s tu d ie s  of RNA and  p ro te in  sy n th e s is  in  

p ea  n u c le i by B i rn s t ie l  e t  a l .  (1961; in  p r e s s )  an d  C h ip ch ase  and  B i r n ­

s t ie l  (p e rs o n a l  co m m u n ica tio n ) a r e  w o rth y  of n o te . P ro te in  sy n th e s is  

w as s tu d ied  by in cu b a tin g  is o la te d  w hole n u c le i w ith  ra d io a c tiv e  le u c in e  

in  a  su itab le  in cu b a tio n  m ed iu m . R e s u lts  f ro m  su ch  s tu d ie s  show ed th a t



6 0

th e  n u c le o la r  f ra c t io n  w as the  p r in c ip a l  s ite  of in c o rp o ra tio n  in  te rm s  

of to ta l  a c tiv i ty .  H o w ev er, in  te rm s  of sp ec if ic  a c tiv ity , the m ode 

w as  found n e i th e r  in  the  n u c le o la r  f ra c t io n  n o r the  c h ro m a tin  f r a c t io n ,  

b u t  in  a  f r a c t io n  sed im en tin g  in te rm e d ia ry  b e tw een  the  n u c le o li and  

the  bu lk  of the  c h ro m a tin . T h ese  a u th o rs  ex am in ed  and  o b s e rv e d  th a t  

th e s e  in te r f r a c t io n s  co n ta in  s m a ll ,  deep ly  s ta in e d  (w ith  m e th y len e  b lue) 

b o d ies  w h ich  they  d e s c r ib e  a s  " c h ro m a tin  p a r t ic le s "  ^ B irn s t ie l ,  p e r s o n a l  

co m m u n ic a tio n ) .

T he sp e c if ic  a c tiv ity  a s s o c ia te d  w ith  th e s e  in te r f r a c t io n s  w as 

n o t d is s o c ia b le  by d e so x y c h o la te  o r  sod ium  c i t r a te  t r e a tm e n t .  T r e a t ­

m en t w ith  2 M N aC l (w hich  d is s o c ia te s  n u c leo h is to n e  and  som e of the 

re s id u a l  r ib o n u c le o p ro te in ) , h o w e v e r, r e s u l te d  in  a lo s s  of the  r a d io ­

a c tiv i ty .  T h u s , they  h av e  b io c h e m ic a l ev id en ce  th a t the  m o s t  a c tiv e  

s i te s  of p ro te in  sy n th e s is  in  p ea  n u c le i o cc u r in  c lo s e s t  a s s o c ia tio n  

w ith  d e o x y rib o n u c leo p r o te in s . R e c e n t s tu d ie s  of C h ip ch ase  and  B i r n ­

s t ie l  (p e rs o n a l  co m m u n ica tio n ) a ls o  show such  an  in te r f r a c t io n  to  c o n ­

ta in  a c tiv e  s i te s  of RNA s y n th e s is .

The " c h ro m a tin  p a r t ic le s "  sed im en t a t  c e n tr ifu g a l fo r c e s  s o m e ­

w hat h ig h e r  th an  n u c le o li and  o c c u r  in  h ig h e s t  c o n c e n tra tio n  in  c h ro m a ­

tin  I , a  f r a c t io n  c h a ra c te r iz e d  by i t s  h ig h  DNA co n ten t (B irn s t ie l  e t  a l . , 

1962). S in ce  ou r o b s e rv a tio n s  have show n th a t k a ry o so m e s  a r e  s t r u c ­

tu r e s  co n ta in in g  la rg e  am o u n ts  of DNA, we c o n s id e r  i t  v e ry  lie k ly  th a t 

k a ry o s o m e s  and  " c h ro m a tin  p a r t ic le s "  a r e  id e n tic a l .  U nder su ch  an
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a ssu m p tio n , k a ry o so m e s  w ould b eco m e  the m o s t a c tiv e  s i te s  of p ro te in  

and  RNA sy n th e s is  in  p ea  n u c le i .

The e p h e m e ra l n a tu re  of k a ry o s o m e s  (th ey  h av e  so  f a r  b een  

found in  s itu  only o c c a s io n a lly ) , th e ir  p re s e n c e  in  n u c le i of v e ry  young 

p e a  c e l l s ia n d  th e ir  a s s o c ia tio n  w ith  c h ro m a tin  su g g e s t th a t  k a ry o s o m e s  

cou ld  be c o n s id e re d  a s  re g io n s  of in te n s e  g en e tic  a c tiv ity  of c h ro m a tin  

o r c h ro m o s o m e s .

In  th is  r e g a rd ,  we m ay u se fu lly  b r in g  up the  phenom enon  of 

puffing of the g ian t s a liv a ry  g land  c h ro m o so m e s  o f D ip te ra .  T h e re  c a n  

be l i t t l e  doubt by now (B e e rm a n , 1952, 1957; B re u e r  an d  P a  v an , 1955; 

B e c k e r ,  1959; e tc . )  th a t su ch  puffs a r e  a n  e x p re s s io n  of the  a c tio n  of 

sp ec if ic  ch ro m o so m a l lo c i ,  fu n c tio n in g  in  d if fe re n t  t i s s u e s  in  r e la t io n  

to  p a r t ic u la r  s ta g e s  of d ev e lo p m en t o r  s ta te s  of p h y s io lo g ic a l a c tiv i ty .  

