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The Use of Act inomycin D in Studies of Nucleolar 

The  ab i l i ty  of a c t i n o m y c i n  D (AMD) to  b i n d  to t he  
D N A  molecule  has  long been  recognized as t h e  bas is  of 
i ts  b iological  ac t ion  a n d  i ts  i n h i b i t i n g  effect  on  D N A  
d e p e n d e n t  R N A  syn thes i s  is well  known.  

A p a r t i c u l a r l y  i m p o r t a n t  p r o p e r t y  is t h a t  a t  c e r t a i n  
c o n c e n t r a t i o n s  w i t h i n  t h e  r ange  0.01-0.1 Fg/ml  (10 -7-  
10-SM) AMD appea r s  to  i n h i b i t  se lec t ively  t he  syn thes i s  
of R N A  b y  t h e  nucleolus  of m a m m a l i a n  cells w i t h o u t  a n y  
s ign i f ican t  effect  u p o n  IRNA syn thes i s  in  t h e  ex t ra -  
nuc leo la r  p a r t  of t he  nucleusZ. N u m e r o u s  workers  us ing  
va r ious  biological  sys t ems  h a v e  i n v e s t i g a t e d  t he  effects 
of c o m p a r a b l e  c o n c e n t r a t i o n s  of A MD  on t he  passage  of 
cells t h r o u g h  t he  cell cycle 2. The re  is a n  inc reas ing  
t e n d e n c y  to  ascr ibe  t he  obse rved  d i s tu rbances ,  n o t a b l y  
de lays  in  t he  onse t  of D N A  syn thes i s  a n d  mitosis ,  to  a 
d e p e n d e n c e  of these  p a r t i c u l a r  even t s  w i t h i n  t h e  cycle 
u p o n  t he  c o n t i n u e d  syn thes i s  of nuc leo la r  R N A  and,  
since t he  nucleolus  is k n o w n  to be  i nvo lved  in r i bosoma l  
R N A  (r -RNA) syn thes i s  a in  t e r m s  of a d e p e n d e n c e  u p o n  
a c o n t i n u e d  s u p p l y  of r ibosomes .  

W h a t e v e r  t h e  n a t u r e  of t he  i n h i b i t i o n  b y  A MD  of r-  
R N A  synthes is ,  t h i s  effect  has  been  de t ec t ed  p r i m a r i l y  
because  r-IRNA is a n  easi ly iden t i f i ab le  species of R N A  
which  appea r s  to' be  m a d e  on  a morpho log ica l ly  iden t i -  
f iable  p a r t  of t he  genome,  i.e. t h e  nuc leo la r  assoc ia ted  
c h r o m a t i n .  W e  would  l ike to  offer  some ev idence  to 
sugges t  t h a t  p r e s e n t  t h i n k i n g  on nuc leo la r  f unc t i on  a n d  
r - R N A  in  t h i s  c o n t e x t  m a y  be  too  nar row.  

Mater ia l s  and  methods. A s t r a i n  of L-cells wh ich  has  
been  cu l t u r ed  in th i s  l a b o r a t o r y  for m a n y  years  was  
m a i n t a i n e d  in e x p o n e n t i a l  g r o w t h  b y  twice  weekly  
t ransfe r .  S y n c h r o n o u s  cu l tu res  w h e n  requ i red  were 
p r e p a r e d  b y  select ive  h a r v e s t i n g  of m i t o t i c  cells. For  
morpho log ica l  s tudies ,  cells were exposed  to  un labe l l ed  
AMD for 6 h, f ixed in m e t h a n o l  a n d  s t a ined  w i t h  di lu te .  
Geimsa.  All  o t h e r  cells were exposed for  2 h to  va r ious  
c o n c e n t r a t i o n s  of e i the r  un labe l l ed  AMD or ~H AMD a t  a 
specific a c t i v i t y  of 3.38 Ci /mM.  R N A  m e t a b o l i s m  was 
assessed b y  a d m i n i s t e r i n g  a 10 m i n  pulse  of genera l ly  
label led  3H ur id ine  (20 FCi/ml;  3 C i /mM)  followed b y  
i m m e d i a t e  f i xa t ion  and  t r e a t m e n t  w i t h  D N A  ase. Au to -  
r a d i o g r a p h s  were p r e p a r e d  us ing  K o d a k  A R  10 s t r i pp ing  
film. 

