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INTRODUCTION

Study o f  any chemical ca rc inogen  o r d i n a r i l y  p ro g r e s se s  through 

t h r e e  phases :  1 ) d i s co v e ry  of  c a r c i n o g e n i c i t y ;  2 ) s y n t h e s i s  of

homologs and ana logs  in  o rde r  t o  c o r r e l a t e  chemical s t r u c t u r e  with 

c a r c i n o g e n i c i t y ;  3 ) c h a r t i n g  i n t e r a c t i o n s  w i th  c e l l u l a r  macromolecules,  

and e f f e c t s  o f  t h e  ca rc inogen  on macromolecular syn theses  w i th  th e  

u l t i m a t e  goal be ing  th e  d e t e c t i o n  and s e l e c t i o n  of t h e  p r e c i s e  

i n t e r a c t i o n s  t h a t  engender t h e  c a rc in o g e n ic  p r o c e s s .  A s i m i l a r  

sequence i s  d i s c e r n a b l e  in  development o f  knowledge o f  t h e  carc inogen 

4 - n i t r o q u i n o l i n e  N-oxide (4-NQ.O) (see  diagram 1 ) ,  and sugges ted  the  

work d e sc r ib e d  h e re .

C a r c in o g e n ic i t y  o f  t h i s  w a t e r - s o l u b l e ,  r e l a t i v e l y  s t a b l e  ye t  

h igh ly  t o x i c  ca rc inogen  was d i s c o v e re d  by Nakahara e t  a l .  (1957) by 

sk in  p a i n t i n g  o f  mice .  Soon t h e r e a f t e r  i t s  potency was demonstra ted  

in  a wide v a r i e t y  o f  t i s s u e s  and organisms wi th  the  conspicuous 

excep t ion  of r a t  l i v e r ;  f o r  rev iews see v a r io u s  c h ap te r s  in  the  

monograph e d i t e d  by Endo, Ono, and Sugimura (1970) .  The h i s t o r y  o f  

the  s y n t h e s i s  o f  4-NQ.O and d i s c o v e r y  of  i t s  a n t im ic r o b ia l  a c t i v i t y
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and c a r c i n o g e n i c i t y  was reviewed by Ochia i  (1967) .

The second phase  i n  development o f  knowledge of  if-NQO cen te re d  

on s y n t h e s i s  o f  congeners  o f  4-NQ.O t o  a s c e r t a i n  which f u n c t i o n a l  

groups  were c r i t i c a l  d e t e r m in a n t s  o f  c a r c i n o g e n i c i t y .  The U - n i t r o  

and th e  N^oxide groups  proved e s s e n t i a l  f o r  c a r c i n o g e n i c i t y  (Nakahara 

e t  a l . ,  1957) .  A c t i v i t y  was r e t a i n e d  and in  some i n s t a n c e s  enhanced 

by a lky l  o r  h a l i d e  s u b s t i t u e n t s  on t h e  r in g  ca rbons  (N a k ah a ra .e t  a l . ,  

1958, Takayanta, 1962);  t h e  6 ,7 -d im e th y l  d e r i v a t i v e  proved e x c e p t i o n a l l y  

c a r c i n o g e n i c  (Lacassagne  e t  a l . ,  1966) .  A lso ,  a d o s e  p a r a l l e l  in  

po tency  was shown between d e r i v a t i v e s  which cou ld  undergo non-enzymatic  

s u b s t i t u t i o n  a t  t h e  U - n i t r o  group by SH compounds (as d e s c r i b e d  in  

diagram 2} and c a r c i n o g e n i c i t y  (Fukui e t  a l . ,  1959* Hayashi,  1959? 

Nakahara & Fukuoka, 1959; Okamoto & I t o h ,  1963) .

The t h i r d  phase  was ushered  i n  by d e m o n s t ra t io n  by s e v e r a l  

p h y s i c a l - c h e m ic a l  t e c h n i q u e s  t h a t  it-NQ,0 and ^-HAQO i n t e r a c t e d  w i th  DNA 

i n  v i t r o  (Malkin & Zaha lsky ,  1966; Nagata e t  a 1 . ,  1966b; Okano & Uekama, 

1967) and i n  v ivo  (ikegami e t  a l . ,  1969/1970; Matsushima e t  a l . ,  1967; 

Tada e t  a l . ,  1967; Tada e t  a l . ,  1970; Tada & Tada, 1971).
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Diagram 1

Diagram 2

LEGENDS DIAGRAM 1 & 2 

canon ica l  formulae  and r i n g  numbering system f o r  *t-NQ0 .

s u l fhyd ry l  s u b s t i t u t i o n  r e a c t i o n ,  R = c y s t e i n e ,  me th ion ine j  

g l u t a t h i o n e .
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I n  a d d i t i o n ,  i n t e r a c t i o n  o f  th e  h i g h l y  c a r c in o g e n ic  d e r i v a t i v e  o f  ^-NQ.0, 

4-HAQ.O, w i th  DNA shown i n d i r e c t l y  by g e n e t i c  methods i n  b a c t e r io p h a g e  

( I sh izaw a  & Endo, 1967) .  4-NQ.O a l s o  induced m u ta t io n  b u t  f a i l e d  t o  

b lock  i n f e c t i v i t y  i n  tobacco  mosaic v i r u s ,  su g g es t in g  s p e c i f i c  

i n t e r a c t i o n  w i th  v i r a l  RNA (Endo e t  a l . ,  1961).  I n t r a c e l l u l a r l y ,

*i-NQ,0 i s  e n z y m a t i c a l ly  a l t e r e d  b e fo re  b in d in g  to  DNA: th e  NOg group

i s  reduced  by n i t r o  r e d u c t a s e s ,  f i r s t  t o  HAQ.0 and th e n  t o  th e  n o n - c a r c i n o g e n ic  

AQ.0 i n  fung i  (Okabayashi & Yoshimoto, 1962) ,  b a c t e r i a  (Fukuda &

Yoshimoto,  1972j Kato e t  a l . ,  1970)> and l i v e r  (Sugimura e t  a l . ,  1966).

The u n u s u a l l y  r a p i d  and i n t e n s e  c a r c i n o g e n i c i t y  o f  t h e  r e d u c t io n  

p r o d u c t ,  4-HAQ.O, was dem ons t ra ted  by Endo & Kume (1963» 1965);

Kawazoe e t  a l .  (1967) ;  S h i r a s u  ( 1965 ) .  Moreover,  a c l o s e  c o r r e l a t i o n  

was found between c a r c i n o g e n i c i t y  o f  4-NQO d e r i v a t i v e s  and s u s c e p t i b i l i t y  

t o  enzymat ic  r e d u c t i o n  t o  t h e  hydroxy compound (Araki e t  a l . ,  1970) ,  

prompting  t h e  id e a  t h a t  4-HAQ.O was the  p rox im ate ,  i . e . ,  u l t i m a t e ,  

c a rc in o g en  and 4-NQ.O a p r e - c a r c in o g e n  ( M i l l e r ,  1970) .  The l i k e l i h o o d  

t h a t  4-NQO i s  co nver ted  t o  a h ig h ly  r e a c t i v e  n i t r o s o  ( f r e e  r a d i c a l )  

r e a c t i o n  p ro d u c t  o f  4-HAQ0 b e f o r e  b in d in g  t o  DNA has  been  d i s c u s s e d  by



Nagata e t  a1 .  (1 9 6 6 a ) and Nobuku e t  a l .  (1968) ,

I n v e s t i g a t i o n s  o f  ^-NQ.0 a c t i o n  a r e  now i n  a f o u r t h  phese  of  

development w i th  i n t e r e s t  c e n t e r in g  on i n t r a c e l l u l a r  r e g u l a t i o n .  The 

m ajor  f i n d i n g s  have been t h a t  (a) 4-NQP b locks  t h e  enzymat ic  

s y n t h e s i s  o f  RNA (Paul e t  a l . ,  1966, 1967, 1969) i n  i s o l a t e d  c a l f  

thymus n u c le i  and Hela cel  I s j  and (b) i n c o r p o r a t i o n  o f  l a b e l e d  

ca rc in o g en  and i n h i b i t i o n  o f  DNA s y n t h e s i s  and e v e n t u a l l y  RNA and 

p r o t e i n  s y n t h e s i s  were d i r e c t l y  c o r r e l a t e d  (Kuroki e t  a l . ,  1969, 1970).

The f i r s t  two phases  o u t l i n e d  have been amply s t u d i e d  but 

im p o r tan t  q u e s t i o n s  remain u n reso lved  f o r  phases  t h r e e  and f o u r ;  t h e  

s p e c i f i c  i s s u e s  d e a l t  w i th  h e re  a r e :

1) Although i t  i s  e s t a b l i s h e d  t h a t  4-NQ.O i n t e r a c t s  w i th  c e l l u l a r  

DNA, no s t u d i e s  d i s t i n g u i s h  between m i to c h o n d r ia l  and n u c l e a r  DNA — 

an im por tan t  d i s t i n c t i o n  in  view o f  t h e  c e l e b r a t e d  Warburg h y p o th e s i s  

t h a t  im pa i red  r e s p i r a t i o n  g e n e r a l l y  accompanies  c a r c i n o g e n e s i s  and 

indeed  may be i t s  r o o t  cause (Racker ,  1972);  G au se ' s  s t u d i e s  on 

r e s p i r a t o r y - d e f i c i e n t  b a c t e r i a l  m u tan ts  (1966) and W under l ich ' s  (1971, 

1972 ) r e c e n t  r e p o r t s  t h a t  c e r t a i n  c a r c in o g e n ic  hydrocarbons  s e l e c t i v e l y



i n t e r a c t  w i th  m i to c h o n d r ia l  DNA — point", up t h e  q u e s t i o n :  does *t-NQ.O

i n t e r a c t  p r e f e r e n t i a l l y  w i th  c e l l u l a r  DNA's and i f  so which DNA — mDNA 

or  nDNA?; and,

2 ) which a r e  t h e  e a r l i e s t  d e t e c t i b l e  changes a f t e r  t h e  i n i t i a l  

i n t e r a c t i o n  n o ta b ly  in  morphology and macromolecula r  s y n t h e s i s ?

3 ) which b io c h e m ic a l ly  and m o rp h o lo g ic a l ly  i n v a r i a n t  h e r e d i t a r y  

changes  a r e  induced by 4-NQ.07

Ques t ions  1 and 2 a r e  d e a l t !  w i th  in  s e c t i o n  T and q u e s t i o n  3 in  

s e c t i o n  2 .

We sought  t o  answer t h e s e  q u e s t i o n s  by means o f  a p ro tozoan  which 

p e r m i t s  a unique  m orpholog ica l  d i s t i n c t i o n  between nDNA and mDNA, and 

by c o r r e l a t i n g  b io c h em ica l ,  u l t r a s t r u c t u r a l ,  and cytochemical changes .

The fo l lo w in g  p a ra g rap h s  d e s c r i b e  C r i t h i d i a  f a s c i c u l a t a  and i t s  

ad v an tag es  and d i s a d v a n ta g e s  as  a model system; methodology w i l l  then  

be d i s c u s s e d .

C r i t h i d i a  i s  a nonpa thogen ic  i n s e c t  g u t  p a r a s i t e  e a s i l y  grown 

a x e n i c a l l y  i n  crude or  d e f i n e d  media supplemented w i th  heme -("usually 

s u p p l i e d  as  hemin);  i t  cannot s y n t h e s i z e  p ro to p o r p h y r in  (Lwoff, I 9 5 1 ) ftand



' [ a v a i l a b le  heme i s  a lm os t  e n t i r e l y  l ack ing  in  such m a t e r i a l s  a s
t

b a c t e r i o l o g i c a l  p e p to n es  and y e a s t  e x t r a c t s .  Moreover, C r i t h i d i a  i s  

in e x p e n s i v e l y  grown i n  bu lk  f o r  b iochemica l a n a l y s i s .  Cri t h i d i a  has 

a.-tough o u t e r  c e l l  w a l l ,  so e n a b l i n g  t h e  p r e p a r a t i v e  t e c h n i q u e s  of  

e l e c t r o n  microscopy and genera l  c y to ch e m is t ry  t o  be a p p l i e d  with  

minimal d i f f i c u l t y .  A ls o ,  i t  i s  c lo n a b l e  on s o l i d  s u b s t r a t e s  (a g a r )  

th e re b y  a s s u r i n g  a homogeneous p o p u la t i o n  f o r  b iochemical s t u d i e s  and 

s e l e c t i o n  o f  m u tan ts  when d e s i r a b l e  (Cohen & Zahalsky ,  1968).

C r i t h i d i a  has  been  well  c h a r a c t e r i z e d  m o rp h o lo g ic a l ly  ( Brooker,  

1971; Kusel e t  a l . ,  1967) and b io c h e m ic a l ly .  D e sp i t e  t h e  f a c t  t h a t  

i t  i s  an a e r o b i c  f e r m e n t e r ,  i . e . ,  i t  i n c o m p le te ly  o x i d i z e s  su g a r s  

(von Brand, 1966),  Hunter (1957) has shown t h a t  C r i t h i d i a  can f o l lo w  

t h e  co n v en t io n a l  t r i c a r b o x y l i c  a c i d  pathway a e r o b i c a l l y ,  and t h a t  t h e  

d e g r a d a t i o n  o f  g l u c o s e  i s  a t y p i c a l  g l y c o l y s i s .  The r e s p i r a t o r y  

chain  l o c a t e d  in  t h e  long ,  s i n g l e  m i tochondr ion  (M arg u l ie s ,  1970; 

Vickerman, 1962) c o n s i s t s  o f  cytochromes a . - ^ ,  coenzymes ^

and t h e  unusual t e rm in a l  o x id a se ,  cytochrome o x id a s e  £  ( B a e r n s t e i n ,  

1963; H i l l  e t  a l . ,  1 9 6 8 ; H i l l  & Anderson,  1970; H i l l  & White,  19 6 8 ) .



Other f e a t u r e s  a rg u e  f o r  i t s  use  as  a model system with  which t o  

pu rsue  th e  q u e s t i o n s  j u s t  posed. Aside  from b e in g  e u k a r y o t i c ,  th e  

system i s  a c c e s s i b l e  t o  a wide v a r i e t y  of  ex p e r im en ta l  p ro ced u res  

ranging  from e l e c t r o n  microscopy t o  c e l l  f r a c t i o n a t i o n  t e c h n i q u e s ;  

moreover,  i t  i s  a r e p r o d u c i b l e  system w ith  minimal v a r i a b i l i t y ,  in  

c o n t r a s t  t o  metazoan systems where age ,  sex ,  r o u t e  of  a d m i n i s t r a t i o n ,  

hormonal s t a t u s ,  t i s s u e  and organ s p e c i f i c i t i e s ,  and immunity phenomena 

c o m p l ica te  i n t e r p r e t a t i o n  o f  e x p e r im en t s .  See  F r e n k e l ,  (1969) ;  and 

Huseby, (1969) f o r  a d e t a i l e d  d i s c u s s i o n  o f  models  and t h e i r  u se s  and 

m isuses ,  i n  th e  s tudy  o f  oncology.

A s e r i o u s  d i s a d v a n ta g e  o f  C r i t h i d i a  i s  t h e  f a c t  t h a t  t h i s  organism 

i s  n o t  known to  have any s e x u a l i t y ,  ( i . e . ,  m e io s i s  and f e r t i l i z a t i o n )  

nor i s  i t  known t o  ha rbo r  phages t h a t  could  be employed f o r  g e n e t i c  

t r a n s f e r s .  T h i s  p r e c l u d e s  g e n e t i c  a n a l y s i s  t o  c h a r a c t e r i z e  mutan t  

s t r a i n s  and p r e v e n t s  ready d e c i s io n  as t o  whether  a m uta t ion  i s  

cy to p la sm ic  o r  n u c l e a r .