R ev iew in g  su ch  in fo rm a tio n . S w ift (1962a) p o in ts  o u t th a t  "pu ff f o r m a ­

tio n  in  D ro so p h ila  in v o lv es  th e  ac c u m u la tio n  of an  R N A -n o n h isto n e  

co m ponen t p ro te in  co m p lex  a t  c e r ta in  l o c i . "  W e su g g e s t th a t  k a r y o ­

so m es  could  s im ila r ly  r e p r e s e n t  an  o rg a n iz e d  o r  a c tiv a te d  s ta te  of 

in  te r  p h ase  p ea  c h ro m a tin .

S ince th e re  i s  a  s im ila r i ty  (e s p e c ia lly  w hen k a ry o s o m e s  a r e  

a tta c h e d  to  n u c leo li)  in  d en s ity  b e tw een  the  " g ra n u le s "  in  k a ry o s o m e s  

and  the d en se  c lu s te r s  of g ra n u le s  in  n u c le o li, we s u g g e s t th a t  the 

k a ry o so m e s  m ay be invo lved  in  the  t r a n s f e r  of an  RNA o r  r ib o n u c le o ­

p ro te in  co m p o n en t f ro m  th e  c h ro m a tin  to  the  n u c le o lu s .
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S uch  a  p re su m p tio n  f in d s  su p p o rtin g  ev id en ce  fro m  som e s tu d ie s  

of R ho  an d  B o n n e r (1961). T h e se  a u th o rs  conclude th a t  th e  p r im a ry  

s i te  of RNA sy n th e s is  in  p ea  n u c le i  i s  in  the c h ro m a tin . F u r th e r ,  they 

s ta te  th a t  " th e  RN A , a s s e m b le d  in  c lo s e  a s s o c ia tio n  w ith  the DNA of 

c h ro m a tin , w ould a p p e a r  a c c o rd in g  to  the  p r e s e n t  v iew  to  b e  t r a n s f e r r e d  

to  the  n u c le o lu s , w h e re , o v er a  s u b s ta n tia l p e r io d  of t im e , i t  i s  m o d i­

f ie d  o r p ro c e s s e d  fo r i t s  u lt im a te  c e llu la r  fu n c tio n ."

T h is  " u lt im a te  c e llu la r  fu n c tio n " of th e  n u c leo lu s  cou ld  be 

p ro te in  sy n th e s is  o c c u r r in g ,  we su g g e s t, a t  thô s i te s  of the  o ld s te r s  

o f d en se  g r a n u le s - - th e  " p a r s  a m o rp h a "  RNA, w hich  L e t t r e  and  S ieb s 

(1954a , 1954b, 1961) su g g e s t r e p r e s e n t  the RNA o r r ib o n u c le o p ro te in  

th a t i s  b e in g  sy n th e s iz e d  o r a c c u m u la te d  by the  n u c le o la r  c h ro m o ­

s o m e s .



SUMMARY ■

An e le c tro n  m ic ro s c o p e  study  of is o la te d  and  in  s i tu  p ea  n u c leo li 

w as m ade in  an  e f fo r t  to r a t io n a liz e  th e i r  u l t r a s t r u c tu r e .

N u c leo li w e re  is o la te d  fo r  th is  p u rp o se  by a  s ta n d a rd  p ro c e d u re  

invo lv ing  co m p lex in g  the  p u r if ie d  n u c le i  w ith  0 ,1  M so d ium  c i t r a te  and  

b re a k in g  them  in  a  1 .315  d en s ity  s u c ro s e  in  a  S e rv a ll  O m n im ix . The 

so  is o la te d  n u c leo li w e re  e n r ic h e d  in to  a  c ru d e  n u c le o la r  f r a c t io n  by 

d if fe re n tia l  c e n tr ifu g a tio n . T h is  fo rm e d  the b a s ic  m a te r ia l  fo r  th is  

s tu d y . B e s id e s ,  n u c le o li co n ta in ed  in  w hole n u c le i  an d  th o se  in  s i tu  

w e re  a ls o  s tu d ied .

Som e of th e  is o la te d  m a te r ia l  w as d ig e s te d  w ith  r ib o n u c le a s e  

and so m e w ith  d e o x y r ib o n u c le a se  b e fo re  fix a tio n . C h e m ic a l a n a ly s e s  

of the  is o la te d  n u c le o la r  f r a c t io n s  show th a t the  e n z y m a tic  t r e a tm e n ts  

w e re  e ffec tiv e  to  th e  e x ten t of re m o v in g  a t  l e a s t  h a lf  of the  re s p e c t iv e  

n u c le ic  a c id s .
\

The m a te r ia ls  to  b e  s tu d ied  e le c tro n  m ic ro s c o p ic a lly  w e re  fix ed  

w ith  1% o sm iu m  te tro x id e , em b ed d ed  in  E pon, th in -s e c tio n e d  and  p o s t-  

s ta in e d  w ith  v a r io u s  h eav y  m e ta l  s ta in s  th a t a r e  com m only  u se d  in  

e le c tro n  m ic ro sc o p y .
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S tu d ie s  of p ea  n u c le o li in  s i tu  in d ic a te  th a t b a s ic a l ly  the p ea  

n u c le o lu s  i s  co m p o sed  of 60 -100  A  w ide f ib r i l s .  120-160 A  d ia m e te r  

p a r t ic le s  th a t  r e s e m b le  c y to p la sm ic  r ib o s o m e s  and  som e d en se  g ra n u le s  

th a t  a r e  tho u g h t to r e p r e s e n t  c o ile d  s tra n d s  w e re  a ls o  o b s e rv e d , b u t 

only in  young p ea  n u c le o li.