Resul ts  and  discussion.  Figure  1 shows t h e  effects on  
R N A  m e t a b o l i s m  of a 2 h exposure  to  AMD. I n  these  ex- 
p e r i m e n t s  t h e  specific c o n c e n t r a t i o n  r a n g e  0.02 ~g/ml  to  
0.08 Fg/ml  AMD affects  nuc leo la r  R N A  syn thes i s  w i t h o u t  
a m e a s u r a b l e  r educ t i on  in nuc leo la r  p la smic  R N A  synthes is .  
To cause  t he  s ame  effect  GAFFNEY a n d  NAR.DONE 4 used 
0.04 Fg/ml  on  t h e i r  L-cells, a dose wh ich  is w i t h i n  t he  
a b o v e  c o n c e n t r a t i o n  range,  b u t  t he  doses of 0.1 ~g /ml  
a n d  0.01 Fg/ml  used b y  FUJIWARA 5 also on  L-cells a n d  
ARRIGHI 6 on  Chinese  h a m s t e r  cells r e spec t ive ly  are not .  
The  2 l a t t e r  pape r s  show t h a t  t h e  dose of 0.04 ~g/ml  f i rs t  
sugges ted  b y  PERRY m a y  no t  be  a p p r o p r i a t e  to  eve ry  cell 
s y s t e m  7 a n d  t h e  specific c o n c e n t r a t i o n  of AMD which  
se lec t ively  affects  nuc leo la r  R N A  syn thes i s  shou ld  be  
d e t e r m i n e d  for  t he  p a r t i c u l a r  e x p e r i m e n t a l  cond i t ions  
be ing  used. A n y  dose of AMD which  m a y  resu l t  in a sub-  
s t a n t i a l  r e d u c t i o n  in nuc leop lasmic  R N A  label  s is caus ing  
a t  leas t  2 effects, e i t he r  or n e i t h e r  of w h i c h  m a y  be  
r e l e v a n t  to  o t h e r  cel lular  m e t a b o l i c  processes.  

The  resu l t s  of e x p e r i m e n t s  in  w h i c h  cu l tu res  were 
f ixed i m m e d i a t e l y  a f t e r  a 2 h exposure  to  3H A MD are 
i l l u s t r a t ed  in F igure  2. The re  is negl ig ible  cy top l a smic  
i n c o r p o r a t i o n  b u t  a t  b o t h  0.07 ~g/ml  a n d  1.4 ~g /ml  t h e  
d rug  appea r s  to  b i n d  all over  t he  nucleus.  S imi la r  s tud ies  
w i t h  s y n c h r o n o u s  cu l tu res  of mouse  L-cells a t  va r ious  

Function 

t imes  d u r i n g  t h e  mi to t i c  cycle showed  t h a t  cells can  b i n d  
AMD a t  all s tages  of i n t e r p h a s e  b u t  a n  a p p r o x i m a t e l y  
2-fold increase  in b i n d i n g  capac i t y  occurs  d u r i n g  S-phase  
sugges t ing  a n  assoc ia t ion  w i t h  t he  D N A  c o n t e n t  of t h e  
cell. The  presence  of labe l  all  ove r  t h e  nuc leus  a n d  t h e  
specific b i n d i n g  of t h e  d rug  to  t h e  genome h a v e  been  re- 
corded  in l igh t  microscope  s tud ies  b y  HAMAI~N et  al. 9 a n d  
e lec t ron  microscope s tud ies  b y  SII~ARD ~~ b u t  t h e  possi-  
b i l i ty  of se lect ive  b i n d i n g  to  t h e  nuc leo la r  assoc ia ted  
c h r o m a t i n  a t  a ' nuc leo la r  specific '  dose could n o t  be  
over looked.  