Two c y t o l o g i c a l  f e a t u r e s  o f  C r i t h i d i a  recommend i t  f o r  s tudy  o f  

DNA-binding a g e n t s ,  such as 4-NQ.O. In  th e  long s i n g l e  m itochondr ion ,  

near  t h e  basa l  body o f  t h e  f t a g e l l u m  i s  a s t r u c t u r e  unique  t o  t h e  Order



K i n e t o p l a s t i d a e  (Honigberg,  1967) c a l l e d  t h e  k i n e t o p l a s t .  The 

k i n e t o p l a s t  i s  a s p e c i a l i z e d  s e c t i o n  o f  t h e  m i tochondr ion  s i t u a t e d  

i n  t h e  i n n e r  m a t r ix  c o n t a i n i n g  up t o  30% o f  t h e  t o t a l  c e l l u l a r  DMA 

(Riou & P a u t r i z e l ,  1969; S t e i n e r t  e t  a t . ,  1969).  I t  has long been 

known t h a t  t h e  k i n e t o p l a s t  i s  s u s c e p t i b l e  t o  damage (Simpson & DaSilva ,  

1971) by s ev e ra l  d rugs  which b ind  t o  DNA such  as  a c r i f l a v i n e  (Cosgrove,  

1966; Guttman & Eisenman, 19 6 5 J H i l l  & Anderson, 1969? Kusel e t  a 1 . ,  

1967i Simpson, 1968; S t u a r t  & Hanson, 1967; T rag e r  & Rudzinska,  I 96A) 

and e th id iu m  bromide ( S t e i n e r t  e t  a l . ,  1969; T h i r i o n  & K u p e rsz te in ,

19 6 8 }• Exposure t o  t h e s e  d rugs  f o r  3 - ^  days induces  a c o n d i t i o n ,  

known as  d y s k i n e t o p l a s t y ,  i n  which k i n e t o p l a s t  u l t r a s t r u c t u r e  c o l l a p s e s  

l e a v in g  an a b o r t i v e  m i tochondr ion  and a condensed e l e c t r o n  opaque mass 

of what had been DNA f i b r i l s ,  a t  c o n c e n t r a t i o n s  which do no t  a f f e c t  

t h e  n u c l e u s .  The s im u l t a n eo u s  d i s s a p p e a r a n c e  o f  kDNA bands i n  cesium 

c h l o r i d e  g r a d i e n t s  i n d i c a t e  t h a t  d y s k i n e t o p l a s t y  i s  th e  r e s u l t  o f  

p r e f e r e n t i a l  damage to  kDNA (Renger & Wolstenholme, 1971; Simpson,

1968; S t e i n e r t  & Van A ss e l ,  1967) .  Hence i n d u c t io n  o f  d y s k i n e t o p l a s t y  

can be taken  as  an in dex  o f  a s e l e c t i v e  i n t e r a c t i o n  w i th  kDNA.



A second u s e f u l  c y t o l o g i c a l  f e a t u r e  o f  Cri t h i d i  a i s  t h e  p r e s e n c e  in

t h e  n u c leu s  o f  a s i n g l e  prominant n u c leo lu s  p o s s e s s i n g  u l t r a s t r u c t u r a l

f e a t u r e s  c h a r a c t e r i s t i c  of  a metazoan c e l l  n u c l e o l u s .  The n u c le o l u s ,

l i k e  t h e  k i n e t o p l a s t ,  i s  s u s c e p t i b l e  t o  a l t e r a t i o n  by a g e n t s  which b ind

s e l e c t i v e l y  t o  DNA, i n  t h i s  c a se ,  however,  by a d i f f e r e n t  c l a s s  o f

& Smetana,
compounds, t y p i f i e d  by ac t inom ycin  D (Busch, 1970; Simard,  1970}. 

Exposure t o  ac t inom yc in  r e s u l t s  i n  n u c l e o l a r  s e g r e g a t i o n  in  mammalian 

c e l l s ,  (Reynolds  e t  a l , ,  1964; S c h o e f l ,  1964) ,  i . e . ,  t h e  s e p a r a t i o n  of 

g r a n u l a r  and f i b r i l l a r  e lem en ts ,  a t  c o n c e n t r a t i o n s  no t  a f f e c t i n g  

cy to p la sm ic  s t r u c t u r e s .  The i n d u c t i o n  o f  n u c l e o l a r  s e g r e g a t i o n  by a 

chemical i s  t h e r e f o r e  taken  a s  an index of  s e l e c t i v e  i n t e r a c t i o n  w i th  

n u c l e o l a r  DNA (nuDNA) (Simard,  1970).

Reynolds e t  a l .  (1963) ,  has a l r e a d y  shown t h a t  4-NQ.0 in d u ces  

n u c l e o l a r  s e g r e g a t i o n  in  c u l t u r e d  mammalian c e l l s ,  s u g g e s t in g  t h a t  

nuDNA i s  t h e  t a r g e t  o f  4-NQO. In  t h i s  s tu d y  we use  C r i t h i d i a  w i th  i t s  

un ique  complement o f  o r g a n e l l a r  DNA, i n  an a t t e m p t  t o  de te rm in e  th e  

s e l e c t i v e  b ind in g  p r o p e r t i e s  o f  4-NQ.O.

P a r t  two of t h i s  t h e s i s  i s  p r e d i c a t e d  on an e a r l i e r  f i n d i n g  t h a t  

con t inuous  exposure  o f  a s i n g l e - c e l l e d  e u k a r y o t e  to  4-NQ.O can induce



permanent d e f e c t s  in  c e l l  metaboli sm and morphology (Mita e t  a l . ,  1966) .  

Permanently  a l t e r e d  c lones  such as  th e se  a r e  c o n s id e red  t o  be m ic ro b ia l  

models o f  c ance r  c e l l s  (Gause,  19661. Hutner  e t  a l .  (1967) succeeded 

i n  inducing  perm anen t ly  b leached  s t r a i n s  o f  Euglena g r a c i l i s  by 

con t inuous  exposu re  to  4-NQ.O; b u t  Cri t h i d i  a l a ck s  an obvious  

morpholog ica l  f e a t u r e  such as  c h l o r o p l a s t  development;  hence ,  we 

tu rn e d  to  t h e  w e l1- c h a r a c t e r i z e d  y e a s t  r e s p i r a t o r y  d e f i c i e n t  (RD) 

system f o r  a s u i t a b l e  b iochemica l  m a r k e r . (N a g a i ,  1961).

U-NQ.0 h as  been shown t o  induce r e s p i r a t o r y - d e f i c i e n t  mutants  in  

y e a s t  i n d e p e n d e n t ly  by Nagai,  (1969) and E p s t e i n  & S t .  P i e r r e ,  (1969) 

w i th  e f f i c i e n c i e s  approach ing  100%. The RD m u ta t io n  c o n s t i t u t e s  a 

c l a s s  of  m u ta t io n  c h a r a c t e r i z e d  by a l t e r a t i o n s  in  ( 1) morphology 

(small  c o l o n i e s )  and ( 2 ) phys io logy  (s low growth) and b io c h e m is t r y  

( a l t e r a t i o n s  i n  r e s p i r a t o r y  pigments) (Nagai e t  a l . ,  1961) .  I t  i s  

p a r t i c u l a r l y  s u i t a b l e  f o r  ou r  purposes  b ecau se  bo th  RD mutan ts  and 

c an c e r  c e l l s  have in  common m a l fu n c t io n in g  r e s p i r a t o r y  systems, hence 

t h e  RD m u ta t io n  has been co n s id e re d  by some a s  a y e a s t  c o u n t e r p a r t  o f  

cance r  (Gause,  1966).  The d i a g n o s t i c  t e c h n i q u e s  r e q u i r e d  t o  i s o l a t e  

RD mutants  a r e  r e a d i l y  a p p l i c a b l e  t o  C r i t h i d i a .



Our o b j e c t i v e  in  P a r t  two t h e r e f o r e ,  was t o  induce  i n  C r i t h i d i a  

a r e s p i r a t o r y - d e f i c i e n t  c o n d i t i o n ,  s i m i l a r  t o  t h a t  a ch ieved  in  

Saacharomyces, by con t inuous  exposure  t o  4-NQ.O. The methods o f  

d i a g n o s i s  in c lu d e  t h e  use of  t e t r a z o l i u m  s a l t s  w i th  which one can 

d e t e c t  c o lo n ie s  d e f i c i e n t  in  e l e c t r o n  t r a n s p o r t  (Ogur e t  a l . ,  1957)* 

measurement o f  growth r a t e s ,  c lone  d i a m e t e r s ,  and  s p e c t r o p h o to m e t r i c  

a n a l y s i s  o f  r e s p i r a t o r y  p igments  (Chance, 1952; 1954).

In  t h e  fo l low ing  s e c t i o n  t h e  methods used in  t h i s  t h e s i s  a r e  

d e s c r ib e d  i n  d e t a i l .  In  s e c t i o n  3 and 4 r e s u l t s  r e l a t i n g  t o  t h e  e a r l y  

changes induced by 4-NQO a r e  p r e s e n t e d  and i n t e r p r e t e d .  In  the  5th 

and 6 t h  s e c t i o n s  t h e  permanent changes  fo l lo w in g  p e r s i s t a n t  exposure  

t o  4-NQO a r e  p re s e n te d  and di s cu s se d .



METHODS

Organism and C ond i t ions  o f  Growth

C r i t h i d i a  f a s c i c u l a t a  ATCC 117k 5 f  o b t a i n e d  from S, H. Hutner o f  

Haskins L a b o r a t o r i e s  a t  Pace C o l l e g e ,  New York, was m a in ta in e d  in  

screw-capped tu b es  c o n t a i n i n g  10 ml o f  d e f in e d  or  crude  medium a t  27  C. 

A 1aminar-f1ow hood was used t o  a s s u r e  s t e r i l e  c o n d i t i o n s .  C u l tu re s  

f o r  b iochemical a n a l y s e s  were grown in  ^ t o  8 1-1  i t e r  f l a s k s  c o n t a i n i n g  

500 ml o f  growth medium. Crude medium c o n ta i n e d  0 . 5% T r y p t i c a s e ,  

B a l t im ore  B io l o g i c a l  L a b o r a t o r i e s  (BBL), 0.5% y e a s t  e x t r a c t  (BBL), and 

1.5% s u c r o s e ,  pH 7 -6 .  Hemin (Sigma) was d i s s o l v e d  in  50%

T r ie t h a n o l  amine added t o  a f i n a l  c o n c e n t r a t i o n  o f  15 P-g/ml b e fo re  

a u t o c l a v i n g .  The d oub l ing  t im e  was 3 .3  hr (d e te rm in ed  a s  t ime f o r  

doub l ing  o f  absorbance  a t  5 k 0 nm measured in  s id e -a rm  f l a s k s  (B e l l c o )  

between 0.1 and 0 .7  abso rbance  u n i t s .  The s i d e  arms f i t t e d  t h e  

c a r r i e r  o f  t h e  s p ec to p h o to m e te r ,  e n a b l in g  r a p i d  measurements  o f  

t u r b i d i t y  a f t e r  t i p p i n g  t h e  c o n t e n t s  o f  t h e  f l a s k  i n t o  t h e  s id e - a r m .

The p ro to z o a  were grown t o  l a t e  log  phase  which u s u a l l y  r e q u i r e d  2-3 

days  on a g y r o r o t a r y  p l a t f o r m  s e t  in  a w a ter  b a th  a t  25  C.



The d e f i n e d  medium f o r  C r i t h i d i a  f a s c i c u l a t a  was m o d i f ied  from 

t h a t  o f  Bacchi e t  a 1 . ( 1 9 6 9 ) by d e l e t i n g  guan o s in e ,  o r o t i c  a c i d ,  

b i o p t e r i n ,  and thymine,  and s u b s t i t u t i n g  T r i e t h a n o l  amine f o r  Q,uadro1 

as  t h e  hemin s o l v e n t ;  f i n a l  pH J . h  ( s e e  Appendix ) .  The hemin in  th e  

1ow-heme medium had a d e f in e d  medium f i n a l  c o n c e n t r a t i o n  o f  2 . 0  ng/ml 

i n s t e a d  o f  15 pg /m l ,  pH 7*2.

Cloning and D e te rm ina t ion  o f  P l a t i n g  E f f i c i e n c y

E a r ly  l o g - p h a s e  c e l l s  were counted by hemocytometer a f t e r  

immobi l iz ing  t h e  c e l l s  w i th  HgC^J a p p r o p r i a t e  c u l t u r e  d i l u t i o n s  f o r  

p l a t i n g  were made t o  o b t a i n  between 30 and 300  c o l o n i e s  pe r  p l a t e .

One t e n t h  ml o f  a c e l l  s u sp en s io n  was added t o  each p l a t e  c o n ta i n in g  

c rude  medium s o l i d i f i e d  w i th  1.25% ag a r  ( “ Noble Agar1’, Di'fco) and 

s p re ad  w ith  an "L"-shaped  g l a s s  rod .  Agar p l a t e s  were p re p a red  one 

day b e f o r e  use and checked f o r  s t e r i l i t y .  A f t e r  7 -9  days growth was 

e v i d e n t  a s  c o l o n i e s  w i th  a r e g u l a r  m arg in .  P l a t i n g  e f f i c i e n c y  i s  

e x p r e s s e d  as  t h e  r a t i o  o f  number o f  c o l o n i e s  counted t o  t h e  number of 

cel  1s p l a t e d  X 1 00.

T e t r a z o l iu m  Overlay  Technique

Stock  s o l u t i o n s  were p re p a red  a s  fo l l o w s :



I .  0 .67  M phospha te  b u f f e r  pH 7 . 0 .  T r ip h en y l  t e t r a z o l i u m  c h l o r i d e  

(TTC) 0 .0 6  M (0 .2%).

IX. D o u b le - s t r e n g th  ’’c ru d e"  medium + 2 , 5 %  Noble a g a r .

S o lu t io n s  I and I I  were s t e r i l i z e d  by a u t o c l a v i n g  and s t o r e d  a t  4 C. 

T e t r a z o l iu m  r e d u c t i o n  was t e s t e d  by m e l t i n g  I I  and add ing  i t  t o  an 

equal  amount o f  I .  Approximate ly  10 t o  20 ml o f  t h e  f i n a l  t e s t  a g a r  

( a t  1*0-4? C) was poured over 7 -9  d a y -o ld  p l a t e s  having 30-100 c o l o n i e s .  

Within  s i x  hours  o f  c o n ta c t  w i th  t h e  o v e r l a y ,  c o l o n i e s  endowed with  

i n t a c t  r e s p i r a t o r y  cha ins  reduced th e  c o l o r l e s s  t e t r a z o l i u m  to  t h e  

i n s o l u b l e  red  formazan;  c o l o n i e s  with a d e f e c t i v e  e l e c t r o n - t r a n s p o r t  

sys tem remained a t r a n s l u c e n t  g ra y .

P r e p a r a t i o n  o f  C e l l s  f o r  E l e c t r o n  Microscopy

C e l l s  grown i n  10 m! o f  d e f in e d  medium ( i n  125 X 20 mm l o o s e l y  

capped tu b e s )  t o  a d e n s i t y  o f  7-8 X 10^ ce11s/m1 were exposed t o  2 .5  

pg/ml 4-NQ.O f o r  1.25 hr  a t  27 C. These  c e l l s  were c e n t r i f u g e d  a t  1,240 

and washed 2X w i th  RSM b u f f e r .  (RSM b u f f e r ,  r o u t i n e l y  used  t o  

p r e s e r v e  ribosomal  i n t e g r i t y ,  was an e x c e l l e n t  wash s o l u t i o n  f o r  i n t a c t  

c e l l s  t o  be  f i x e d  f o r  e l e c t r o n  m ic ro s co p y . )
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E l e c t r o n  Microscopy

C e l l s  were f i x e d  f o r  1 hr in  0.1 M sodium cacodyl a t e  b u f f e r ,  

pH 7*4, c o n ta i n in g  2.5% g l u t a r a l d e h y d e  and 0.05% calc ium c h l o r i d e .