T he s t r u c tu r a l  f e a tu re s  of is o la te d  n u c le o li  a r e  v e ry  s im ila r  

to  th o se  o b s e rv e d  in  in  s i tu  n u c le o li.  T h ese  s tu d ie s  show th a t th e  b a s ic  

s t r u c tu r e  of th e  n u c leo lu s  c o n s is ts  of a  m e sh  of r ib o n u c le o p ro te in  

s t r a n d s ,  80 -120  A in  d ia m e te r ,  an d  co m p o sed  of two s u b s tra n d s , 

i n t e r s p e r s e d  in  an  a m o rp h o u s  p ro te in a c e o u s  m a s s .  R ib o so m e s  of 

120-160 A d ia m e te r  and  s in g le  s tra n d s  of 20-25  A  w id th  a r e  a ls o  n o t ic ­

eab le  in  th e s e  n u c le o li .  R ib o n u c le a se  t r e a tm e n t  c o n s is te n tly  show s 

th e se  s t r u c tu r e s  to  be co m p o sed  e s s e n tia l ly  of r ib o n u c le o p ro te in s .

F u r th e r ,  is o la te d  p ea  n u c le o li show so m e  v e ry  d en se  s t r u c ­

tu re s  g e n e ra lly  in  th e  in n e r  re g io n s  of th e  n u c le o lu s . They p r e s e n t  a 

v a r ie d  s t r u c tu r e  and  a p p e a r  to  co n ta in  80-120 A w ide, co iled  double 

s t r a n d s .  T hey a r e  p a r t ia l ly  su sc e p tib le  to  r ib o n u c le a s e  and  to  d eo x y ­

r ib o n u c le a s e  a ls o ,  a lb e i t  to  a  s m a ll  e x te n t. T h u s , bo th  DNA and  RNA 

a r e  th ough t to  be  p r e s e n t  in  th e se  d en se  co iled  s t ra n d s  of p ea  n u c le o li.

The r ib o n u c le o p ro te in  co n ta in ed  in  th e s e  s t r u c tu r e s  is  though t 

to  be of a  d if fe re n t  type fro m  th a t p r e s e n t  o th e rw ise  in  th e se  n u c le o li. 

T h ese  o b s e rv a tio n s  a r e  d is c u s s e d  a lo n g  w ith  so m e  p u b lish ed  b io c h e m i­

c a l  ev id en ce  and  the  p o s s ib il i ty  i s  r a i s e d  th a t  th e s e  d en se  re g io n s

. /
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r e p r e s e n t  th e  a c tiv e  s i te s  of p ro te in  s y n th e s is  in  p ea  n u c le o li .  R ib o ­

so m es  a r e  though t to  b e  p ro d u c ts  o f n u c le o la r  s y n th e s is .

In ad d itio n , the s tu d ie s  on is o la te d  n u c le o la r  f r a c t io n s  h ave 

d is c lo s e d  the p re s e n c e  of ovoid b o d ie s  a m o n g s t c h ro m a tin  and  s o m e ­

tim e s  a tta c h e d  to  n u c le o li.  We c a ll  th e s e  s t ru c tu r e s  k a ry o s o m e s . 

K a ry o so m e s  h av e  so  fa r  b ee n  se e n  in  s i tu  only in  m e r is te m a t ic  c e l ls  

in  in  te r  p h ase .

K a ry o so m es  co n ta in  s t r u c tu r e s  com m on  to  b o th  n u c le o li and  

c h ro m a tin . T h e ir  b a s ic  s t r u c tu r e  is  s im ila r  to  th a t  of the  n u c leo lu s  

b u t they fu r th e r  co n ta in  c lo se ly  p ack ed , co iled  s t ra n d s  th a t a r e  es'sen* 

tia l ly  co m p o sed  of d eo x y r ib o n u c le o p ro te in s  and  a  s m a ll  am o u n t of the  

sam e  type of r ib o n u c le o p ro te in  w hich  h a s  b een  o b s e rv e d  in  the  in n e r  

re g io n s  of pea n u c le o li.

K a ry o so m es  a r e  thought to  r e p r e s e n t  th e  m o s t  a c tiv e  c e n te r s  

of RNA and  p ro te in  s y n th e s is  in  in te rp h a s e  pea n u c le i an d  h av e  b een  

lik en ed  to  the puffs of s a liv a ry  g land  c h ro m o so m e s  in  D ip te ra  r e p r e ­

sen tin g  the a c tio n  of sp ec if ic  ch ro m o so m a l lo c i .
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F ig . 1. E le c tro n  m ic ro g ra p h  of a  p ea  n u c leo lu s  in  a  m e r is te m a t ic  

c e ll  in  in te rp h a s e .  Two co m p o n en ts , one p a r t ic u la te  an d  the o th e r  

f i b r i l l a r ,  a r e  v is ib le  in  the n u c le o lu s . The p a r t ic u la te  c o m ­

ponen t i s  la rg e ly  m ade up of 120-160 A d ia m e te r  p a r t i c le s .  S uch  

p a r t ic le s  can  often  be seen  (e s p e c ia lly  in  the top  h a lf  of the 

m ic ro g ra p h )  to  b e  a r r a n g e d  a s  a  s tr in g  of b e a d s . T he f ib r i l l a r  

com ponen t of the  n u c leo lu s  i s  p r e s e n t  in  sm a ll  p a tc h e s  a s  6 0 -1 0 0  A  

w ide f ib r i l s  a s s o c ia te d  w ith  som e la r g e ,  d en se ly  s ta in in g  g ra n u le s .  