The  biological  a c t i v i t y  of t he  t r i t i a t e d  d rug  was checked  
b y  obse rv ing  t h e  effect  of a 2 h exposure  to  ~H AMD u p o n  
3It n r id ine  incorpora t ion .  The  c o n t r i b u t i o n  of b o u n d  
3H AMD to  t h e  labe l l ing  of t h e  nucle i  was  negl ig ible  u n d e r  
t he  cond i t ions  employed  a n d  t h e  d i s t r i b u t i o n  of gra ins  
was v e r y  s imi la r  to  t h a t  o b t a i n e d  w i t h  un labe l l ed  AMD. 
All t he  ev idence  suggests  t h a t  t h e  t r i t i a t e d  molecules  be-  
h a v e d  in exac t ly  t h e  s ame  way  as un labe l l ed  molecules  of 
AMD and  t h e i r  p resence  all  over  t h e  nuc leus  m u s t  reduce  
f u r t h e r  t h e  l ikel ihood t h a t  t he  nucleolus  is t he  s i te  of all  
m e t a b o l i c  d i s t u r b a n c e s  caused  b y  a ' nuc leo la r  specif ic '  
dose of AMD. 

F ina l ly  t he  f ind ings  of t h r e e  workers  who  all  worked  
on  L-cells a n d  all  se lected t h e  a p p r o p r i a t e  dose of AMD 
for a ' nuc leo la r  specif ic '  effect  in  t h e i r  s y s t e m  will be  
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Fig. l. The effect of actinomycin D at various concentrations on the 
uptake of ~H uridine into the nueleolus and nucleoplasm of mouse 
L-cells. Mean 3H uridine grain count per cell after 2 h treatment with 
AMD at increasing concentrations. 
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Fig. 2. The uptake of aH AMD into mouse L-cells during a 2 h ex- 
posure at (a) 0.07 ~xg/ml and (b) 1.4 ~zg/ml. x 1100. 

Fig. 3. The morphological appearance of mouse L-cells stained with 
Giemsa. (a) Control and (b) after 6 h incubation in AMD at 0.07 ~xg/ 
ml. • 1100. 

compared .  FUJIWARA 5 a n d  RICKII~SON n b o t h  found  t h a t  
a 2 h exposure  to  A2dD dur ing  ear ly  G 1 de layed  t he  onse t  
of t h e  D N A  s y n t h e t i c  phase ,  and  w h a t e v e r  t h e  re levance  
of t he  nucleolus  or t he  r ibosomes,  t he  i m p o r t a n c e  of t h i s  
o b s e r v a t i o n  w h e n  assessing t he  fac tors  con t ro l l ing  t h e  
onse t  of D N A  syn thes i s  m u s t  no t  be  min imized .  However ,  
FUJIWARA f u r t h e r  sugges ted  t h a t  a 2 h exposure  to  AMD 
dur ing  ear ly  GI also reduces  t h e  r a t e  of syn thes i s  of ear ly  
rep l ica t ing  DNA.  I/ICKINSO~ used  t h e  same  exposure  t i m e  
to  AMD a t  t h e  same  s tage  in t he  GI phase  b u t  was  u n a b l e  
to  de tec t  a n y  d i s tu rbance ,  even  in  ceils w i t h  a n  e x t e n d e d  
Gt  phase,  once t h e  D N A  s y n t h e t i c  process  h a d  com- 
menced .  Comple te ly  d i f fe ren t  resu l t s  h a v e  been  pre-  
sen ted  b y  GAFFNEY a n d  ~X~ARDONE 4 who  found  t h a t  none  
of t h e  cell cycle p a r a m e t e r s  was  d i s t u r b e d  for a t  l eas t  
1.5 mi to t i c  cycles (25-30 h) a f t e r  a ha l f -hou r  exposure  to  
A3/ID. Severa l  d iscrepancies  of th i s  t y p e  a p p e a r  i n  t h e  
l i t e ra tu re .  Some  m a y  be  due to v a r i a t i o n s  in t he  t i m e  of 
exposure  to  AMD and  some to d i f fe ren t  con t ro l  
m e c h a n i s m s  ope ra t i ng  in d i f fe rent  cell t ypes  b u t  t he  possi-  
b i l i ty  r e m a i n s  t h a t ,  for a p a r t i c u l a r  cell type,  t h e  dose of 
AMD requ i red  to  reduce  specif ical ly t h e  nucleolar  R N A  
label  is no t  r e l a t ed  to  t i le  dose r equ i red  to cause  d is tur -  
bances  in  t he  cell cycle. 