They were p o s t - f i x e d  i n  1% osmic a c i d  a f t e r  washing in  cacodyl a t e  

b u f f e r  f o r  1 h r ;  t h e s e  p ro c e d u re s  were c a r r i e d  o u t  a t  4 C. Fo llowing 

f i x a t i o n  t h e  p e l l e t  was s t a i n e d  in  1% uranyl a c e t a t e  and dehydra ted  

th rough a g rad ed  a lco h o l  s e r i e s .  A f t e r  c l e a r i n g  in  p ro p y le n e  oxide 

t h e  p e l l e t  was embedded i n  Epon ( L u f t ,  1961) i n  p o l y e th y le n e  c a p s u le s .

The c a p s u le s  were p l a c e d  in  an oven a t  60 C f o r  48 h r  f o r  p o l y m e r i z a t i o n .  

A f t e r  p o ly m e r i z a t io n  b lo ck s  were removed from t h e  c a p s u l e s ;  and t h i n  

s e c t i o n s ,  c u t  w i th  a Por te r -B lum  u l t r am ic ro to m e  equ ipped  with  a 

diamond k n i f e ,  were p ic k e d  up on uncoated  copper g r i d s .  The s e c t i o n s  

were d o u b l e - s t a i n e d  w i th  uranyl a c e t a t e  and le ad  c i t r a t e  (Watson,

1958) and examined in  a P h i l l i p s  EM 300 e l e c t r o n  mic roscope .

U l t r a s t r u c t u r a l  Cy tochem is t ry

P e ro x id a se  s t a i n i n g  (Graham & Karnovsky, 1966) a s  m od if ied  by 

Novikoff  & G o ld f i s c h e r  (1969) was used to  d e t e c t  i n t r a c e l l u l a r  

l o c a l i z a t i o n  o f  c a t a l a s e .  Th is  t e c h n iq u e  had a l low ed  v i s u a l i z a t i o n  of  

r a t  l i v e r  and r a t  kidney peroxisomes i n  a l d e l y d e - f i x e d  c e l l s  f o r  bo th



l i g h t  and e l e c t r o n  microscopy;  c o n se q u e n t ly ,  t h e  p ro ced u re  d e s c r i b e d  

under " E l e c t r o n  microscopy"  was i n t e r r u p t e d  a f t e r  t h e  a ldehyde  

f i x a t i o n  s t e p .  DAB o x i d a t i o n  medium ( s e e  Appendix) was then  added 

a f t e r  2 washes in  cacodyl a t e  b u f f e r  and t h e  p e l l e t  in c u b a te d  a t  37  C 

fo r  0 . 5 - 1 . 0  h r .  The r e a c t i o n  was performed a t  a l k a l i n e  pH (pH 8 -9 )  

and high  c o n c e n t r a t i o n s  o f  DAB and H2O2 were used ( s e e  Appendix ) .

A f t e r  2 washes i n  b u f f e r ,  p r e p a r a t i v e  p ro c e d u re s  f o r  e l e c t r o n  microscopy 

were c o n t in u ed  as  d e s c r i b e d .

C y tochem is t ry

P ro to zo a  were suspended in  a b u f f e r  c o n ta in in g  s u c r o s e  (0 .2 5  M), 

t r i s  ( 0 .0 2  M), and bov ine  serum albumin (1%), pH 7 . 4 .  (Vickerman,

1962),  a drop p l a c e d  on a g l a s s  s l i d e  and a i r  d r i e d .  The c e l l s  were 

f i x e d  i n  ca lc ium -form ol  f i x a t i o n  (see  Appendix) f o r  5 rnin a t  4 C 

( P e a r s e ,  1968).  A f t e r  washing i n  t h e  same b u f f e r  t h e  s l i d e s  were 

i n c u b a t e d  i n  DAB o x i d a t i o n  medium pH 9 and 6 a t  37 C f o r  1 h r .

The s t a i n e d  c e l l s  were washed in  d i s t i l l e d  w ater  d r i e d  and 

photographed a t  1250X under  a Z e i s s  p h a s e - c o n t r a s t  m ic roscope .  

Morphometry

R e l a t i v e  volumes of  c e l l  s t r u c t u r e s  were measured on p r i n t s
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e n la r g e d  to  8 " X 10" a t  a f i n a l  m a g n i f i c a t i o n  o f  19*500 d i a m e t e r s .  A 

g r i d  c o n s i s t i n g  o f  17 p a r a l l e l  l i n e s  spaced 8 . 5  mm a p a r t  was l a i d  over  

th e  e l e c t r o n  m ic rog raph j  the  g r i d  was c o n s t r u c t e d  from Seal f i x  S c a l e s  

(Bell  A r t  P ro d u c t s )  ru le d  a t  mm i n t e r v a l s  ( s e e  F ig .  16) .

The l e n g th  o f  t h e  sampling l i n e  which t r a v e r s e d  t h e  c r o s s  s e c t i o n  

o f  each c l a s s  o f  s t r u c t u r e s  was measured in  mm. Measurements on each 

o f  t h e  p a r a l l e l  l i n e s  were t a b u l a t e d  s e p a r a t e l y  a s  shown in  T a b le  16. 

A f t e r  t h e  sum o f  in d iv id u a l  columns was c a l c u l a t e d ,  the  r a t i o  o f  each 

component t o  t h e  whole cel 1 was a n a ly z e d  by m u l t i p l y i n g  th e  t o t a l  f o r  

each  componant by 100 /  whole c e l l .

Two u n d e r ly in g  assumptions  o f  q u a n t i t a t i v e  s t e r e o l o g y  a r e  t h a t  

th e  r e p r e s e n t a t i v e  s e c t i o n s  a r e  randomly o r i e n t e d  and o f  n e g l i g i b l e  

t h i c k n e s s  (Loud, 1962, 1968; W eibel,  1969).  A second person  s e l e c t e d  

random s e c t i o n s  t o  avoid  b i a s  o f  t h e  i n v e s t i g a t o r .  Bias from s e c t i o n  

t h i c k n e s s  was r u l e d  ou t  by C r i t h i d j a ' s  being 5 - 8  p  in  d ia m e te r  whereas 

each  s e c t i o n  av e rag e d  between 0.03 and 0 ,0 6  p.. Although t h e  dense  

b o d ie s  averaged  0 . 5  p  in  d iam eter  t h i s  f a c t o r  i s  p ro b ab ly  no t  

s i g n i f i c a n t  w i th  r e s p e c t  t o  s e c t i o n  t h i c k n e s s  (Baudhuin,  1968).
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P r e p a r a t i o n  o f  Drug S o lu t io n

4 - N i t r o q u i n o l i n e  _N-oxide r e c r y s t a l l i z e d ,  m.p* 157-9 C (Beacon 

Chemical I n d . ) ,  was p rep a red  under a hood by d i s s o l v i n g  in  water  and 

warming g e n t l y  on a hot p l a t e  equipped w i th  a magnet ic  s t i r r e r .  A 

s to c k  s o l u t i o n  of  100 [ig/ml was p r e p a r e d  and s t e r i l i z e d  by f i l t r a t i o n  

th rough  a Swinnex-25 s t e r i l e  f i l t e r  u n i t  ( M i l l i p o r e ) ,  pore  d iam e te r  

0 .22  n .  4-NQ.O s o l u t i o n s  were a lways p rep a red  and s t o r e d  in  t h e  dark  

t o  p reven t  photodynamic r e a c t i o n  in  s o l u t i o n  (Nagata  e t  a l . ,  1967).  

PoTarography

a) P r e p a r a t i o n  o f  C e l l s

C e l l s  were grown a e r o b i c a l l y  t o  l a t e  log phase  i n  an in c u b a to r  

equipped w i th  a r o t a t i n g  p l a t f o r m .  A f t e r  t h e  pH was r a i s e d  from 4 . 5  

t o  7 .6  w i th  1 N KOH, t h e  organisms were c e n t r i f u g e d  in  500 ml 

po ly p ro p y len e  b o t t l e s  a t  3000 rpm (1,465g} f o r  10 min in  a S o r v a l l  

RC2-B r e f r i g e r a t e d  c e n t r i f u g e  equipped  w i th  a 6 - p l a c e  GSA f i x e d  a n g le  

r o t o r  and washed 2X i n  s u c r o s e  b u f f e r .  The p ro to z o a  were th e n  p i p e t t e d  

i n t o  a 10 ml g ra d u a te d  co n ica l  c e n t r i f u g e  tube  and c e n t r i f u g e d  i n  a 

Hb-4 swinging bucke t  r o t o r  a t  2500 rpm ( l ,020  f o r  10 min.  Excess 

hemin a t  t h e  s u r f a c e  o f  t h e  p e l l e t  was a s p i r a t e d  o f f .  Suspens ions



were q u a n t i t a t e d  as  pe r  c en t  packed c e l l  volume (PCV); a p p r o p r i a t e  

d i l u t i o n s  were made in  su c ro se  b u f f e r .

b) Measurement o f  Op Consumption

O2 consumption was measured p o l a r o g r a p h i c a l l y  a t  25 C i n  a

G i l so n  Oxygraph (G i lson  Medical E l e c t r o n i c s ,  Mode! KM) equ ipped  w i th

a C l a r k - t y p e  e l e c t r o d e  assembly .  The e l e c t r o d e  (Yellow Spr ings

In s t ru m e n t  C o . ) ,  used a t  a p o l a r i z i n g  v o l t a g e  o f  0 .8 ,  was i n s e r t e d

i n t o  a g l a s s  r e a c t i o n  chamber, o f  6 -ml c a p a c i t y  equipped w i th  a

magnet ic  s t i r r e r .  A T e f lo n - c o v e re d  " f l e a "  i n  t h e  r e a c t i o n  chamber

p r e v e n te d  s e d im e n ta t io n  and unequal d i s t r i b u t i o n  o f  c e l l s  d u r ing  t h e

exper im en t  and f a c i l i t a t e d  e q u i l i b r a t i o n  between th e  O2 d i s s o l v e d  in

t h e  medium and t h a t  d i f f u s i n g  th rough  t h e  Mylar membrane cover ing

t h e  e l e c t r o d e .  The f i n a l  r e a c t i o n  m ix tu re  was 6 ml.  The te m p e ra tu re

was c o n t r o l l e d  by con n ec t in g  t h e  w a t e r - j a c k e t e d  c e l l  t o  a t h e rm o s ta te d

c i r c u l a t i n g  b a th .

C a l c u l a t i o n  o f  up take  was based  on a norm al ized  0^ c o n c e n t r a t i o n  

o f  2*f0 yM a t  25 C and ~760 mm Hg ( H i l l ,  1968; H i l l  & White,  1968).  

R e s u l t s  a r e  ex p re ssed  as  nmoles Oj/mg p r o t e i n / m i n  (E s ta b ro o k ,  19 6 7 ) -  

P r o t e i n  D e te rm in a t io n
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P r o t e i n  v a lu e s  were de te rm ined  a cc o rd in g  t o  t h e  method o f  Lowry 

e t  a l .  (19515* Bovine serum albumin (Sigma) s e r v e d  as  s t a n d a r d .

The Bausch S- Lomb S p e c t r o n i c  20 was used  f o r  al 1 absorbance  

measurements.

R ad io i so to p e  I n c o r p o r a t i o n  Experiments

U r a c i l - 2 - ( ^ C ) ,  s p e c i f i c  a c t i v i t y  5 ^ .9  mC/mM (Amersham-Searle) 

was used to  measure  i n  v ivo RNA s y n t h e s i s .  S ide-a rm  f l a s k s  c o n ta i n in g  

100 ml d e f in e d  medium were i n o c u l a t e d  w i th  C r i t h i d i a  and grown t o  a 

d e n s i t y  of  0.250 absorbance  u n i t s  (520 nm). Each f l a s k  r e c e iv e d  

0 ,2  ml o f  a 5 p.C/ml s o l u t i o n  o f  u rac i  1- 2 - (  ^ C ) . 0ne~m1 a l i q u o t s  

were removed a t  v a r io u s  t ime i n t e r v a l s  up t o  30 min; 4-NQ.O was added 

and a l i q u o t s  l a t e r  removed a t  s u i t a b l e  i n t e r v a l s  f o r  1 .5  h r .  Each 

a l i q u o t  was p r e c i p i t a t e d  w i th  co ld  5% TCA, poured on a M i l l i p o r e  

f i l t e r  s u c t i o n  a p p a r a t u s  and washed 2X in  c o ld  TCA t o  remove 

a c i d - s o l u b l e  m a t e r i a l .  The f i l t e r s  were oven d r i e d ,  p laced  in  v i a l s  

c o n t a i n i n g  t o l u e n e - b a s e  s c i n t i l l a t i o n  f l u i d ,  and counted  in  a Beckman 

l i q u i d  s c i n t i l l a t i o n  s p e c t r o m e te r  (Paul e t  a l , ,  1969)*

P r e p a r a t i o n  o f  Crude M itochondr ia l  F r a c t io n
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Four 1- l i t e r  b o t t l e s  o f  1og-phase  c e l l s  were h a r v e s t e d  and t h e  

packed c e l l  colume (PCV) de te rm in ed .  Acid-washed g l a s s  beads 

(200 ji, Minnesota  Mining & M an u fac tu r in g ) ,  c e l l s ,  and s u c r o s e  b u f f e r  

were added to  a S o r v a l l  Omnimixer chamber in  t h e  p r o p o r t i o n s  

1 gm:1  m l : 2 . 5  mlj t h e  c e l l s  were d i s r u p t e d  f o r  3 - 6  min a t  7000  rpm, a t  

which t ime exam ina t ion  o f  t h e  s l u r r y  by p h a s e - c o n t r a s t  mic roscopy 

re v e a l e d  app ro x im a te ly  95% c e l l  b reakage .  The homogenate was 

c e n t r i f u g e d  a t  2000  rpm ( 6 5 0 _g) f o r  10 min t o  remove whole c e l l s ,  

l a r g e  d e b r i s  and g l a s s  beads .  The r e s u l t i n g  p e l l e t  was washed 2X 

w ith  s u c r o s e  b u f f e r  and a l l  s u p e r n a t a n t  f l u i d s  were poo led .  A c rude  

m i to c h o n d r ia l  f r a c t i o n  was o b ta in e d  by c e n t r i f u g i n g  a t  10 X 10^ rpm 

( 1 6 , 3 1 8 _g) f o r  10 min.  The c rude  p e l l e t  was washed 2X i n  b u f f e r  and 

a smal l  sample f i x e d  o v e r n i g h t  in  2 . 5% g l u t a r a l d e h y d e  and p re p a red  

fo r  e l e c t r o n  microscopy as p r e v i o u s l y  d e s c r i b e d .  The c rude  m i to c h o n d r ia l  

p e l l e t ,  c o n s i s t i n g  o f  m i to c h o n d r ia l  f r agm en ts  k i n e t o p l a s t s  and f l a g e l l a ,  

as  observed  under t h e  e l e c t r o n  m icroscope ,  was resuspended  in  1 0 -1 5  m! 

o f  s u c r o s e  b u f f e r  and used im media te ly  f o r  a n a l y s i s  o f  cytochrome 

s p e c t r a .  All  o p e r a t i o n s  were a t  4 C ( s e e  f low  d iag ram ) .
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O f f f e r e n c e  S p e c t r a

The d i f f e r e n c e  in  a b s o r p t i o n  between reduced  and o x id i z e d  

suspens ions  o f  m i to c h o n d r ia  was measured by a te ch n iq u e  developed by 

Chance (1952, 1954) and m od i f ied  f o r  C r i t h i d i a  by H i l l  e t  a1 .  (19 6 8 )• 

S p e c t r a  were o b ta in e d  on a Cary Model 14 dual-beam r e c o r d i n g  

s p e c t ro p h o to m e te r .  The c rude  m i to c h o n d r ia l  p r e p a r a t i o n  was d iv id e d  

i n t o  equal p o r t i o n s ,  one of  which was reduced by th e  a d d i t i o n  of 

sodium d i t h i o n i t e  and t h e  o t h e r  o x id iz e d  by a e r a t i o n .  The t e m p e ra tu re  

was 25 C and t h e  o p t i c a l  p a th  l e n g th  o f  th e  s i l i c a  c u v e t t e s  10 mm. 