A rro w s  po in t to a  few  th in  s tra n d s  of 20-25  A d ia m e te r  p r e s e n t  in  

a s s o c ia tio n  w ith  su ch  g ra n u le s .  P o s t- s ta in e d  w ith  le a d  h y d ro x id e .

X 4 8 ,5 0 0 .
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F ig . 2. E le c tro n  m ic ro g ra p h  of a  n u c leu s  in  a  s e m i-d if f e re n t ia te d  

c e ll  show ing the n u c leo lu s  to  b e  d is tin c tly  f i b r i l l a r .  V e ry  few  of 

the  120-160 A p a r t ic le s  c a n  be see n . M o st of th e  s t r a n d s  p r e s e n t  

in  the  n u c leo lu s  a v e ra g e  60 -100  A  in  d ia m e te r .  T h in n e r s t r a n d s  

of 20-25  A w id th  a r e  a ls o  p r e s e n t  in  su ch  n u c le o li .  L e a d  

h y d ro x id e  s ta in e d , x  6 0 ,0 0 0 .
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F ig . 2b. H ig h er m ag n ific a tio n  of a n u c leo lu s  in  a s e m i­

d if fe re n tia te d  c e l l .  A t m any p la c e s  the d en se  g ra n u le s  a p p e a r  a s  

if  they  a r e  in  r e a l i ty  co ile d  s t r a n d s  ( s h o r t  th ick  a r ro w s ) .  The long 

a r ro w  p o in ts  to  som e g ra n u le s  ag a in  show ing a s s o c ia te d  th in  

s t r a n d s .  P o s t- s ta in e d  w ith  le a d  h y d ro x id e , x  120 ,000 .
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F ig . 3 . E le c tro n  m ic ro g ra p h  of a  fu lly  d if fe re n tia te d  p ea  c e ll  

show ing the  n u c leu s  in  c lo s e  p ro x im ity  to  the c e ll  w a ll. The 

n u c leo lu s  la c k s  n o t only th e  120-160 A p a r t ic le s  of m e r is te m a t ic  

c e ll  n u c le o li b u t a ls o  th e  la r g e ,  d en se  g ra n u le s  se e n  in  the p r e ­

v io u s tw o ty p es  o f n u c le o li .  S ee  a ls o  f ig u re  3b. L ea d  

h y d ro x id e  s ta in e d , x  1 3 ,0 0 0 .
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F ig .  3b . H ig h e r m ag n ific a tio n  of the n u c leo lu s  in  f ig u re  3 . The 

n u c leo lu s  show s fo r the  m o s t  p a r t  i l l-d e f in e d ,  c o a r s e  s t r a n d s .

I ts  s t r u c tu r e  is  a lm o s t  in d is tin g u ish a b le  fro m  th a t of the c h ro m a ­

tin  o u ts id e . A rro w  p o in ts  to a  re g io n  of c h ro m a tin  h av ing  an  

in c re a s e d  d e n s ity . E x p lan a tio n  in  te x t, p . 47 . P o s t^ s ta in e d  

w ith  le a d  h y d ro x id e , x  1 2 0 ,000 .
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F ig .  4 . E le c tro n  m ic ro g ra p h  of an  is o la te d  n u c leo lu s  (N) fix ed  

b e fo re  d ia ly s is .  T he a tta c h e d  n o d u le - lik e  s t r u c tu r e  i s  a  new 

n u c le a r  body, the  k a ry o so m e  (K ). S ee  te x t fo r  ex p lan a tio n . Two 

co m p o n en ts  can  b e  c le a r ly  see n  in  the n u c le o lu s . O ne is  the  lig h tly  

s ta in e d  a r r a y  of s t ra n d s  in  th e  b ack g ro u n d . T he d e n se ly  s ta in ed  

c lu s te r s  of g ra n u le s  fo rm  th e  seco n d  co m p o n en t. In  c e r ta in  

re g io n s  (fo r e x a m p le , re g io n  of lo n g  a r ro w ) th e se  g ra n u le s  tend  

to  a p p e a r  a s  s t r a n d s .  T he s h o r t  a r ro w s  p o in t to re g io n s  w h e re  

so m e th in  s tra n d s  a r e  se e n  in  a s s o c ia tio n  w ith  th e se  g ra n u le s .