These  pieces of ev idence  sugges t  a l t e r n a t i v e s  to  t h e  
idea  t h a t  all  t h e  effects  of a ' nuc leo la r  specific '  concen t r a -  
t i on  of AMD are m e d i a t e d  t h o u g h  reduced  p r o d u c t i o n  of 
r ibosomes  b y  t h e  nucleolus.  W e  h a v e  regu la r ly  obse rved  
t h a t  t h e  nucleol i  become  m u c h  less p r o m i n e n t  in  f ixed 
a n d  s t a ined  cells wh ich  h a v e  been  t r e a t e d  for a few hour s  
w i t h  a ' nuc leo la r  specific '  c o n c e h t r a t i o n  of AMD (Figures 
3a a n d  b). T h e  n a t u r e  of t h e  d a m a g e  is d i f f icul t  to  ascer-  
t a i n  u n d e r  t h e  l igh t  microscope an d  e lec t ron  microscope  
s tudies  s imi la r  to  those  rev iewed  b y  BERNHARD a n d  
G~ANBOULIN 12 b u t  a t  s l ight ly  lower doses of AM D are 
requi red .  A s t r u c t u r a l  d i s r u p t i o n  of t h e  nucleolus  would  
p r o b a b l y  d a m a g e  all  i ts  me tabo l i c  func t ions  wh ich  are  
un l ike ly  to  be  l imi t ed  to  t h e  syn thes i s  of p recursor  r - R N A  
a n d  t h e  t r a n s p o r t  of sub - r i bosoma l  par t ic les  to  t h e  cyto-  
p l a s m .  O t h e r  funct ions ,  such  as t h e  syn thes i s  of specific 

n A. B. RICKINSON, Ph.D. Thesis, University of Cambridge (1969). 
12 W. BERNFIARD and N. GRANBOULIN, i l l  ' The Nucleus' Ultrastructure 

in Biological Systems (Eds. A. J. DALTON and F. t-IAGVENAU; 
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h i s tones  sugges ted  b y  t h e  work  of HNLICA et  al. t3 on  
i so la ted  nucleol i  a n d  BERLOWlTZ a n d  BERNSTAL ~ on  t h e  
anuc leo la te  m u t a n t  Xenopus laevis, m a y  be  affected.  

A l t e r n a t i v e l y  t h e  b i n d i n g  s tud ies  w i t h  3H AMD sugges t  
t h a t  t h e  ' nuc leo la r  specif ic '  c o n c e n t r a t i o n  of AMD m i g h t  
also i n h i b i t  t h e  syn thes i s  of q u a n t i t a t i v e l y  m i n o r  com- 
p o n e n t s  of R N A  on regions of t h e  ex t r anuc l eo l a r  ch roma-  
t i n  wh ich  are  pa r t i cu l a r l y  sens i t ive  to  AMD bind ing .  The  
t r a n s c r i p t i o n  of such  c o m p o n e n t s  a t  c e r t a i n  t i m e s  in t he  
cell cycle m i g h t  be  cr i t ica l  even t s  in  m a i n t a i n i n g  growth.  

A n  i n d e p e n d e n t  a p p r o a c h  to  t h e  s t u d y  of nuc leo la r  
dependence  can  be  m a d e  b y  t h e  t e c h n i q u e  of m i c r o b e a m  
i r r a d i a t i o n  ~. The  sugges t ion  t h a t  t h e  effects  of AMD 
are m e d i a t e d  t h r o u g h  i n j u r y  to t h e  nucleolus  will be 
s t rong ly  s u p p o r t e d  if a p a r t i c u l a r  ac t ion  of t he  d rug  a t  
low c o n c e n t r a t i o n  can  also be caused  b y  specific nuc leo la r  
i r r a d i a t i o n  of s imi la r  cells 16. 