C a t a l a s e  Assay

Pro tozoa  were m e ch a n ic a l ly  d i s r u p t e d  as  d e s c r i b e d  in  "c rude  

M itochondr ia l  p r e p a r a t i o n " .  A f te r  c e n t r i f u g i n g  a t  2 ,500 ' rpm (1 ,020  £ )  

t o  remove g l a s s  beads ,  whole c e l l s  and d e b r i s ,  th e  s u p e r n a t e  was 

d i l u t e d  1 0 -1 0 0  f o l d  in su c ro se  b u f f e r  and a s sa y ed  f o r  t o t a l  c a t a l a s e  

a c t i v i t y .  D e te rm in a t io n  o f  s ed im en ta b le  i . e . ,  microbody-bound c a t a l a s e ,  

was by c e n t r i f u g a t i o n  o f  1 0 ,3 1 8  £  s u p e r n a t e  a t  40 ,000 rpm ( 1 0 5 ,0 0 0  £ )  

f o r  30 min i n  a Spinco  model L-2 u l t r a c e n t r i f u g e  equ ipped  w i th  a 

t i - 5 0  f i x e d  a n g l e  r o t o r .  The r e s u l t i n g  p e l l e t  and s u p e r n a t e  were



25

then  a ssayed  f o r  c a t a l a s e  a c t i v i t y  as  f o l l o w s  (Diagram 3)*

P r e p a r a t i o n s  were p r e - t r e a t e d  f o r  1 min w i th  1% v /v  T r i t o n  X-100 

(Baudhuin,  1968) t o  a s s u r e  r e l e a s e  o f  enzyme and were in c u b a ted  a t  

0 C fo r  3 min in  a m ix tu r e  c o n ta i n in g  0 .2  M imidazole-HCl b u f f e r  

pH 7 . 2 ,  0.1% bovine  serum albumin and 0.0003% (1 .5  mM) H2O2 (Baker) 

in  a t o t a l  volume of  5 .2  ml.  The r e a c t i o n  was s topped by a d d i t i o n  o f  

3 ml of  a s a t u r a t e d  s o l u t i o n  of  t i t a n i u m  o x y s u l f a t e  (K & K) in  2N 

HjSO^* d i l u t e d  1.5X. The remaining H^O^j c o n v e r ted  i n t o  a ye llow 

re a c t io n  p r o d u c t ,  was measured c o l o r i m e t r i c a l 1y a t  410 nm. The 

c o n c e n t r a t i o n  of  H2O2 a t  zero  t ime  was measured on an un incuba ted  

m ix tu re  o f  t h e  same com pos i t ion .  One u n i t  o f  a c t i v i t y  i s  d e f in ed  

(Baudhuin,  1968) as t h e  amount of  enzyme c au s in g  th e  breakdown of  

90% o f  t h e  s u b s t r a t e  i n  1 min in  a volume of  50 ml under t h e  a ssay  

condions .

Measurement o f  Cel! S iz e

C o u l t e r - c o u n t e r  measurements were made on a p p r o p r i a t e  d i l u t i o n s  

o f  Cri t h i d i a  i n  an e l e c t r o l y t e  c o n ta i n in g  2% formaldehyde and 1.8%

NaCI. S e t t i n g s  were a d j u s t e d  t o  a m p l i f i c a t i o n  1 /4 ,  a p e r t u r e  c u r r e n t  1 /8 .
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DIAGRAM 3

Flow c h a r t  f o r  i s o l a t i n g  C r i t h i d i a  f a s c i c u l a t a  c ru d e  m i to c h o n d r ia l  and

s o l u b l e  f r a c t i o n s .

1s t  s u p e r n a t e

10 grams o f  washed whole c e l l s  

g l a s s  beads

ommitn x

s l u r r y  (examine f o r  9 8% break ag e )

wash wi t h  20  ml b u f f e r ,
653  £  X 10 min

p e l l e t  ( c o n t a i n i n g  beads  
and whole cel  1 s)

wash wi th  20  ml b u f f e r  
653 3. X 10 min

2nd s u p e r n a te  p e l l e t  ( d i s c a r d )

16,318 £  X 10 min

s u p e r n a t e  
(c rude  s o l u b l e  
enzyme p r e p a r a t i o n )

pel l e t s
(combined crude  
m i to c h o n d r ia l  p r e p . )

105,000 2  * 30 
mi n

pel l e t  
( s e d im e n t a b le  c a t a l a s e )

^supernate
(d i s c a r d )

16,318 g X 10 min 
(wash 2X)

s u p e r n a te  (non- ^  p e l l e t  ( f i n a l  c rude
se d im e n ta b le  c a t a l a s e )  m i to c h o n d r ia l  p r e p . )
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The lock  p o s i t i o n  w i th  lower t h r e s h o l d  s e t  a t  5 and upper a t  100 was 

used  t o  o b t a in  a f requency  d i s t r i b u t i o n  o f  t h e  volume o f  c e l l s  i n  t h e  

sample  p o p u l a t i o n  in  g r a d a t i o n s  of  1 0 .

S t a t i s t i c a l  Methods

Mean ' ( x ) ,  s t a n d a r d  d e v i a t i o n  (SD), and s t a n d a r d  e r r o r  (SE) were 

computed s e p a r a t e l y  f o r  m ic ro b o d ie s ,  m i to c h o n d r ia ,  and w ho le -ce l l  

volumes by a v e r ag in g  measurements  o b ta in e d  from i n d i v i d u a l  c e l l s .  

T e s t i n g  t h e  s i g n i f i c a n c e  o f  t h e  d i f f e r e n c e  between t h e  two means in  

each  c a teg o ry  was by t h e  s t u d e n t s  t  ̂ t e s t  (Dixon & Massey, 1969).

The method o f  l e a s t  s q u a r e s ,  as  d e s c r i b e d  in  Dixon & M assey - (1969) 

was a p p l i e d  t o  morphometr ic  d a t a .  A s c a t t e r  diagram was g e n e r a t e d  

by p l o t t i n g  v a lu e s  f o r  *> peroxisomes^/whole c e l l  in  an XY p la n e .  The 

r e g r e s s i o n  l i n e  o f  Y on X c a l c u l a t e d  f o r  mutant and c o n t ro l  p o i n t s  

were super imposed on t h e  s c a t t e r  d iagram ,  and th e  s i g n i f i c a n c e  o f  t h e  

d i f f e r e n c e  between t h e  s l o p e s  of  t h e  l e a s t  square  l i n e s  t e s t e d  by th e  

n u l l  h y p o th e s i s  as  d e s c r i b e d  in  Sokal & Rohlf (1969) .

RESULTS 

P a r t  I

a)  S tanda rd i  z a t i  on



28

1) Cloning  and F reez in g

C r i t h i d i a  c e l l s  form c o l o n i e s  on c rude  o r  d e f in e d  agar  

media .  Although colony  fo rm a t io n  may occur  w i th  a g a r  a s  h ig h  as 2%, 

p l a t i n g  e f f i c i e n c y  d e c l i n e d  s h a r p ly  a t  agar  c o n c e n t r a t i o n s  above 2%j 

agar  c o n c e n t r a t i o n s  1% r e s u l t e d  in  a wet s u r f a c e  on which d i s c r e t e  

c o lo n i e s  d id  not form. The optimum agar  c o n c e n t r a t i o n  was 1.25%.

C o lo n ie s  reached  a maximum d iam eter  o f  1 mm a t  7-10 days a t  26 C.

There  was some h e t e r o g e n e i t y  in  co lony  s i z e ;  t h e  l a r g e r  c o l o n i e s ,  

o c c a s i o n a l l y  seen ,  p robab ly  developed from a clumped cel  1 mass.  With 

s u r f a c e  s p re ad in g  a r e p r o d u c i b l e  p l a t i n g  e f f i c i e n c y  of  5 0 - 60% was 

o b ta in e d  (Tab le  1 ) .  A d d i t io n  o f  d i f f e r e n t  s t a b i l i z e r s  i n c lu d in g  gum 

k a ra y a ,  gum xan than ,  and carboxymethyl c e l l u l o s e  d id  not improve 

p l a t i n g  e f f i c i e n c y .

A f r e e z e - s t o r a g e  method, us ing  g l y c e r o l ,  was developed in 

a n t i c i p a t i o n  o f  i s o l a t i o n  o f  mutant s t r a i n s  (Cohen & Zahalsky ,  1969).  

Colony s u r v iv a l  a f t e r  f r e e z i n g  succeeded b e s t  when 5-7 day o ld  c o l o n i e s ,  

grown on agar c o n t a i n i n g  5% g l y c e r o l ,  were o v e r l a i d  with  TTC a g a r .  

G lycero l  c o n c e n t r a t i o n s  above 5% s h a r p ly  i n h i b i t e d  co lony  f o r m a t i o n ;  a t  

c o n c e n t r a t i o n s  o f  10 and 15% colony development was co m p le te ly  i n h i b i t e d .
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TABLE 1

C l o n a b i H t y  o f  Cri t h i d i  a .  C e l l s  were i n o c u l a t e d  o n to  P e t r i  d i s h e s  

a f t e r  a p p r o p r i a t e  d i l u t i o n s  and c e l l  coun t .  C o lon ies  were counted  on 

day 7. The c u l t u r e  c o n ta in e d  "*7.95 X 10^ c e l l s / m l  b e f o r e  d i l u t i o n s  

i n  c rude  medium.

Number o f  organisms

i n o c u l a t e d / p l a t e 78 39 19

Number o f  c o l o n i e s

co un ted /p i  a t e 61 14 14

61 27 15

37 27 9

Average number o f

c o l o n i e s / p l a t e 53 + 1 3 .8 23 1  7 . 5 13 + 3 .2

P l a t i n g  e f f i c i e n c y

(%) 67 61 60
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A f te r  f u l l  c o lo r  development {which normal ly  o c c u r re d  a f t e r  6-12 hr )

p l a t e s  were s to r e d  a t  l i q u i d  N2 t e m p e r a t u r e  ( - 7 ^  C).  A f t e r  thawing a t

room t e m p e ra tu re ,  red  c o l o n i e s  were s e l e c t e d  f o r  i s o l a t i o n  w i th  a

P a s teu r  p i p e t t e .  S u r p r i s i n g l y ,  even in  t h e  ab se n c e  o f  g l y c e r o l  some

c o lo n ie s  proved v i a b l e  a f t e r  i n o c u l a t i o n  i n t o  l i q u i d  media.

2) Po la rography

C r i t h i d i  a su spens ions  e x h i b i t  an av e rag e  r e s p i r a t o r y  r a t e

o f  3 5 .5  + 4 .3  nm 0 2/min/mg p r o t e i n  ove r  a 10- f o l d  range  o f  c e l l

c o n c e n t r a t i o n s .  As seen  in  Table  2,  some v a r i a t i o n  above and below

th e  mean r e s p i r a t o r y  r a t e  occurs  when exp ressed  on a p r o t e i n  b a s i s .

However, i t  i s  c l e a r  t h a t  th e  r a t e s  a r e  independen t  o f  t h e  number o f

c e l l s  i n  t h e  r e a c t i o n  chamber, A resuspended  packed c e l l  volume o f

0 . 6%, i n  p l o t t i n g  O2 consumption a g a i n s t  c e l l  number y i e l d e d  a s h a r p ly

r i s i n g  s l o p e  in  s t a n d a r d  p l o t s .  Th is  su sp en s io n  was used  i n  most

ex p e r im en t s .

The e f f e c t s  o f  v a r io u s  known r e s p i r a t o r y  i n h i b i t o r s  on C r i t h i d i a  

i s  g iven  i n  T ab le  3 . In c lu d e d  i n  t h e  t a b l e  a r e  r e s u l t s  by H i l l  e t  a l ,  

(1 968) ,  Q u a l i t a t i v e l y  t h e  r e s u l t s  a g re ed :  DNP and ro tenone  had no

e f f e c t ,  whereas cyan id e ,  a z i d e ,  and a n t im y c in  i n h i b i t e d  t o  va ry ing  d e g r e e s .
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TABLE 2

E f f e c t  o f  Cell  C o n c e n t r a t i o n  on R e s p i r a t o r y  R a te  in  C r i t h i d i a .  A PCV 

o f  3 ml was d i l u t e d  t o  a c o n c e n t r a t i o n  o f  3% ( v / v j  i n  s u c r o s e  b u f f e r  

and d i l u t i o n s  rang ing  from 3*0  t o  0 . 3% of  t h e  o r i g i n a l  s u sp en s io n  in  

th e  same b u f f e r .  P r o t e i n  and c e l l  counts  were in  d u p l i c a t e  on 

in d i v i d u a l  a l i q u o t s .  C e l l s  were e q u i l i b r a t e d  a t  25 C f o r  30 min 

b e f o r e  measurements were made. R a tes  o f  r e s p i r a t i o n  were c a l c u l a t e d  

between 2 & 5 min t o  account  f o r  t h e  i n i t i a l  b u r s t  of r e s p i r a t i o n  

which u s u a l l y  f o l l o w s  a e r a t i o n  o f  t h e  c e l l  su sp e n s io n .

PCV C el l  /ml jig p ro te in /m l  nm 02 /mi n nm 02 /min/mg p r o t e i n  

(%) X 106 X 102

0.3  *+1.2 4 .12  76 3 0 . 8

0 . 6  8 2 .0  8 .8 0  227  ^3-1

0 .9  123 14.3 304 3 5 .5

1 .2  164 18.9  372 3 3 . 6

1 .5  206  2 1 .6  480  3 7 . 0

3 . 0  412 33 .5  656  3 2 .8
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However, s i g n i f i c a n t  q u a n t i t a t i v e  d i f f e r e n c e s  were observed ,  i . e . ,

H i l l  e t  a l  (1968) r e p o r t e d  t h a t  1 X 10"^ M NaN^ i n h i b i t e d  r e s p i r a t i o n

68% compared t o  c o n t r o l s .  In  ou r  exper im en ts  5 X 10- ^ M NaN^ gave

100% i n h i b i t i o n .

b) E f f e c t  o f  ^-NQ.0

1) M icroscopic  O b se rv a t io n s

A d d i t io n  o f  10-20 pg/ml *f-NQ,0 a t  e a r l y  log phase  r e s u l t s

in  complete  i n h i b i t i o n  o f  growth . With in  15-30 min o f  exposure  to

if-NQ.0 most c e l l s  s t i l l  po s se s sed  a l i m i t i n g  membrane and f l a g e l lu m

b u t  were immobile;  many were  v a c u o la t e d .  Approximate ly  20-30% o f  th e

c e l l s  i n  a g iven  f i e l d  were V-shaped, i n d i c a t i n g  a r r e s t e d  c y t o k i n e s i s .

A l a n c e - l i k e  p r o tu b e ra n c e  was noted in  many c e l l s  which emerged l a t e r a l l y

Uy
from t h e  c e l l  body d i s t a l  t o  t h e  f l a g e l l u m .  -numerous- rounded c e l l s

p o s s e s s in g  two m o t i l e  f l a g e l l a  and k i n e t o p l a s t s ,  w i th  one l a r g e  nuc leus  

i n  a much e n l a r g e d  cel  1, w e teno ted ;  t h i s  was a l s o  noted  once in  u n t r e a t e d  

c u l t u r e s .  The nuc leus  and k i n e t o p l a s t  appea red  t o  have d iv id e d  

w i th o u t  subsequen t  c y t o k i n e s i s .
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LEGEND TABLE 3

C r i t h i d i a  was grown f o r  ^8 hr in  crude medium and h a r v e s t e d  as 

d e sc r ib e d  i n  "Methods” . C e l l s  were suspended o v e r n i g h t  in  s u c r o se  b u f f e r  

in  o rde r  t o  e l i m i n a t e  n o n -m o t i le  c e l l s ,  and then  p re p a re d  f o r  

p o la ro g rap h y .  A su spens ion  (1.5% PCV) was added t o  t h e  r e a c t i o n  

chamber and a l low ed  to  e q u i l i b r a t e  a t  25 0 f o r  30 min.  I n h i b i t o r s  

were added d i r e c t l y  t o  t h e  r e a c t i o n  chamber and t h e  % i n h i b i t i o n  was 

c a l c u l a t e d  as  d e s c r ib e d  by Es tabrook (19 6 7 ) -  Each i n h i b i t o r  was 

t e s t e d  3X and th e  r e s u l t s  a v e rag ed .  At t h e  end o f  each a ssay  1 ml 

a l i q u o t s  were removed f o r  p r o t e i n  d e t e r m in a t io n  and c e l !  count .  In 

the  exper im en t  t h e  c e l l  count was 23 .2  X 10^; p r o t e i n ,  1 ,5  mg.
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TABLE 3

Summary o f  E f f e c t s  o f  R e s p i r a t o r y  I n h i b i t o r s  on I n t a c t  C e l l s ,

Conc.^ % I n h i b .  Conc.^ % In h ib .