O ne la rg e  v acu o le  (V) can  a ls o  be  se e n  in  the  n u c le o lu s . L ea d  

h y d ro x id e  s ta in e d , x  60, 000.
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F ig .  5. E le c tro n  m ic ro g ra p h  of a  n o n -d ia ly z e d  n u c leo lu s  p o s t-  

s ta in e d  w ith  u ra n y l a c e ta te  and  le a d  p e r c h lo ra te .  C o m p a riso n  

w ith  f ig u re  4 show s th a t  th e  two p ro c e d u re s  of p o s t-s ta in in g  

en ab le  the  v is u a liz a tio n  of n u c le o la r  u l t r a  s t ru c tu re  to  the sam e 

e x te n t. H o w ev er, the  d e n se  c lu s te r s  of g ra n u le s  do n o t re v e a l  

a s  m u ch  a  d e ta ile d  s t r u c tu r e  a s  in  f ig u re  4 . x  48 , 500.
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F ig . 6. E le c tro n  m ic ro g ra p h  of a d ia ly zed  n u c le o lu s  s ta in e d  w ith  

b o th  u ra n y l  a c e ta te  and  le a d  p e r c h lo r a te .  C o m p a riso n  w ith  f ig . 5 

show s th a t  d ia ly s is  d o es  n o t d e s tro y  n u c le o la r  u l t r a s t r u c tu r e  b u t 

does p ro d u c e  a  g e n e ra l  lo o se n in g  up of i t s  s t r u c tu r e .  In  the  p r o ­

c e s s ,  a m o rp h o u s  d e n se  p a tc h e s  f a r ro w s )  a r e  o ften  p ro d u c ed  in  

th e s e  n u c le o li .  T hin  s t r a n d s ,  a v e ra g in g  20 A in  d ia m e te r ,  a r e  

seen  m o re  fre q u e n tly  in  su ch  d e n se  p a tc h e s , x  4 8 ,5 0 0 ,





81

F ig . 7 . E le c tro n  m ic ro g ra p h  of a d ia ly ze d  n u c leo lu s  show ing 

s t r u c tu r e s  v is u a liz a b le  w ith  le a d  p e r c h lo ra te  a lo n e . Though the 

d en se  c lu s te r s  of g ra n u le s  a r e  the only s t r u c tu r e s  c le a r ly  v is ib le  

in  the  n u c le o lu s , th e ir  s u b s tru c tu re  i s  m u ch  m o re  c le a r  th an  th a t 

in  f ig . 6, w h e re  u ra n y l  a c e ta te  w as a ls o  u s e d , x  7 4 ,0 0 0 .
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F ig . 8. S u rv ey  m ic ro g ra p h  of a  c o n tro l n u c le o la r  f r a c t io n  fixed  

a f te r  d ia ly s is  and  in c u b a tio n . B e s id e s  n u c le o li,  su ch  a  f ra c t io n  

a ls o  show s a  sm a ll  am o u n t of o th e r  s u b -n u c le a r  s t r u c tu r e s .  A rro w s  

p o in t to  s tra n d s  of c h ro m a tin  th a t  h av e  w ra p p ed  th e m s e lv e s  a ro u n d  

the  n u c leo li d u rin g  c e n tr ifu g a tio n . The i n s e r t  show s an  is o la te d  

k a ry o so m e  a t  the sam e  m ag n ifica tio n  to  c o m p a re  s iz e  and  g e n e ra l  

a p p e a ra n c e  w ith  the n u c le o li .  P o s t- s ta in e d  w ith  le a d  h y d ro x id e .

X 21 , 600 .
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F ig .  9 . H ig h er m ag n ifica tio n  of one of the  n u c leo li in  f ig u re  8.

T he b ack g ro u n d  a r r a y  of s t ra n d s  in  su ch  n u c leo li a p p e a r  a s  i l l -  

defined  s t r u c tu r e s .  A re a s  of the n u c leo lu s  h av e  (p a r t ic u la r ly  

a ro u n d  v ac u o le s  (v ) )d e n se  p a tc h e s  co n ta in in g  so m e d e n se  s tra n d s  

th a t see m  to be  co ile d  in  p la c e s  in to  s m a ll  k n o ts . T he th in  a r ro w s  

p o in t to  so m e  ov al p a r t ic le s  a v e ra g in g  120-160 A  in  d ia m e te r .

T h ese  a r e  though t to  r e p r e s e n t  n u c le o la r  r ib o s o m e s .  T he th ick  

a r ro w s  p o in t to c h ro m a tin  s t ra n d s  th a t  s o m e tim e s  see m  to in tru d e  

in to  the n u c le o lu s . Two ty p es  of c h ro m a tin  s t r a n d s ,  one le s s  d e n se  

th an  the  o th e r ,  can  a ls o  be  n o tic e d  o u ts id e  the  n u c le o lu s , fo r  

ex a m p le , in  th e  u p p er r ig h t  h and  c o rn e r  of the  m ic ro g ra p h . T he 

i n s e r t  (s a m e  m ag n ifica tio n ) show s a  k a ry o so m e  th a t  w as p r e s e n t  in  

an  a d ja c e n t s e c tio n . L e a d  h y d ro x id e  s ta in e d , x  7 4 ,0 0 0 .
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F ig . 10. A n o th e r d ia ly z e d  and  in cu b a te d  c o n tro l n u c le o lu s . The 

th in  a r ro w s  p o in t ag a in  to  th e  120-160 A p a r t i c le s .  T he th ick  a r ro w  

show s one of the d en se  p a tc h e s  w h e re  s tra n d s  of ab o u t 20 A  w id th  

can  be c le a r ly  se e n . L e a d  h y d ro x id e  s ta in e d , x  48, 500.
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F ig . 11. A p a r t ia l ly  d is ru p te d  n u c leo lu s  found in  th e  d ia ly ze d  

an d  in cu b a te d  n u c le o la r  f r a c t io n .  I t  i s  p re s e n te d  h e r e  m ain ly  to 

show th e  s in g le  s t r a n d s  in  th e  d e n se  p a tc h e s  (th in  a r ro w s ) .  The 

th ick  a r ro w s  p o in t to  a  d en se  s tra n d y  m a te r ia l  a m o n g s t c h ro m a tin . 