Rdsumd. D a n s  que lques  p u b l i c a t i o n s  r6cente  les 
p e r t u b a t i o n s  du  cycle m i t o t i q u e  qui  se p r o d u i s e n t  apr6s  

u n  t r a i t e m e n t  ~ l ' A c t i n o m y c i n e  D (AMD) on 6t4 a t t r i -  
bu6es ~ une  pe r t e  de r ibosomes.  On se d e m a n d e  si on  
a u r a i t  consid6r6 la  fonc t ion  du  nucl6ole et  les effets  de 
I 'AMD c o m m e  t rop  res t re in tes .  
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Gonadal Pigment of Sea-Cucumber (Holothuria 
The  p i g m e n t a r y  colours 1 in  t h e  i n t e g u m e n t  of echino-  

de rms  are also en t i r e ly  due  to t he  presence  of n a p h t h o -  
qu inone ,  ca ro tenoid ,  m e l a n i n  a n d  p o r p h y r i n  p igmen t s .  
Most  of t h e  p i g m e n t a t i o n  occurs  in  t h e  i n t e g u m e n t ,  b u t  
in  some cases ce r t a in  of t he  i n t e r n a l  o rgans  are  also 
coloured.  

Caro teuo ids  are  p a r t i c u l a r l y  a b u n d a n t  in  t h e  in tegu-  
m e n t  of as teroids .  I n  echinoids,  ca ro teno ids  are pr inc i -  
pa l ly  r e s t r i c t ed  to  t h e  gonads .  The re  has  been  insuf f ic ien t  
i n v e s t i g a t i o n  of t h e  h o l o t h u r o i d e a  ~ a n d  so far  as we are  
aware,  t h e r e  are no  p u b l i s h e d  r epo r t s  on t he  i so la t ion  of 
ca ro teno id  p i g m e n t s  f rom Holothuroidea. 

Ovar ies  (500 g) c o n t a i n i n g  m a t u r e  eggs of H. leucospi- 
lota col lected on  t he  sea-shore  of K u s h i m o t o  in W a k a y a m a  
p re fec tu re  in  J u l y  1968 were d e h y d r a t e d  b y  t r e a t i n g  w i t h  
e t h y l  a lcohol  for  severa l  days  a t  r oom t e m p e r a t u r e .  The  
so lven t  was  t h e n  r e m o v e d  b y  d e c a n t a t i o n  a n d  t he  ovar ies  
were  e x t r a c t e d  w i t h  successive po r t i ons  of ace tone  in t h e  
d a r k  u n t i l  t h e  f ina l  e x t r a c t  was  colourless.  T he  c o m b i n e d  
r edd i sh -o range  coloured  e x t r a c t s  were c o n c e n t r a t e d  u n d e r  
r educed  pressure  u n d e r  n i t r ogen  be low 40 ~ The  deep-  
red  res idue  was d issolved in p e t r o l e u m  e ther .  A s t rong  
b lue  co lour  was o b t a i n e d  w i t h  a n t i m o n y  t r i ch lo r ide  
r eagenL i n d i c a t i n g  t h e  presence  of po lyene  n a t u r e  of t h e  
p igmen t s .  The  p e t r o l e u m  e the r  so lu t ion  e x h i b i t e d  t he  
v e r y  cha rac t e r i s t i c  i n t ense  single b a n d e d  a b s o r p t i o n  
s p e c t r u m  (~max 472 nm)  sugges t ing  t he  presence  of keto-  
ca ro tenoid .  The  p e t r o l e u m  e the r  so lu t ion  was w a s h e d  
w i t h  w a t e r  to  r e m o v e  t h e  ace tone  a n d  t h e  r edd i s h  pe t ro -  
l eum e t h e r  so lu t ion  was  t h e n  s epa ra t ed  in to  h y p o p h a s i c  
a n d  ep iphas ic  ca ro teno ids  b y  s h a k i n g  t h e  so lu t ion  w i t h  
90% m e t h a n o l .  The  p i g m e n t  was  en t i r e ly  e x t r a c t e d  b y  
t h e  m e t h a n o l .  Th i s  e x p e r i m e n t  c lear ly  conf i rms  t h a t  
t h e  p r inc ipa l  ca ro teno id  p i g m e n t  is unes te r i f ied  x a n t h o -  
phyl l ,  