CM) (M)

NaN3 1 .0  X 10~5 1003 1 X 10“** 68

5 .0  X 10~5 86

NaCN 5 X 10=6 85 5 X 10-if 98

5 X 10~5 30

Ant imycin  A

1 X l o “ 6 100 1 X 10“^  83

0 .5  X 10 ' 5  55 .3

2 ,4 ,  DNP 5 X 10" 3

Rotenone 1 X 10"^

* R e s u l t s  o b ta in e d  by t h e  a u th o r  

^ R e su l t s  p u b l i s h e d  by H i l l  e t  a l .  (1968)

3Based on av e rag e  r e s p i r a t o r y  r a t e  o f  35-5 nm 02/min/mg p r o t e i n
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2) Q u a n t i t a t i o n  o f  Drug E f f e c t s

The i s  d e f in e d  as  t h a t  c o n c e n t r a t i o n  o f  a t o x i c

agen t  which reduces  growth t o  h e l f  t h a t  o f  c o n t r o l s  a s  measured 

t u r b i d i m e t r i c a l l y  in  l i q u i d  media .  As p l o t t e d  in  Char t  1, t h e  IC^0 

of  4-NQ.O f o r  C r i t h i d i a  i s  " 2 . 5  p g /m l . The LC^Q was de term ined  

by p l a t i n g  c e l l s  a f t e r  exposure  f o r  1 g e n e r a t i o n  t ime ( 3 * 5  hr)  and 

coun t ing  c o lo n ie s  a f t e r  7 d a y s ;  Tab le  4 shows t h a t  t h e  LC^q o f  NQO i n  

u n d e f in e d  medium l i e s  between 1 and 3 pg /ml .

3) Onset and D ura t ion  o f  E f f e c t s

To what e x t e n t  cou ld  p o p u la t i o n s  exposed t o  graded  doses

o f  4-NQO recover  v i a b i l i t y  ove r  an ex tended  t ime? A f a m i ly  o f  cu rves

was o b t a i n e d  (C ha r t  2 ) ;  each  cu rve  showed a d i f f e r e n t  d o s e - r e s p o n s e

r e l a t i o n s h i p .  The g r e a t e r  t h e  dose  t h e  l o n g e r  t h e  t ime r e q u i r e d  f o r

re sum ption  o f  g row th .  S u r p r i s i n g l y ,  up t o  a maximum t e s t e d  dose  of

5 ng /m l ,  growth was e v e n t u a l l y  r e s t o r e d  t o  c o n t r o l  l e v e l s .  Another

method o f  t r e a t i n g  t h e s e  d a t a  i s  a f o r m u la t io n  in  which t h e  i n h i b i t i o n

of  c e l l  growth by d i f f e r e n t  c o n c e n t r a t i o n s  o f  a drug i s  e x p re s sed  by a

s t r a i g h t  l i n e .  In  t h i s  way d e v i a t i o n s  from a t h e o r e t i c a l  l i n e  s e r v e s  

t o  e v a l u a t e  t h e  p o s s i b l e  mechanisms o f  a c t i o n  o f  t h e  i n h i b i t o r .
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LEGEND CHART 1

E f f e c t  o f  4-NQ.O on Growth o f  C r i t h i d i a  in  L iq u id  Medium. One ml 

a l i q u o t s  from a *t8 - h r  c u l t u r e  were i n o c u l a t e d  i n t o  f l a s k s  c o n ta i n in g  

100 ml unde f ined  medium and in c u b a t e d  a t  27 C f o r  33 h r .  U-NQfl  was 

then  added a t  f i n a l  c o n c e n t r a t i o n s  1, 3» 5* 10, 15 p g /m l . Absorbance 

r e a d in g s  were taken  a t  3 3 , 36,5* 51» and 67 hr a f t e r  i n o c u l a t i o n ;  

t h e  exper im en t  was ended a t  70 h r .  The l i n e s  l ead ing  from t h e  

o r d i n a t e  t o  t h e  f i r s t  exper im en ta l  p o in t s  a r e  h y p o t h e t i c a l  ones 

drawn in  on th e  b a s i s  o f  p re v io u s  e x p e r im e n t s .  The p r e - t r e a t m e n t  

va lues  were not r e c o rd ed  because  o f  t h e  h igh  r e p r o d u c i b i l i t y  

c h a r a c t e r i s t i c  o f  t h e  C r i t h i d i a  growth c y c l e .
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CHART 1

D RUG A D D E D

Concentra t ion  
M g /m l

C o n t r o l  

A 1 4 - N Q O

A 3  4 - N Q O

□  5,  10 4 - N Q O

■ 15 4 - N Q O

3 0  4 0

H O U R S
5 0 6 0 7 0
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TABLE if

D e te rm in a t io n  of L C „  of  4-NQO. At 3 .5  h r  p o s t - d r u g  a d d i t i o n ,  c e l l s5U

from exper im en t  d e s c r i b e d  in  Char t  1 were d i l u t e d  i n  u n def ined  medium 

and p l a t e d  a s  d e s c r i b e d  i n  ' 'Methods".  At day 9 c o l o n i e s  were 

counted .

Drug C o n c e n t r a t i o n  C o l o n i e s / p l a t e  Average No. o f

(jxg/m1) C o l o n i e s / p l a t e

0 790 840 + 70.7

890

1 733 708 + 35 .4

683

3 29 j 26 24 + 4 .7

23 ; 18

5 1 si 1

0 j 0

10 3 ;3 ;3 ;3  3

15 0 ;0;0;0 0
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LEGEND CHART 2

Su p p ress io n  by f̂-NQjO o f  Ent ry  i n t o  Log P h a s e . One ml a l i q u o t s  from 

a 48-hr  c u l t u r e  o f  C r i t h i d i a  were i n o c u l a t e d  i n t o  f l a s k s  c o n ta i n in g  

100 ml unde f ined  medium. At 10 hr  4-NQ.O was added t o  a l l  b u t  con t ro l  

f l a s k  a t  0 . 1, 0 . 3 ,  0 *5 ,  1,  and 5 p.g/m1 f i n a l  c o n c e n t r a t i o n .

Absorbance measurements  were made a t  24,  47, 75,  150, and 175 hr 

p o s t - i n o c u l a t i o n  and th e  r e s u l t s  p l o t t e d  on tw o -c y c le  sem i- log  paper .



O
P

TI
C

A
L 

D
E

N
S

IT
Y

 
(O

D)
 

52
0n

m

k o  

CHART 2

.08

.06

.04

DRUG A D D E D

•  C o n t r o l  

A 0.1 4 - N Q O

A 0 . 3  4 - N Q O

□  0 .5 ,1  4 - N Q O

■ 5  4 - N Q O

.02

C o n c e n t r a t i o n
H g / m l

.01
125 1751501005 0 75250

HOU R S
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The f o r m u la t io n  used  i s  t h a t  d e r iv e d  by S c h u b e r t  (1970):

y = ax + b

log  Tj *  \ ( C )  + log Tg x t  
2*3

in  which,

Tj = n e t  i n i t i a l  d o u b l in g  t ime

or ,  T, = T -  T ’ I a o

where:

= d o ub l ing  t ime i n  p re sen ce  o f  i n h i b i t o r  

Tq ~ d o ub l ing  t ime in  absence  o f  i n h i b i t o r  

C = c o n c e n t r a t i o n  o f  i n h i b i t o r

Text ~ do u b l in g  t i t116 e x t r a p o l a t e d  t o  zero  c o n c e n t r a t i o n  

A = a c o n s t a n t

2 ,

t h e  s t r a i g h t  l i n e  when i s  p l o t t e d  a g a in s t  (C).

When t h e  d a ta  taken  from C h ar t  2 ( see  T ab le  5 )  were r e p l o t t e d  on 

s em i - lo g  c o o r d i n a t e s  (Chart  3J a sh a rp  d e v i a t i o n  from l i n e a r i t y  a t  

c o n c e n t r a t i o n  o f  -1 Jig/m1 4-NQP i s  seen .  Because  c o n c e n t r a t i o n s  

be tween 1 and 5 [ig/ml 4-NQ.O were not used t h e  e x ac t  n a t u r e  of  t h e

and where m )  and T a r e  t h e  s l o p e  and i n t e r c e p t  r e s p e c t i v e l y  o f  
2 .3  e
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i n f l e c t i o n  p o in t  was no t  de te rm in ed .  The cu rve  between 1 and 5 pg/ml 

was t h e r e f o r e  h y p e r b o l i c .  The ex p e r im en ta l  r e s u l t s  conform t o  l i n e a r i t y  

up t o  1 jig/ml and t h e  l i n e  a lm os t  p a s s e s  th rough  t h e  o r i g i n  which

conforms to  t h e o r e t i c a l  e x p e c t a t i o n s .

4) I n f l u e n c e  o f  Growth Medium on the  C y t o t o x i c i t y  o f  4-NQO 

4-NQO forms complexes w i th  c e r t a i n  amino a c id s  and 

nuc leobases  (Nagata e t  a l , ,  19^31 Okano e t  a l . ,  1969)* T h e r e f o r e  i t  

was im p o r tan t  to  a s s e s s  t h e  c o n t r i b u t i o n  o f  fo rm a t io n  o f  such 

complexes w i th  components in  t h e  medium in  f a c i l i t a t i n g  e n t r y  i n t o  

t h e  c e l l .  Washed C r i t h i d i a  was exposed t o  4-NQO d i s s o l v e d  in  H2O.

The r e s u l t s  seen i n  Table  6 i n d i c a t e  t h a t  4-NQO e n t e r s  t h e  c e l l  

w i th o u t  a p p r e c i a b l e  c o n t r i b u t i o n s  from any component in  t h e  medium.

The absence  o f  c e l l  s u r v i v a l  in  t h e  IC^q dose  may be a t t r i b u t e d  to  

t h e  f a c t  t h a t  d e t e r m i n a t i o n s  were made on a c e l l  p o p u la t i o n  o f  only 

40 X 10^ c e l l s / m l  i n s t e a d  of  t h e  usual  d e n s i t y  o f  -10  X 10^ c e l l s / m l .  

This  emphas izes  t h e  impor tance  of  s t a n d a r d i z i n g  c e l l  numbers in  

d e te rm in in g  IC^q ' s .



%

TABLE 5

C a lc u l a t i o n s  from Char t  2 of Doubling Time a t  Varying C o ncen t ra t ions  

o f  4 -N g o

Time Time a t  T^

In h ib i  t o r  

c o n c e n t r a t i o n

drug added 

(Abs. 0.04]

doubl ing  

(Abs. 0 .08)

Doub1i ng 

t ime

Net doubling  

t ime

0 19 hr 25 hr 6 hr 0 hr

0.1 19 37 18 12

0.3 19 50 29 23

0 . 5 - 1 . 0 19 90 71 65

5 19 140 131 125

LEGEND CHART 3 

Data from Table  5 P l o t t e d  with  Semi-Log C o o rd in a te s .
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TABLE 6

I n f lu e n c e  o f  Growth Medium. ,  Mid-log c u l t u r e s  were c e n t r i f u g e d  and 

d iv id ed  i n t o  two f r a c t i o n s ;  one f r a c t i o n  was d i l u t e d  10"** in  s t e r i l e  

d i s t i l l e d  w a te r ;  t h e  o th e r  was d i l u t e d  t o  t h e  same c o n c e n t r a t i o n  in  

undef ined  medium. 4-NQO a t  a c o n c e n t r a t i o n  of  2 .5  |J-g/m1 was added 

to  t h e  ex p e r im en ta l  tubes  f o r  30  min a f t e r  which 0.1  ml a l i q u o t s  

were p l a t e d .  U n t re a te d  c e l l s  were p l a t e d  in  t h e  same manner.

Colon ies  were counted on day 9 .

4-NQO in  4-NQO in

HgO Contro l  growth medium Contro l

No. o f  C l o n e s / p l a t e  none 53565 none 48;51

i  = 5 9  + 8 . 5  4 9 . 5 + 2
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5)  I n f l u e n c e  o f  P h y s io lo g ic a l  S t a t e  o f  C e l l s

The e f f e c t  o f  4-NQ.O on C r i t h i d i a  a t  two p o i n t s  on th e  

growth curve  o t h e r  than  a t  m id - log  i s  shown g r a p h i c a l l y  i n  Char t  4 

and in  t a b u l a r  form in  T ab le  7. The two p o i n t s  chosen were a t  lag  

phase  ( t ime o f  i n o c u l a t i o n )  and a t  p l a t e a u  ph ase .  At t h e s e  s t a g e s  

t h e  p o p u la t i o n s  a r e  in  g r o s s l y  d i f f e r e n t  p h y s i o l o g i c a l  s t a t e s .  The 

d a ta  show t h a t  t h e  e f f e c t  o f  graded  doses  o f  4-NQ.O added t o  a c u l t u r e  

o f  C r i t h i d i a  i n  e a r l y  lag  phase  i s  comple te  i n h i b i t i o n  a t  each 

c o n c e n t r a t i o n .  The e f f e c t  o f  s i m i l a r  doses  o f  4-NQO a t  s t a t i o n a r y  

phase  was measured by p l a t e  c o u n t s  a f t e r  1, 2,  and 7 hr  o f  c o n ta c t  

w i th  4-NQ.O. The r e s u l t s  shown in  Table  7 re v e a l  t h a t  c e l l s  in  p l a t e a u  

phase  a r e  s e n s i t i v e  t o  t h e  l e t h a l  e f f e c t s  o f  4-NQ.O t o  p r a c t i c a l l y  t h e  

same degree  a s  c e l l s  i n  e a r l i e r  phases  o f  growth .  In  c o n t r a s t  t o  lag  

p h ase ,  bo th  log  and p l a t e a u  phase  c e l l s  showed a g r a d i e n t  o f  e f f e c t  

which v a r i e d  as  a d i r e c t  f u n c t i o n  of  drug c o n c e n t r a t i o n .



LEGEND CHART 4

F iv e  l a r g e  (250 ml) s id e -a rm  f l a s k s  c o n t a i n i n g  unde f ined  medium 

were i n o c u l a t e d  w i th  2 . 5  ml a l i q u o t s  o f  a 50 h r  c u l t u r e .  4-NQO, made 

up in  u n d e f in e d  medium, was added a t  t h e  t im e  of  i n o c u l a t i o n  a t  1,

5, 10, and 15 ng/ml f i n a l  c o n c e n t r a t i o n .  The c o n t ro l  f l a s k  was 

b rough t  up t o  equal  volume by th e  a d d i t i o n  o f  an a p p r o p r i a t e  amount 

of  u n d e f in e d  medium. At i n t e r v a l s  o f  5, 16, 24, 29,  40,  and 50 hr 

absorbance  measurements  were taken  and a l i q u o t s  f o r  c e l l  count were 

removed. I n c u b a t io n  was a t  27 C.
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TABLE 7

E f f e c t  of 4-NQO on C r i t h i d i a  a t  P l a t e a u  Phase . C r i t h i d i a  was grown 

fo r  2 days;  a t  50 hr graded doses  of  4-NQO were added. At i n t e r v a l s  

of 1, 2, and 7 hr t h e r e a f t e r  a l i q u o t s  were removed, d i l u t e d  to  an 

a p p r o p r i a t e  c o n c e n t r a t i o n  in  undef ined  medium and p l a t e d .  Counts 

were made on day 9. Values i n d i c a t e  t h e  number o f  co lo n ie s  counted 

per p l a t e .