E x p lan a tio n  in  te x t,  p . 47 . L e a d  h y d ro x id e  s ta in e d , x  74, 000.
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F ig . 12. T h is  m ic ro g ra p h  of a  d ia ly ze d  and  in cu b a te d  n u c leo lu s  

show s c le a r ly  two a s p e c ts  of n u c le o la r  u l t r a s t f u c tu r e .  The th in  

a r ro w s  p o in t to  re g io n s  w h e re  th e  120-160 A p a r t ic le s  ap p e a r  a s  

if  they  a r e  p o r tio n s  of s tra n d s  o r  a r r a n g e d  a s  a  s tr in g  of b e a d s .

T he d e n s e s t  m a te r ia l  in  the  n u c leo lu s  i s  u n co iled  enough a t  p la c e s  

to  a p p e a r  a s  80-120 A d en se  s tra n d s  (fo r ex a m p le , re g io n  of th ick  

a r ro w ) w hich  so m e tim e s  fo rm  tig h t lo o p s . L ea d  h y d ro x id e  s ta in e d . 

X 7 4 ,0 0 0 .
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F ig .  13. T h is  m ic ro g ra p h  of accon tào l n u c leo lu s  (d ia ly z ed  and 

in cu b a te d  n u c le o la r  f ra c tio n )  show s ag a in  the  s a m e  type of a r r a n g e ­

m en t of the 120-160 A  p a r t ic le s  a s  w as see n  in  f ig u re  12 (th in  

a r ro w ) .  H o w ev er, the n u c leo lu s  show s re la t iv e ly  lo n g , d en se  

s tra n d s  in  the  d e n s e s t  r e g io n s .  T he th ick  a r ro w  p o in ts  to  c h ro m a tin  

s tra n d s  th a t h av e  b ec o m e  a s s o c ia te d  w ith  the  n u c leo lu s  d u rin g  the 

is o la tio n  p r o c e s s .  L e a d  h y d ro x id e  s ta in e d , x  74, 000.
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F ig .  14. E le c tro n  m ic ro g ra p h  of a  w hole n u c leu s  f ix ed  im m e d ia te ly  

a f te r  the  n u c le i  w e re  p u r if ie d  in  2 M s u c ro s e .  T he n u c leo lu s  does 

n o t show a  d e f in ite  s t r u c tu r e  e x c e p t fo r  a  few v e s t ig ia l  d e n se  g ra n ­

u le s .  T he k a ry o so m e  (k ) ,  h o w e v e r , h a s  s t i l l  i t s  c h a r a c te r i s t ic
/

a p p e a ra n c e . L ik e  the  n u c le o lu s , c h ro m a tin  (C) i s  a ls o  p r e s e n t  in  

a m o rp h o u s  m a s s e s .  L e a d  h y d ro x id e  s ta in e d , x  48, 500.
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F ig .  15. E le c tro n  m ic ro g ra p h  of a  w hole n u c leu s  found in  a 

d ia ly zed  and  in cu b a te d  n u c le o la r  f r a c t io n .  T he n u c leo lu s  a p p e a rs  

a s  a  c o m p a c t s t r u c tu r e .  N e v e r th e le s s ,  i t  does r e v e a l ,  on c lo se  

ex a m in a tio n , m o s t of the  f e a tu re s  see n  in  is o la te d  n u c le o li .  

N o tice  the  p re s e n c e  of d en se ly  s ta in e d  am o rp h o u s  p a tc h e s  and  

s tra n d s  (a rro w ) a m o n g s t c h ro m a tin . L ea d  h y d ro x id e  p o s t ­

s ta in e d . X  4 8 ,5 0 0 .
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F ig .  16. T h is  m ic ro g ra p h  of a  n u c le o lu s , fix ed  im m e d ia te ly  a f te r  

th e  b re a k in g  of n u c le i ,  s e r v e s  to  co n f irm  the r e a l i ty  of m o s t of the 

s t r u c tu r e s  s e e n  in  is o la te d  an d  in cu b a te d  n u c le o li.  T he n u c leo lu s  

i s  co m p o sed  of the  120-160 A p a r t ic le s  (th in  a r ro w  re g io n , fo r  

ex a m p le ), so m e  d en se ly  s ta in in g  s t ra n d s  and  the lig h tly  s ta in in g  

b ac k g ro u n d  s t r a n d s .  T he b ea d ed  a r ra n g e m e n t  of the 120-160 A 

p a r t ic le s  i s  v is ib le  a t  m any p la c e s .  The d en se ly  s ta in in g  s tra n d s  

(fo r ex a m p le , th ick  a r ro w ) a r e  s im ila r  to  the d en se  s t r u c tu r e s  see n  

in  o th e r c o n tro l n u c le o li.  L e a d  h y d ro x id e  s ta in e d , x  2 8 ,5 0 0 .
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F ig .  17. E le c tro n  m ic ro g ra p h  of a  n u c leo lu s  fix ed  a f te r  r ib o -  

n u c le a s e  t r e a tm e n t .  In  p la c e  of m o s t  p a r t ic u la te  s t r u c tu r e s  seen  

in  the  n u c le o lu s  b e fo re , an  a m o rp h o u s  b ac k g ro u n d  now p r e v a i ls .  