F r o m  the  e x p e r i m e n t a l  resu l t s  o b t a i n e d  b y  t h i n - l a y e r  
c h r o m a t o g r a p h y  of or ig ina l  p e t r o l e u m  e t h e r  e x t r a c t  
so lu t ion  a n d  p a r t i t i o n e d  m e t h a n o l i c  solut ion,  i t  was  
shown  t h a t  •  p r i nc ipa l  p i g m e n t  ( abou t  70% of t o t a l  
p igmen t s )  t r a n s f e r r e d  to  m e t h a n o l i c  so lu t ion  b y  t h e  
p a r t i t i o n  procedure .  T he  m e t h a n o l i c  so lu t ions  were  con-  
c e n t r a t e d  u n d e r  r educed  pressure .  T he  deep- red  res idue  

leucospilota Brandt) 

was dissolved in a sma l l  a m o u n t  of m e t h a n o l ,  covered  
w i t h  p e t r o l e u m  ether ,  a n d  c rys ta l l ized  b y  t h e  a d d i t i o n  of 
a l i t t l e  water .  A f t e r  2 r ec rys t a l l i za t ions  of t h e  b lack-  
v io le t  p i g m e n t  f rom aqueous  pyr id ine ,  1.1 m g  of g l i s ten ing  
p la tes  were ob ta ined .  I t s  p roper t i e s  i nd i ca t e  t h a t  i t  is 
unes te r i f ied  a s t a x a n t h i n .  Th i s  was  conf i rmed  b y  m i x e d  
m e l t i n g - p o i n t  d e t e r m i n a t i o n  w i t h  a n  a u t h e n t i c  spec imen  
of a s t a x a n t h i n  o b t a i n e d  f rom t h e  i n t e g u m e n t  of s t a r f i sh  
(Asterina pectini/era Miiller a n d  Troschel)  acco rd ing  to 
t he  m e t h o d  of TSUMAKI et  al. 3. 

A s t a x a n t h i n  was f u r t h e r  cha rac t e r i zed  b y  i ts  r eac t ion  
w i t h  p o t a s s i u m  h y d r o x i d e  u n d e r  n i t r ogen  to  fo rm a 
b lue i sh -purp le  enolic sa l t  w h i c h  in t h e  p resence  of a i r  
a l m o s t  i n s t a n t a n e o u s l y  au tox id i zed  i n to  red  coloured 
as tacene,  wh ich  was t h i n - l a y e r  c h r o m a t o g r a p h i c a l l y  a n d  
spec t roscopica l ly  iden t i ca l  w i t h  a s t acene  p roduced  in a 
s imi la r  way  f rom t h e  a u t h e n t i c  s t a r f i sh  a s t a x a n t h i n .  
F r o m  t h e  t es tes  (300 g) of t he  sea -cucumber ,  0.2 m g  of 
a s t a x a n t h i n  was o b t a i n e d  b y  t h e  s ame  p rocedure  de-  
scr ibed above  in t h e  case of ovaries.  

F u r t h e r m o r e ,  no  d i f f e r en t i a t i on  in  t h e  p a t t e r n  of 
ca ro teno id  p i g m e n t s  in  gonads  of b o t h  ma le  a n d  female  
ha s  been  n o t e d  b y  t h i n - l a y e r  c h r o m a t o g r a p h y  us ing  
d i f fe ren t  so lven t  sys tems.  

Zusammenfassung. Aus den  Gesch lech t sd r t i sen  yon  
Holothuria leucospilota B r a n d t  wurde  A s t a x a n t h i n  ex- 
t r ah ie r t .  
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