C oncen t ra t io n  of 4-NQO (jjg/ml)

0 5 10 15

0 400-

500

Time exposed 1

t o  drug (h r )  2

12,-10 5 ; 3 2;2

70;14 3 ;1 2;0

7 10 ; 8 1 ; 0 « 2 ; 0
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6) E f f e c t s  o f  **-NQ,0 on C r i t h i d i a  U l t r a s t r u c t u r e  

I n t r o d u c t o r y  remarks

The t e rm in o lo g y  used i n  t h i s  s e c t i o n  r e q u i r e s  a b r i e f  

d e s c r i p t i o n  o f  t h e  p r i n c i p a l  s t r u c t u r a l  components of  t h e  n u c l e o l u s .

The te rms used a r e  t h o s e  recommended by th e  Committee on N uc leo la r  

Nomenclature (Waddington, 1966}.

1) G ranu la r  o r  p a r t i c u l a t e  component: 150-200 8 r i b o n u c l e o p r o t e i n

p a r t i c l e s ,  which a r e  b e l i e v e d  t o  c o n ta in  28£  RNA

2)  F i b r i l l a r  component: 50-80 8 f i b r i l s ,  composed o f  

r i  b o n u c le o p r o te i  n.

3) Amorphous component: a p r o t e i n  c o n ta i n in g  a rea  o f  low 

e l e c t r o n  d e n s i t y  found w i th in  t h e  nucleolonema.

4J Nucleolonema: t h r e a d l i k e  e lem en ts  0.1 p, in  d iam e te r  which

a r e  anas tomosing and a r e  a r r a n g e d  in  e i t h e r  lo o se  or compact masses .

5) DNA: a u t o r a d i o g r a p h i c a l l y  shown t o  be d i f f u s e l y  s c a t t e r e d

around t h e  i n t e r i o r  o f  t h e  n u c l e o l u s ;  a t a n g le d  network p robab ly  

c o n ta i n in g  t h e  c i s t r o n s  coding f o r  rRNA.

The i n t e r p h a s e  nuc leus  o f  C r i t h i d i a  a p p ea rs  o v a l ,  i s  c e n t r a l l y



p la c e d ,  and shows a r u f f l e d  contour bounded by two u n i t  membranes 

s e p a r a t e d  by a c l e a r  zone ( F ig .  1, 2, 4 ) .  The i n t e r i o r  o f  the  

n u c le u s  i s  con t inuous  with  t h e  cytoplasm through  n u c l e a r  pores  ( F ig .  3) 

The o u t e r  membrane i s  o c c a s i o n a l l y  s tu d d ed  w i th  r ibosomes (F ig .  4) and 

a long  t h e  in n e r  s u r f a c e  a f a i n t  a g g r e g a t io n  o f  p e r i c h r o m a t in  m a t e r i a l  

i s  o f t e n  seen ( F ig .  1, 4 ) .  Between t h e  n u c leo lu s  and n u c l e o l a r  

membrane an a r e a  o f  low e l e c t r o n  d e n s i t y  i s  observed which c o n ta in s  

ch ro m a t in .  This  chromat in  c o n ta in in g  r e g io n  i s  no t  d i s t i n g u i s h a b l e  

in  g l u t a r a l d e h y d e  f i x e d  c e l l s .

The n u c l e o l u s  i s  i r r e g u l a r  in  o u t l i n e  and has no membrane. I t  

c o n s i s t s  l a r g e l y  o f  n u c l e o h i s t o n e s ,  RNP f i b r i l s ,  RNP g r a n u l e s  and 

p r o t e i n s  (Busch, 1970) .  The su b s ta n c e  o f  t h e  n u c leo lu s  i s  made up of  

e l e c t r o n - d e n s e  g r a n u l e s  abou t  150 X in  d i a m e te r ;  t h e  g r a n u l e s  re semble  

c y to p la sm ic  r ibosomes by v i r t u e  o f  t h e i r  s t a i n i n g  p r o p e r t i e s  (F ig .  1, 2 

4,  8 ) .  These  components a r e  a r ran g ed  i n  a lo o se  r e t i c u l a r  network, 

t h e  nucleolonema. In a d d i t i o n ,  t h e r e  a r e  amorphous e l e c t r o n - l u c i d  

a r e a s  u s u a l l y  c e n t r a l l y  lo c a t e d  (F ig .  1, 4 ) .

The k i n e t o p l a s t  i s  seen  i n  the  cy top lasm  w ith  a n t e r i o r  and
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p o s t e r i o r  e x t e n s i o n s  o f  t h e  long s i n g l e  m i tochondr ion  e x ten d in g  from 

i t  ( F ig .  1 ) .  The k i n e t o p l a s t  of  C r i t h i d i a  i s  a n t e r i o r  and l a t e r a l

t o  t h e  nuc leus  and c o n ta i n s  a c e n t r a !  core  o f  f i n e  f i b r i l l a r  m a te r i a l

composed of  DNA ( F ig s .  1, 8,  9 ) .  The f i b r i l s  s t a i n  s t r o n g l y  w i th  

u rany l  a c e t a t e ,  f i l l  t h e  e n t i r e  k i n e t o p l a s t  and l i e  p a r a l l e l  t o  t h e  

main a x i s  of  t h e  organism (F ig s .  1, 8,  9 ) .  Surrounding  th e  c e n t r a l

co re  i s  an e l e c t r o n  dense  m a t r i x  l i m i t e d  by two u n i t  membranes 

ap p ro x im a te ly  100 A t h i c k  ( F ig s .  1, 8 ) .

A lso  i n  t h e  cy top lasm  i s  an o r g a n e l l e  which has been d e sc r ib e d

by H i l l  e t  a l (1968) as  a dense body and by B ro o k e r : (197*) a s a 

b a c i l l i f o r m  body b u t  which on t h e  b a s i s  o f  Rhod in ' s  (195*0 d e s c r i p t i o n  

( s e e  below) we have  d e s ig n a t e d  a s  a microbody ( F i g s .  1, 2 ,  3> 4, 10, 

12, 13> 1**# 15) ( a l s o  see Hruban & R ech c ig l ,  1969):

'T h e  l o c a t i o n  o f  t h e  m ic robod ies  b ea r s  no r e l a t i o n s h i p  
t o  t h e  m i to c h o n d r ia ,  Golgi o r  n u c leu s .  The number, 
s i z e ,  and shape v a r i e s  from c e l l  t o  c e l l  w i th  a mean 
o f  ab o u t  t e n  in  each c e l l  a s  counted  by a s e c t i o n  
th ro u g h  t h e  c e l l .  The mean l e n g th  i s  0 .3  p. and t h e  
mean w id th  i s  0.1 p .  They a r e  sur rounded  by an osmium 
im pregna ted  s i n g l e  membrane 45 t h i c k .  The ground 
s u b s t a n c e  o f  t h e  m ic robod ies  e x h i b i t s  t h e  same 
o p a c i t y  a s  t h e  s troma in  t h e  m i tochondr ia  and c o n s i s t s  
o f  a s i m i l a r  f i n e l y  g r a n u l a r  s t r u c t u r e ,  t h e  s i z e  o f  
t h e  g r a n u l e s  b e in g  about 40-50  8 . "

Beneath t h e  o u t e r  membrane a r e  t h e  s u b - p e l l i c u l a r  m ic ro tu b u le s
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(F ig .  3 }  (A ngelopoulos ,  1970; M ess ie r ,  1971) which a r e  t u b u l a r  in

o
shape  w i th  a d ia m e te r  o f  about  190-200 A and wind a s p i r a l  c o u r s e  

a long  t h e  organism from a n t e r i o r  t o  p o s t e r i o r  r e g i o n s .

A f t e r  t r e a t m e n t  with 2 . 5  n g / m J  ( 5 . 5  X 10~^M) k - N Q f l  f o r  1 .25^hr  — 

a rea r rangem en t  o f  t h e  n u c l e o l u s  i n t o  segments  composed o f  a g g r e g a t e s  

o f  g r a n u l e s  and f i b r i l s  o f  d i f f e r i n g  e l e c t r o n  d e n s i t y  — was e v i d e n t  

(S imard ,  1970) ( F i g s .  3, 5,  6,  7, 9)* Moreover,  t h e r e  was an

o v e r a l l  co n d en sa t io n  and d im in u t io n  o f  t h e  n u c l e o l a r  mass ,  w i th  a 

consequen t  lo s s  o f  the  t a n g l e d  r e t i c u l a r  a r rangem ent  o f  t h e  nucleolonema 

( F i g s .  3 f  5» 6, 7, 9 ) .  At l e a s t  t h r e e  components were seen: e l e c t r o n

dense  a g g r e g a t e s  which appea red  to  be c l o s e l y  packed g r a n u le s ,  a l e s s  

dense  r e g io n  o f  c o a le s c e d  f i b r i l s  a lmos t  e q u a l  in  s i z e  (F ig s .  3> 5» 6,

7, 9) and a s m a l l e r  f ragm ent ,  p o s s i b l e  g r a n u l a r ,  t h a t  appeared  t o  be  

m i g r a t i n g  away from the  c e n t r a l  mass o f  t h e  n u c leo lu s  (F ig s .  6, 9 ) .  

Sometimes,  s u b s t a n c e s  a p p a r e n t l y  d e r iv e d  from th e  nucleolonema were 

seen  t o  l i e  a t  t h e  p e r i p h e r y  o f  a l a r g e r  body comprised o f  t i g h t l y  

packed g r a n u le s  i n  a dense m a t r i x  (F ig s .  5» 7 ) .  All  n u c l e o l i  appea red  

oval in  contour  i n  c o n t r a s t  w i th  th e  i r r e g u l a r  con tour  t y p i c a l  o f  t h e
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normal n u c l e o l u s  and appeared  t o  have s h i f t e d  to  t h e  c e n t e r  o f  t h e  

n u c le u s .

When t h r e e  n u c l e o l a r  r e g io n s  were e v id e n t  a d i s t i n c t  p o l a r i z a t i o n  

was seen w i th  t h e  l a r g e s t  reg ion  a t  one p o le  and t h e  s m a l l e s t  a t  

t h e  o p p o s i t e  p o le  ( F i g .  7 ) .  In  seme s e c t i o n s  o n ly  a condensed remnant 

o f  c l o s e l y  spaced f i b r i l s  and some n u c l e o l a r  f r agm en ts  remained ( F ig .  9 ) .  

In no s e c t i o n s  were amorphous r e g io n s  observed .  P a r t i c l e s ,  p robab ly  

co r re spond ing  t o  n u c l e a r  i n c l u s i o n s ,  were found i n  seve ra l  s e c t i o n s  

(F ig .  ? ) •  No conspicuous  r e p r o d u c i b l e ,  u l t r a s t r u c t u r a l  changes were 

d e t e c t e d  in  t h e  cy top lasm.

The k i n e t o p l a s t  o f  4-NQ.O t r e a t e d  c e l l s  was o f  normal s i z e  and 

s t r u c t u r e .  The DNA-containing f i b r i l s  remained a t t a c h e d  t o  t h e  i n n e r  

membrane and appeared  l o o s e l y  packed due t o  t h e  o b l i q u e  p la n e  o f  

s e c t i o n  ( F ig .  9} .  Examination o f  l a r g e  numbers o f  s e c t i o n s  showed 

normal k i n e t o p l a s t s  in  p r a c t i c a l l y  a11 c a s e s .  C h a r a c t e r i s t i c  

m i to c h o n d r ia  were a l s o  p r e s e n t  (F ig .  3 ) j  r e c o g n i t i o n  o f  s p e c i f i c  

changes i n  t h e  c r i s t a e  such as s w e l l i n g  and o r i e n t a t i o n  was 

s u b j e c t i v e  and t h e s e  changes d id  no t  occur  in  a l l  c e l l s .
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C e l l s  t r e a t e d  w i th  the  n o n - c a r c i n o g e n ic  d e r i v a t i v e  AQO were 

i n d i s t i n g u i s h a b l e  from c o n t ro l  c e l l s  ( F i g .  2,  8 ) ;  no changes  were 

seen  in  e i t h e r  t h e  nuc leus  o r  cy top lasm.  The n u c l e o l i  o f  AQO t r e a t e d  

c e l l s  e x h i b i t e d  no f r a g m e n ta t io n  or d im in u t io n  in s i z e  and were 

t y p i c a l l y  i r r e g u l a r  in  c o n to u r .

7) Biochemical S tu d ie s

I n c o r p o r a t i o n  of  u r a c i 1 - 2 - C ^  i n t o  a c i d  i n s o l u b l e  m a t e r i a l  

( s e d im e n ta b le  a t  100,000 cj f o r  1 h r)  was l i n e a r  d u r ing  t h e  f i r s t  hour 

fo l l o w in g  exposure  t o  labe l  (C h a r t  5 ) .

The a d d i t i o n  o f  *t-NQ,0 a t  c o n c e n t r a t i o n s  of  1, 2 . 5 ,  and 5 pg/ml 

r e s u l t e d  in  an immediate  c e s s a t i o n  o f  i n c o r p o r a t i o n  (Char t  5 ) ;  

moreover ,  f o r  a p e r i o d  o f  two hr  a f t e r  i n i t i a l  ex p o su re  to  i s o t o p e  

an a p p r e c i a b l e  d e g r a d a t i o n  o f  p r e v i o u s l y  l a b e l e d  RNA o c cu r red .  At 

two ho u rs  t r e a t e d  c e l l s  r e t a i n e d  only  60% o f  labe l  i n c o r p o r a t i o n  

d u r in g  t h e  30 nn>n p r i o r  t o  d rug  a d d i t i o n .  The r a t e  o f  d e g r a d a t io n  o f  

p r e v i o u s l y  l a b e l e d  m a te r i a l  g r a d u a l l y  d im in ish ed  and approached an 

asymptope a t  ap p ro x im a te ly  two h r .  I n h i b i t i o n  o f  i n c o r p o r a t i o n  o f  

u r a c i 1 -2 -  C ^  i n t o  a c i d  p r e c i p i t a b l e  RNA was comple te  a f t e r  60 min o f  

e x p o su r e  t o  g rad ed  doses o f  4-NQ.O.