The d e n s e s t  m a te r ia l  in  th e  n u c leo lu s  i s  seen  to  b e  only p a r tia l ly  

su sc e p tib le  to  the  a c tio n  of r ib o n u c le a s e .  L e a d  h y d ro x id e  

s ta in e d , x  7 4 ,0 0 0 .
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F ig s .  18a and  18b. N u c leo li show ing two ex th em e c a s e s  of s u s ­

ce p tib ility  to  r ib o n u c le a s e  t r e a tm e n t .  F ig .  18a show s a  n u c leo lu s  

in  w hich only re m n a n ts  of the  d e n se  s tra n d s  r e m a in .  F ig . 18b 

show s the o th e r  e x tre m e  c a s e  th a t  i s  a ls o  r e la t iv e ly  r a r e ,  w h e re  

th e  d e n se  c o ile d  s t ra n d s  re m a in  a lm o s t  u n a ffec ted  by r ib o n u c le a s e  

t r e a tm e n t .  A rro w s  in  f ig . 18b show the edge of th e  n u c le o lu s . 

L ea d  h y d ro x id e  s ta in e d , x  7 4 ,0 0 0 .
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F ig .  19. A  d eo x y r ib o n u c lea se  t r e a te d  n u c le o lu s . M o st n u c le o la r  

s t r u c tu r e s  a r e  s t i l l  w e ll p r e s e r v e d .  In  c o n tr a s t ,  the  s t r u c tu r e  of 

c h ro m a tin  a p p e a rs  d e s tro y e d  (a r ro w ) .  L ea d  h y d ro x id e  s ta in e d .

X 7 4 ,0 0 0 .
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F ig .  20. H ig h e r m ag n ific a tio n  of a  d eo x y r ib o n u c lea se  tr e a te d  

n u c le o lu s  show ing l im ite d  s u sc e p tib il ity  of the d en se  co ile d  s tra n d s  

to  enzym e t r e a tm e n t .  The n u c leo lu s  a p p e a rs  to  b e  o th e rw ise  w ell 

p r e s e rv e d .  L e a d  h y d ro x id e  s ta in e d , x  191 ,000 .
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F ig .  21. A re la t iv e ly  r a r e  c a s e  of a d eo x y r ib o n u c lea se  n u c leo lu s  

show ing d r a s t ic  e f fe c t on the  d e n se  s t r u c tu r e s  in  the n u c le o lu s . 

T he com m on a p p e a ra n c e  of c h ro m a tin  (C) a f te r  d eo x y r ib o n u c lea se  

t r e a tm e n t  i s  a s  p ic tu re d  in  th is  m ic ro g ra p h . The d e n se  s tra n d s  

th a t a r e  see n  a m o n g s t c h ro m a tin  a r e  though t to  b e  of a  r ib o -  

n u c le o p ro te in  co m p o sitio n  ( te x t ,  p . 47). L ea d  h y d ro x id e  s ta in e d .

X 6 0 ,0 0 0 .
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F ig . 22. E le c tro n  m ic ro g ra p h  of a  k a ry o so m e  found in  th e  d ia ly ze d  

an d  in cu b a ted  n u c le o la r  f r a c t io n  (E x p e r im e n t 3 SC ). T he k a ry o ­

so m e i s  co m p o sed  of (i) l ig h tly  s ta in in g  double s t ra n d s  (long  th ick  

a r ro w s )  th a t  w eave th ro u g h  the  k a ry o so m e , (ii)  c lo se ly  p ack ed  

d en se  c o ile d  s t ra n d s  ( s h o r t  th ick  a r ro w s )  and  (iii)  an  am o rp h o u s  

m a tr ix  th a t c a n  be  se e n  in  th e  in te rg ra n u la r  r e g io n s .  T he long  

th in  a r ro w s  p o in t to  re g io n s  w h e re  a p p ro x im a te ly  20 A w ide s tra n d s  

a r e  p r e s e n t  in  c lo se  a s s o c ia tio n  w ith  the d en se  g ra n u le - l ik e  

r e g io n s .

T he s im ila r i ty  of s t r u c tu r a l  co m p o n en ts  of th e  v e ry  d en se  

re g io n s  of c h ro m a tin  (lo w er c e n te r  re g io n  of th e  m ic ro g ra p h , fo r 

exam ple) to  the d e n se  a r e a s  in s id e  the k a ry o so m e  i s  s t r ik in g .  N ote 

the  in tim a te  co n n ec tio n  of th e  c h ro m a tin  s tra n d s  w ith  the s t ru c tu r e  

of the k a ry o s o m e .

L e a d  h y d ro x id e  p o s t- s ta in e d ,  x  120 ,000 .
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F ig . 23. T h in  se c tio n  of a  k a ry o s o m e  found a tta c h e d  to a  n u c leo lu s  

(N) in  th e  sam e  is o la te d  n u c le o la r  f r a c t io n  a s  th a t  of the  k a ry o ­

so m e in  f ig u re  22. T he d if fe re n c e s  in  a p p e a ra n c e  a r e  a t t r ib u te d  

to  th is  b e in g  a  so m ew h a t th in n e r  an d  g ra z in g  s e c tio n . T he a m o r ­

phous b ac k g ro u n d  of the  k a ry o s o m e  i s  w ell ev id en t a s  a r e  the 

s in g le  s t r a n d s  p r e s e n t  in  a s s o c ia tio n  w ith  the d e n se , g ra n u le  - lik e  

re g io n s  th in  a r ro w s ) .  T he th ick  a r ro w s  ag a in  p o in t to  re g io n s  

show ing the  in te r -c o n n e c tin g  s t r a n d s .  L ea d  h y d ro x id e  s ta in e d .

X  1 9 1 ,000 .
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F ig . 24 . I s o la te d  k a ry o s o m e  found a tta c h e d  to  a n u c leo lu s  in  a 

non "d ia ly z ed  n u c le o la r  f r a c t io n  (E x p e r im e n t 1 SC ). T he s im ila r i ty  

of the  b ac k g ro u n d  s t r u c tu r e  in  the  n u c leo lu s  an d  k a ry o so m e  i s  ag a in  

ev id en t. T he k a ry o so m e  a p p e a rs  h e r e  a tta c h e d  to  the  n u c leo lu s  

(N) a s  though a  p a r t  of i t s  in te g ra l  s t r u c tu r e .  T he a r ro w s  p o in t to 

the sa m e  s t r u c tu r e s  a s  in  f ig u re s  22 and  23. L ea d  h y d ro x id e  

s ta in e d , x  1 2 0 ,0 0 0 .
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F ig .  25. A n is o la te d  k a ry o so m e  o b se rv e d  in  a  "d ilu te d  co n tro l"  

f r a c t io n  (E x p e r im e n t 5 SC ). T he sam e  s t r u c tu r a l  d e ta i ls  ag a in  

c h a ra c te r iz e  the k a ry o s o m e . A rro w s  p o in t to  s a m e  s t r u c tu r e s  

a s  b e fo re . L e a d  h y d ro x id e  s ta in in g , x  154 ,000 .
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2’ig , 2 6 ,  E le c tro n  m ic ro g ra p h  of an  in  s itu  k a ry o so m e  in  a 

m e r is te m a t ic  c e ll  in  in te rp h a s e .  A rro w  p o in ts  to  a  re g io n  in  

c h ro m a tin  th a t c o m p a re s  fa v o rab ly  w ith  the g e n e ra l  s t r u c tu r e  in  

the  k a ry o s o m e . K - -k a ry o s o m e . N - -n u c le o lu s . C - -c h ro m a t in .  

L e a d  h y d ro x id e  s ta in in g , x  48, 500.
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F ig .  27. T he s t r u c tu r e  of a n  is o la te d  k a ry o so m e  a f te r  r ib o n u c le a s e  

t r e a tm e n t  (E x p e r im e n t 3 SC ). The s im ila r i ty  in  b ack g ro u n d  s t r u c ­

tu re  of the n u c le o lu s  and  the k a ry o so m e  i s  now c o n f irm e d  by th e ir  

s im i la r  a p p e a ra n c e  a f te r  r ib o n u c le a s e  t re a tm e n t.  T he double 

s t r a n d s ,  h o w e v e r, a r e  s t i l l  ev id en t. L e a d  h y d ro x id e  s ta in e d .

X 191 ,000 .





1 0 2

F ig .  28. A n is o la te d  k a ry o s o m e  a f fe c te d  by r ib o n u c le a s e  t r e a tm e n t  

(E x p e r im e n t 3 SC ). T he d e n se , g ra n u le - l ik e  re g io n s  a p p e a r  e lu te d . 

L e a d  h y d ro x id e  s ta in e d , x  1 9 1 ,0 0 0 .
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F ig .  29. A  d e o x y r ib o n u c le a se  t r e a te d  k a ry o so m e  f ro m  e x p e r im e n t 

3 S C . E x c e p t fo r  th e  m a rk e d  la c k  of the  d en se  re g io n s  an d  i n t e r ­

co n n ec tin g  double  s t r a n d s ,  th e  k a ry o so m e  show s the  sa m e  s t r u c tu r e s  

a s  b e fo re . T he d en se ly  s ta in e d  s tra n d s  (a rro w ) a m o n g s t c h ro m a tin  

a r e  though t to  be  co m p o sed  of a  n o n -h i s to n e -p ro te in  an d  RNA co m ­

p le x . S ee  te x t ,  p . 47 . K - -k a ry o s o m e . C - -c h ro m a t in .  L ea d  

h y d ro x id e  s ta in in g , x  120 ,000 .
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F ig . 30 . A n o th e r k a ry o s o m e  fro m  e x p e r im e n t 3 SC show ing the 

e ffec t o f d e o x y r ib o n u c le a se  t r e a tm e n t .  V e s tig e s  of the g ra n u le - l ik e  

re g io n s  an d  th e  in te rc o n n e c tin g  double s tra n d s  a r e  a p p a re n t  a s  

b e fo re . L e a d  h y d ro x id e  s ta in e d , x  191, 000.
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