5 6

SYMBOLS FOR FIGURE LEGENDS 

c r ,  c r i s t a e ;  f ,  f i b r i l l a r  component o f  t h e  n u c l e o l u s ;  f l ,  

f l a g e l l u m ;  fp ,  f l a g e l l a r  p o c k e t ;  g,  g r a n u l a r  component o f  t h e  

n u c l e o l u s ;  i ,  i n t r a n u c l e a r  g r a n u l e s ;  K, k i n e t o p l a s t ;  Ig ,  l a m e l l a r  

G o lg i ;  M, m i to c h o n d r ia ;  mi, mic robody; N, n u c l e u s ;  Nm, n u c l e a r  membrane; 

n,  n u c l e o l u s ;  n f ,  n u c l e o l a r  f r agm en t ;  Ni,  i n t r a n u c l e a r  i n c l u s i o n  

body; Np, n u c l e a r p o r e ;  ns ,  n u c l e o l a r  s e g r e g a t i o n ;  r ,  r ibosomes;  t ,  

s u b - p e l l i c u l a r  m ic r o tu b u le ;  v,  v e s i c l e ;  vg, v e s i c u l a r  Golg i .
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F ig .  1. L o n g i tu d in a l  s e c t i o n  th rough  u n t r e a t e d  C r i t h i d i a  grown in  

d e f in e d  medium and f i x e d  and s t a i n e d  a f t e r  2 k  h r .  Note the  

i r r e g u l a r l y  shaped n u c le o lu s  (n) composed o f  g r a n u la r  (g) and 

f i b r i l l a r  ( f )  e lem en ts  l o c a t e d  w i th in  t h e  nuc leus  (N).  The nuc leus  i s  

d e l i m i t e d  from t h e  cy toplasm by a double  n u c l e a r  membrane (Nm),

Located in  t h e  cy top lasm  a r e  t h e  s i n g l e  membrane bounded e l e c t r o n - d e n s e ,  

m ic robod ies  (mi) ,  t h e  k i n e t o p l a s t  (K) l a t e r a l  and a n t e r i o r  t o  t h e  

nuc leus  and i t s  a s s o c i a t e d  m i tochondr ion  (M). S c a t t e r e d  through th e  

cy toplasm a r e  s e c t i o n s  cu t  a t  random th rough  t h e  long s i n g l e  m i tochondr ion  

in  which c r i s t a e  ( c r )  a r e  a p p a r e n t .  Also  i n  t h e  cy toplasm i s  a 

w e l1-deve loped  Golgi a p p a r a tu s  (1g) o f t e n  l o c a t e d  a d j a c e n t  t o  t h e  

f l a g e l l e r  pocke t  ( f p ) .  Numerous c y to p la sm ic  vacuoles  (v) o f  

unknown f u n c t i o n  a l s o  a r e  found in  the  cy top lasm ,  a long  w i th  abundant  

f r e e  c y to p la sm ic  r ibosomes  ( r ) .  Note t h e  r e l a t i v e  p a u c i t y  of 

endoplasmic  r e t i c u l u m .  X 25 ,  060
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Fig .  2.  T r a n s v e r s e  s e c t i o n  th rough  C r i t h i d i a  t r e a t e d  w i th  2 . 5  Ug/ml 

*t-AQ,0 f o r  1 .25  h r .  Note t h e  normal ap pea rance  o f  t h e  n u c l e o l u s  (n) 

with i t s  s k e i n - l i k e  a r rangem ent  o f  g r a n u l a r  (g) and f i b r i l l e r  ( f )  

e lem en ts .  No s i g n i f i c a n t  morpholog ica l  a l t e r a t i o n s  can be  seen in  

e i t h e r  t h e  nuc leus  (N) o r  cy top lasm of  t h e s e  c e l l s .  X 25, 080
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F ig .  3* T r a n s v e r s e  s e c t i o n  through C r i t h i d i a  t r e a t e d  w i th  2 . 5  jxg/m1 

lt-NQ,0 f o r  1 .25  h r .  Note t h e  r e d i s t r i b u t i o n  o f  n u c l e o l a r  m a t e r i a l s  

i n t o  two c l e a r l y  d e f in e d  a r e a s  o f  d i f f e r i n g  e l e c t r o n  d e n s i t y  and t h e  

l o s s  o f  t h e  normal s k e i n - l i k e  ap pea rance  ( n s ) .  I n  t h i s  s e c t i o n  a 

n u c l e a r  pore  (Np) can be seen which,  though no t  showr* i s  p r e s e n t  in  

normal c e l l s .  Also in  t h e  nuc leus  a r e  i n t r a n u c l e a r  g r a n u le s  ( i )  

re sembl ing  t h e  g r a n u l a r  components o f  t h e  n u c l e o l u s .  The cytoplasm 

a p p ea rs  normal w i th  no d im in u t io n  in  f r e e  c y to p la sm ic  ribosomes ( r )  

or  a l t e r a t i o n s  in  t h e  Golgi (vg) a p p a r a t u s ,  m ic ro b o d ie s  (mi) o f  

m i to c h o n d r ia  (M). The s e c t i o n  th rough  th e  m i to c h o n d r ia  a t  top r i g h t  

a p p ea rs  s l i g h t l y  sw o l len  b u t t h i s  was r a r e l y  seen .  In  t h i s  s e c t i o n  

th e  f l a g e l lu m  ( f 1J can be seen ly in g  w i th in  t h e  lumen of  th e  

f l a g e l l a r  pocke t  ( f p j .  Beneath t h e  c e l l  membrane a r e  t h e  s u b - p e l l i c u l  

m ic ro tu b u le s  ( t )  seen  i n  t r a n s v e r s e  s e c t i o n .  X 38*300
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F ig .  k .  The n u c leu s  o f  u n t r e a t e d  C r i t h i d i a  grown in  unde f ined  medium, 

f i x e d  and s t a i n e d  a f t e r  2 b  hr g rowth .  Note t h e  a rrangement  o f  th e  

g r a n u l a r  (g) and f i b r i l l a r  ( f )  e lem en ts  o f  t h e  n u c l e o l u s .  The 

g r a n u l a r  component a p p ea rs  to  be c o n c e n t r a t e d  p e r i p h e r a l l y  w h i l e  th e  

f i b r i l l e r  i s  c e n t r a l l y  l o c a t e d .  A microbody can be seen a t  top  r i g h t  

(m i ) .  X 36,000

F ig .  5 -  A s e c t i o n  th ro u g h  t h e  n u c leu s  (N) o f  C r i t h i d i a  t r e a t e d  with  

2-5 |ig/ml b-NQ.0 f o r  1 .25  h r .  Note th e  s e g r e g a t i o n  o f  n u c l e o l a r  

e lem en ts  i n t o  two masses o f  d i f f e r e n t  e l e c t r o n  d e n s i t i e s  ( n s ) .  A 

marg ina l  c o n d en sa t io n  o f  e l e c t r o n  dense  p a r t i c l e s  can be s ee n  a d j a c e n t  

t o  t h e  in n e r  n u c l e a r  membrane and th e  n u c l e a r  m a t r i x  appea rs  l e s s  

e l e c t r o n  opaque. X 30 ,600

F ig .  6.  A s e c t i o n  th ro u g h  th e  nuc leus  o f  C r i t h i d i a  t r e a t e d  a s  in  

F i g .  5 .  Note t h e  s e g r e g a t i o n  o f  n u c l e o l a r  components (ns) and a 

n u c l e o l a r  f ragm ent  ( n f )  which may r e p r e s e n t  r i b o n u c l e o p r o t e i n  in  

t r a n s i t  t o  t h e  cy top lasm .  X 31, *t00
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F i g .  7.  A s e c t i o n  through C r i t h i d i a  t r e a t e d  as  d e s c r i b e d  in  F i g .  5.

Here  a more complex form o f  n u c l e o l a r  s e g r e g a t i o n  i s  seen  showing 

d i v i s i o n  i n t o  t h r e e  unequal segments (n s )  w i th  a d e f i n i t e  p o l a r i t y  

from top t o  b o t to m ,  with r e s p e c t  t o  both  s i z e  and e l e c t r o n  d e n s i t y .

Note the  c r e s c e n t - s h a p e d  r i n g  o f  e l e c t r o n  dense  m a t e r i a l  in  t h e  

lowermost segment  p a r t i a l l y  su r ro u n d in g  a l i g h t e r  c e n t r a l  co re .  Also  

shown a re  p a r t i c l e s ,  whose o r i g i n s  a r e  unknown, which may be 

i n t r a n u c l e a r  i n c l u s i o n  b o d ie s  (N i ) .  X k k ,  280

F ig .  8. S e c t i o n  th rough t h e  nuc leus  o f  Cri  t h i d i a  t r e a t e d  w i th  2 . 5  

pg/ml k -A Q fl  f o r  1.25 h r .  Note  th e  t y p i c a l  a r rangement  o f  t h e  n u c l e o l a r  

e lements  c h a r a c t e r i s t i c  o f  t h e  normal n u c l e o l u s .  The g r a n u la r  (g) 

and f i b r i l l a r  ( f )  e lements  fend  t o  occupy p e r ip h e r a l  and c e n t r a l  

p o s i t i o n s  r e s p e c t i v e l y .  Note  a l s o  t h e  k i n e t o p l a s t  (K) l a t e r a l  t o  t h e  

nuc leus  (N) w i th  i t s  double  membrane and kDNA in  o b l iq u e  s e c t i o n .

X lf9,>00

F ig .  9. A s e c t i o n  through t h e  nuc leus  o f  C r i t h i d i a  t r e a t e d  w i th  2 .5  

pg/ml ^-NQ.0 f o r  1.25 h r .  Note t h e  d im in u t io n  in  s i z e  o f  t h e  n u c l e o l u s  (ns )  

and i t s  movement t o  a more c e n t r a l  p o s i t i o n  in  t h e  n u c le u s  (N).  A
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n u c l e o l a r  f ragm ent  (n f )  can a l s o  be seen  a d j a c e n t  t o  t h e  n u c lea r  

membrane. The k i n e t o p l a s t  i s  seen in  t r a n s v e r s e  s e c t i o n  (K).

X 61, 200
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The e f f e c t  o f  exposure  t o  4-AQO on i n c o r p o r a t i o n . o f  r a d i o a c t i v e  

u r a c i l  i n t o  C r i t h i d i a  RNA c o n t r a s t s  s h a r p l y  w i th  t h a t  o f  4-NQ.O. I t  

can be  seen g r a p h i c a l l y  i n  C h ar t  6 t h a t  4-AQ.O has no e f f e c t  on t h e  

up take  o f  l a b e l .  The exper im en t  was d e s ig n e d  to  be  i n t e r n a l l y  

c o n s i s t e n t .  4-NQ.O was added a f t e r  30 min of  exposu re  to  r a d i o a c t i v e  

l a b e l  thus  e n a b l i n g  comparison between p r e  and p o s t  4-NQ.O r a t e s  o f  

i n c o r p o r a t i o n .

8) P h y s io lo g ic a l  E f f e c t s  o f  Exposure t o  4-NQ.O 

Impairment o f  P l a t i n g  E f f i c i e n c y

The p l a t i n g  e f f i c i e n c y  o f  c e l l s  exposed t o  4-NQ.O was 

d r a m a t i c a l l y  im pa i red  ( s e e  C h ar t  7 ) .  Most s t r i k i n g  was t h e  t im e  o f  

o n s e t  o f  drug a c t i o n .  W ith in  t h e  f i r s t  m inu te  o f  exposu re  c lo n in g  

c a p a c i t y  was reduced by 5$>%\ by four  m inu tes  i t  was a lm os t  z e r o .

The f a i l u r e  o f  AQ0 t o  im pa i r  c lo n in g  e f f i c i e n c y  a t  c o n c e n t r a t i o n s  

o f  5 and 10 pg/ml over a t ime  i n t e r v a l  o f  4-5 min i s  shown in  T a b le  8 .  

From t h e  d a t a  p r e s c r i b e d  i t  i s  not p o s s i b l e  t o  d e te r m in e  whether 

4-AQO perm eates  t h e  cel 1 boundary  bu t  has  no t o x i c  e f f e c t  or i s  

b locked  a t  t h e  c e l l  membrane.
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LEGEND CHART 5

E f f e c t  o f  4-NQ.O on Uptake o f  U r a c i l - 2 - C ^  in  TCA I n s o l u b l e  M a t e r i a l . 

Four s id e - a r m  f l a s k s  c o n ta i n in g  100 ml d e f i n e d  media were i n o c u l a t e d  

w i th  1 ml o f  a i*8 hr c u l t u r e  and in cu b a ted  a t  27 C u n t i l  t u r b i d i t y  

reached  0 .2  t o  0 .3  0D u n i t s .  Then 0 .2  ml o f  a 5 pC/ml s o l u t i o n  o f  

u r a c i l - 2 - C ^  was added, and 1 ml a l i q u o t s  removed a t  t h e  fo l lowing  

t ime i n t e r v a l  s i  3,  10, 30 min.  At 32 min 4-NQ.O was added t o  3 

d i f f e r e n t  f l a s k s  a t  f i n a l  c o n c e n t r a t i o n s  o f  2.5* 5 and 8 pg/ml and 

1 ml a l i q u o t s  t a k e n  a t  35, U 5 , 60, 75, 90,  and 150 min. Each 

a l i q u o t  was p i p e t t e d  i n t o  3 ml c o ld  5% TCA and t r e a t e d  as  d e s c r i b e d  

in  "Methods11. All  a l i q u o t s  were taken  in  d u p l i c a t e .
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LEGEND CHART 6

E f f e c t  o f  4-AQ.O on Uptake o f  Uraci 1-2-Cl ** in  TCA I n s o l u b l e  M a t e r i a l . 

Exper im enta l  d e s ig n  d e s c r ib e d  i n  Legend Char t  5.  At 33 min a f t e r  

a d d i t i o n  o f  u r a c i l  - 2 - C ^ ,  4-AQ.O a t  c o n c e n t r a t i o n s  o f  2 . 5  and 5 mj/m1 

were added and a l i q u o t s  taken  a t  35# 50, and 60 min.  D u p l i c a t e  

a l i q u o t s  were t a k en  a t  each  t im e  p o i n t .
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LEGEND CHART 7

E f f e c t  o f  ^-NQ.0 on C lon ing . C e l l s  grown t o  mid-1og in  u n d e f in e d  

medium in  10 ml screw cap t u b e s .  4-NQp added a t  2 .5  jag/ml, a l i q u o t s  

removed a t  1,  2 ,  3 ,  k  min, d i l u t e d  one thousand f o l d  ( 10^) and spread  

on aga r  p l a t e s  as  d e s c r i b e d  in  "Methods11. Clones  were coun ted  on day 

9 . Each va lue  i s  t h e  av erage  of  f i v e  p l a t e s .
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TABLE 8

E f f e c t  o f  AQ.0 on C lon in g . O ne- ten th  ml o f  a **0 hr c u l t u r e  o f  C r i t h i d i a  

was i n o c u la t e d  i n t o  10 ml o f  undef ined  medium and incuba ted  fo r  24 hr 

a t  27 C. 4-AQ.O was then  added a t  5 and 10 {ig/ml and t h e  m ix ture  was 

incuba ted  f o r  5 min a t  which t ime 0 .1  ml a l i q u o t s  were p l a t e d  a f t e r  

a p p r o p r i a t e  d i l u t i o n ;  t h e  p rocess  was re p e a te d  a t  15* 25* 45* and 60 

min. Three  p l a t e s  were i n o c u la te d  a t  each t ime p o i n t .  Colony counts  

were done on day 8 .

Minutes Post-Drug Exposure

Concentra t ion

jig/ml

O' 5'

No.

15'  25'  

C o l o n i e s / p l a t e

45 '

5 120 114 200 98 169

106 110 187 120 51

180 184 143 108 184

(Mean) SD 135 ± 39 136 + 41. 6 176  + 2 9 .8  108 + 10.9 135 ± 7 2 .8

to 137 113 182 180 94

110 100 120 138 106

100 102 63 125 * 75

(Mean) SD 116 + 19 108  + 5 .7 121 + 59.5 147 + 2 8 .7 92 + 15.6
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I n h i b i t i o n  o f  R e s p i r a t i o n

Cel l  r e s p i r a t i o n  was reduced t o  abou t  o n e - h a l f  t h a t  of  

c o n t r o l s  a f t e r  growth in  2 . 5  Ms/ml 4-NQO f o r  1 .25  h r ;  in  T ab le  9 the  

r e s p i r a t o r y  r a t e  {nmoles/min/mg p r o t e i n )  r e l a t i v e  t o  an u n t r e a t e d  

con t ro l  i s  s ee n .  A comparison  of  c e l l s  exposed to  2 .5  Hg/ml 4-AQO 

f o r  1 .25 hr  with u n t r e a t e d  c o n t r o l s  i s  in c lu d e d .  No impairment of 

r e s p i r a t i o n  appea rs  upon exposure  t o  4-AQO under t h e s e  c o n d i t i o n s .

The t ime  o f  o n se t  o f  drug a c t i o n  was s t u d i e d  by exposing  c e l l s  t o

4-NQO i n  t h e  p o la r g r a p h  r e a c t i o n  chamber and measur ing  changes in  t h e

r a t e  o f  Og consumpt ion. As shown g r a p h i c a l l y  in  C h ar t  8 Og

consumption o f  4-NQO exposed c e l l s  d e c r ea se d  g r a d u a l l y ,  b u t  not

a b r u p t l y  as seen  w i th  c l a s s i c a l  r e s p i r a t o r y  i n h i b i t o r s  such as NaN^

and KCN. The d e c r e a s e  in r e s p i r a t o r y  r a t e ,  e x p re s s e d  as  per c e n t  o f

c o n t r o l s ,  was 55% a t  6 - 7  min p o s t -d ru g  a d d i t i o n .  Under normal c o n d i t i o n s

th e  t o t a l  d i s s o l v e d  O2 c o n c e n t r a t i o n  d e c rea se d  and i s  accompanied by a

d e c r e a s e  in  r e s p i r a t o r y  r a t e  (compare s lo p e  of  c o n t ro l  l i n e  a t  1 -2  min

and 5-6  min i n t e r v a l s ) .  In  compensating f o r  t h i s  n a t u r a l  d e c r e a se

r e s p i r a t o r y  r a t e s  o f  c o n t r o l  and exper im en ta l  c e l l s  were compared a t  

i d e n t i c a l  t im e  i n t e r v a l s .
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LEGEND CHART 8

I n h i b i t i o n  o f  C e l l u l a r  R e s p i r a t i o n  by 4-NQ.O. S ix  ml of  a washed c e l l  

su spens ion  o f  -2 0  X 10^ c e l l s / m l  in  s u c r o s e  b u f f e r  was added t o  th e  

r e a c t i o n  chamber and a l low ed  t o  e q u i l i b r a t e  f o r  1 /2  h r .  4-NQ.O was 

th e n  added t o  a f i n a l  c o n c e n t r a t i o n  o f  14 jig/ml t o  compensate f o r  the  

h igh  c e l l  c o n c e n t r a t i o n  r e q u i r e d  f o r  p o la ro g ra p h y .  The l i n e s  shown 

were t r a c e d  from th e  o r i g i n a l  r e c o r d i n g s .
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TABLE 9

E f f e c t  o f  4-NQO on C e l l u l a r  R e s p i r a t i o n . Three  1-1 i t e r  f l a s k s  

c o n t a i n in g  500  ml each  were i n o c u l a t e d  w i th  5 . 0  ml o f  a l o g -p h a se  

c u l t u r e  o f  C r i t h i d i a . At 33 hr 2 . 5  ng/ml 4-NQ.O, *t-AQ.O r e s p e c t i v e l y  

were added.  A f t e r  1 .25  hr  t h e  c e l l s  were p re p a re d  f o r  po la ro g rap h y  

as d e s c r i b e d  in  MMethods,, .' The v a lu e s  given  r e p r e s e n t  t h e  av erage  

o f  3 s e p a r a t e  d e t e r m i n a t i o n s .

R e s p i r a t o r y  r a t e  

(nmo1es/min/mg p r o t e i n )

Meanu (SO)

% o f  c o n t ro l

if-NQO if-AQ.0 Control

19 3 ^ .0  32 .5

17 3^ 30

15 3*i 32

1 7 + 2  3^ + 0 31 .5  + 1

"5 0  -100
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DISCUSSION

The mechanisms which govern  4-NQO t r a n s p o r t  a r e  poo r ly  u n d e rs to o d .  

We have d i r e c t e d  our a t t e n t i o n  t o  two a s p e c t s  o f  t h i s  problem: (a )  t h e

r o l e  o f  pH ( i o n i z a t i o n )  and (b) t h e  r o l e  p la y ed  by phys ico -chem ica l  

i n t e r a c t i o n s  between 4-NQO and components o f  t h e  growth  medium.

Hutner e t  a l . (1967)# in  t h e  on ly  r e f e r e n c e  t o  t h e  r o l e  p layed  by 

pH i n  4-NQ.O t r a n s p o r t ,  sugges ted  t h a t  low pH would f a v o r  p e n e t r a t i o n  

by impeding d i s s o c i a t i o n  o f  p r o to n s  from t h e  4 - n i t r o  group in  a manner 

s i m i l a r  t o  t h a t  shown f o r  2,4-DNP (pKa 4 .0 )  ( A l b e r t ,  1965) .  (The 

i n a b i l i t y  o f  m o le c u le s  t o  pe rmeate  n a tu ra l  membranes i n  t h e i r  i o n iz e d  

form i s  d i s c u s s e d  by Davson & D an ie l l i  (1970)1) However, t h e  resemblance  

between 4-NQO and 2,4-DNP i s  a t  b e s t  a s u p e r f i c i a l  one.  The p h e n o l i c  

hydroxyl o f  DNP p o s s e s s e s  a d i s s o c i a b l e  p r o to n  bu t  t h e r e  i s  no 

e q u i v a l e n t  group on t h e  4-NQO m olecu le .  Due t o  t h e  s t ro n g  e l e c t r o n -  

withdrawing c h a r a c t e r  o f  t h e  _N-oxide group t h e  4 - n i t r o  group i s  

p o l a r i z e d ,  t h a t  i s  i t  e x h i b i t s  a d i p o l e  moment, b u t  i t  does not 

p o s se s s  a d i s s o c i a b l e  p ro to n .  Hence t h e  e l e c t r o s t a t i c  c h a r a c t e r  o f  

t h e  m o lecu le  i s  no t  i n f l u e n c e d  by f l u x e s  i n  pH, and in  t u r n  pH does



n o t  i n f l u e n c e  p e n e t r a b i l i t y  th rough  n a t u r a l  membranes.  This  h e lp s  t o  

e x p l a i n  our f i n d i n g  t h a t  4-NQO r e a d i l y  p e n e t r a t e s  t h e  o u t e r  membrane 

a t  p h y s i o l o g i c a l  pH (Chart  1 ) ;  and a l s o  e x p l a i n s  why th e  pKe o f  4-NQO 

i s  no t  l i s t e d  i n  t h e  s t a n d a r d  r e f e r e n c e  (O c h ia i ,  1967) an(  ̂ cou ld  not 

be de te rm ined  i n  our l a b o r a t o r y  by co nven t iona l  t i t r a t i o n  t e c h n i q u e s .

The second a s p e c t  of  t r a n s p o r t  we have s t u d i e d  i s  t h e  r o l e  p layed  

by components i n  t h e  growth medium i n  f a c i l i t a t i n g  p e n e t r a t i o n .  I t  i s  

well known t h a t  4-NQO can form c h a r g e - t r a n s f e r  complexes w i th  compounds 

p r e s e n t  i n  t h e  medium such as  t h e  a ro m a t ic  amino a c id  L - t ry p to p h a n  

(Okano e t  a l . ,  1969) and n u c leobases  such a s  g u an in e  (Nagata  e t  a l . ,  

1963).  T h i s  complex i s  a r e l a t i v e l y  weak m o le c u la r  bond in  comparison 

t o  c o v a l e n t ,  i o n i c  and hydrogen bonds;  and c o n s i s t s  o f  t h e  t r a n s f e r  of 

a n e g a t i v e  charge  from th e  h i g h e s t  unoccupied m o lecu la r  o r b i t a l  o f  a 

donor m olecu le  t o  t h e  lowest  unoccupied o r b i t a l  o f  an a c c e p t o r  m o lecu le .  

Moreover,  Memory (1962) has advanced th e  n o t i o n  o f  a d i r e c t  a s s o c i a t i o n  

between compounds which can form charge  t r a n s f e r  complexes with  

t ry p t o p h a n  and c a r c i n o g e n i c i t y .  I t  i s  c o n c e iv a b le  t h e r e f o r e ,  t h a t  

4-NQO i s  co nver ted  by such means i n t o  a " t r a n s p o r t  form" (Koro lkovas ,
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1970 ) which f a c i l i t a t e s  p e n e t r a t i o n .

We approached  t h i s  q u e s t io n  by exposing  Cri  t h i d i a  t o  4-NQO in 

d i s t i l l e d  h^O. Our r e s u l t s  i n d i c a t e  t h a t  4-NQO r e a d i l y  e n t e r s  th e  

c e l !  under t h e s e  c o n d i t i o n s  (Table 6 ) from which we conclude  t h a t  

e i t h e r  (a) charge  t r a n s f e r  i n t e r a c t i o n s  do n o t  o ccu r  o r  (b)  t h a t  they  

do occur bu t  p la y  no r o l e  in  f a c i l i t a t i n g  t r a n s p o r t .  A not u n rea so n ab le  

r e s u l t  c o n s id e r in g  t h e  f a c t  t h a t  4-NQO r e a d i l y  in d u c es  tumors in  mice 

and r a t s  by s im ple  s k i n - p a i n t i n g  t e c h n i q u e s . ( N a k a h a r a  e t  a l . ,  1957).

The r o l e  p layed  by a c t i v e  t r a n s p o r t  mechanisms in  4-NQO p e n e t r a t i o n  

has been s t u d i e d  by Zaha lsky  e t  a l .  (1963) and Zahalsky & Marcus (1965)* 

These i n v e s t i g a t o r s  found t h a t  i n h i b i t i o n  o f  growth  by 4-NQO in  

0 .  d a n ic a , E. g r a c i l i s ,  C. bovis  and t h e  p h o t o s y n t h e t i c  p u r p l e  bac te r ium  

R. p a l u s t r i s  was c o m p e t i t i v e l y  a n n u l l e d  by L - t ry p to p h an  (Zahalsky  e t  

a l . ,  1963) .  On th e  b a s i s  o f  t h i s  o b s e r v a t i o n  i t  was sugges ted  t h a t  

4-NQO e n t e r e d  th e  c e l l  by a v a i l i n g  i t s e l f  of  a g en e ra l  a ro m a t ic  

t r a n s p o r t  mechanism, o r  more s p e c i f i c a l l y  by a t ry p to p h an  t r a n s p o r t  

system. A ccord ing ly  annul 1ment o f  4-NQO t o x i c i t y  was e x p la i n e d  by 

assuming c o m p e t i t io n  between t r y p t o p h a n  and 4-NQO f o r  a common
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membrane-bound c a r r i e r  p r o t e i n  (S inge r  & N ico lso n ,  1972).

T h i s  h y p o th e s i s  was t e s t e d  by t h e  u se  o f  a t ryp to p h an -d ep en d en t  

mutant o f  E. c o l i  which po s se s sed  an i n d u c i b l e  t ryp tophan  permease 

(Zaha lsky  & Marcus, 1965)* I t  was found t h a t  p r i o r  exposu re  to  

non-growth  i n h i b i t o r y  doses  o f  *f-N(£0 r e s u l t e d  i n  complete  i n h i b i t i o n  

o f  L - t ry p to p h a n  u p t a k e  w i th in  5 min.  S in c e  t h e  converse  exper iment 

— t h e  a d d i t i o n  o f  L - t ry p to p h an  fo l lowed  by measurement o f  4-NQ.O 

up take  — was not done ,  t h e s e  r e s u l t s  a r e  open t o  two d i v e r g e n t  

i n t e r p r e t a t i  ons:

1 ) 1*-NQ0 s a t u r a t e d  t h e  common membrane-bound c a r r i e r  p r o t e i n ;

2) 4-NQ.O " d i s s o l v e d "  th rough  th e  l i p o i d a l  l a y e r  o f  t h e  membrane, 

e n t e r e d  t h e  n u c l e u s ,  and b locked  th e  operon  r e s p o n s i b l e  f o r  r e g u l a t i n g  

s y n t h e s i s  o f  t h e  i n d u c i b l e  t ry p to p h an  permease  (Boezi & Oe Moss, 1961) .

The l a t t e r  i n t e r p r e t a t i o n  i s  consonant w i th  our f i n d i n g s  t h a t  

4-NQ.O a c t s  w i th  ex trem e  r a p i d i t y  t o  b lock  RNA t r a n s c r i p t i o n  in  the  

n u c l e u s .  The a n n u l l i n g  e x p e r im e n t^  on t h e  o t h e r  hanc^ p o i n t  t o  an 

a c t i v e  t r a n s p o r t  mechanism media ted  by an a r o m a t i c  amino a c i d  t r a n s p o r t  

system. At p r e s e n t ,  t h e n ,  i n s u f f i c i e n t  ex p e r im en ta l  e v id en c e  i s
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a v a i l a b l e  t o  p ropose  e i t h e r  an energy-dependen t  or e n e r g y - in d e p en d e n t  

mechanism o f  4-NQO t r a n s p o r t .

In  summary, i t  i s  most u n l i k e l y  t h a t  4-NQO i s  c o n v e r ted  in to  a 

" t r a n s p o r t  form"? i t  p ro b a b ly  e n t e r s  t h e  c e l l  i n  a p o l a r i z e d  but 

e l e c t r i c a l l y  n e u t r a l  s t a t e  and though ev id en ce  has  been  p re sen ted  f o r  

m e d ia t io n  by a t ry p t o p h a n  permease system, d e f i n i t i v e  p roof  i s  a b s e n t .

In  o r d e r  t o  d e te rm in e  whether t h e  c y t o t o x i c  e f f e c t  o f  4-NQO was 

dependent on t h e  p h y s i o l o g i c a l  s t a t e  o f  t h e  c e l l  p o p u l a t i o n ,  we exposed  

Cri t h i d i a  t o  4-NQO a t  l a g ,  log and p l a t e a u  phase .  These  phases a r e  

c h a r a c t e r i z e d  by wide m e ta b o l i c  d i f f e r e n c e s .  During lag  phase, f o r  

example,  though b i o s y n t h e s i s  o c c u r s ,  c e l l  d i v i s i o n  and DNA s y n t h e s i s  

a r e  r e p r e s s e d ;  1og-phase  growth, on t h e  o th e r  hand, i s  t y p i f i e d  by 

maximal b i o s y n t h e s i s  and c e l l  d i v i s i o n ;  a t  p l a t e a u  phase ,  a s teady  

s t a t e  e x i s t s  du r ing  which t h e  r a t e  o f  c e l l  d i v i s i o n  e q u a l s  the  r a t e  o f  

c e l l  d e a th .

Our r e s u l t s  show c l e a r l y  t h a t  c y t o t o x i c i t y  i s  independent o f  t h e  

p h y s i o l o g i c a l  s t a t e  o f  t h e  c e l l  p o p u l a t i o n  (Char t  4 ;  Tab le  7) .

Kuroki e t  a l . (1970) r e p o r t e d  s i m i l a r  r e s u l t s  in  c u l t u r e d  mammalian 

c e l l s ;  i n  SV-40 i n f e c t e d  t i s s u e  c u l t u r e  c e l l s  e x p r e s s i o n  of the



t - a n t i g e n  i s  a l s o  independen t  o f  DNA r e p l i c a t i o n  o r  c e l l  d i v i s i o n  

(Todaro  & Green, 1966) — a f i n d i n g  which s u g g es t s  t h a t  t h e  e a r l y  

c y t o t o x i c  e f f e c t s  o f  b-NQ,0 may be s i m i l a r  in  n a t u r e  t o  t - a n t i g e n  

f o r m a t io n  induced by tumor-forming  v i r u s e s .

Char t  2 shows d o s e - r e s p o n s e  growth  p a t t e r n s  of  C r i t h i d i a  exposed

t o  i n c r e a s i n g  c o n c e n t r a t i o n s  o f  *t-NQ,0. C l e a r l y ,  t h e  deg ree  o f

i n h i b i t i o n  — measured in  terms o f  t h e  t ime  r e q u i r e d  f o r  re sum ption  o f

normal c e l l  d i v i s i o n  — i s  a d i r e c t  f u n c t i o n  o f  t h e  c o n c e n t r a t i o n  of

b-NQ,0 in  t h e  medium. Two c o n c lu s io n s  a r e  immedia te ly  e v i d e n t :

(a )  t h a t  t h e  d u r a t i o n  o f  m i t o t i c  d e l a y  i s  dose -dependen t  and no t  based

on an a l l - o r - n o t h i n g  p r i n c i p l e ,  and (b) t h a t  t h e  c y t o t o x i c  e f f e c t  of

k - N Q f l  i s  r e v e r s i b l e  w i t h i n  t h e  c o n c e n t r a t i o n  l i m i t s  imposed. L a te r

we w i l l  d i s c u s s  th e  p ro b a b le  r o l e  o f  d a r k - r e p a i r  mechanisms in  t h e  

l a t t e r  p r o c e s s .

By c o n v e r t i n g  our  d a t a  by t h e  method o f  S c h u b e r t  (1970) i n t o  a 

. l i n e a r  p l o t  o f  n e t  do u b l in g  t ime v s .  4-NQO c o n c e n t r a t i o n ,  some 

f u r t h e r  c o n c lu s io n s  can be drawn (C har t  3)« W ith in  t h e  range  of  

CM pg/ml 4-NQ.O t h e r e  i s  a l o g a r i t h m i c  i n c r e a s e  i n  t h e  i n i t i a l  

d o ub l ing  t im e  ( T j ) .  An i n f l e c t i o n  p o i n t  then  o ccu r s  fo l lo w in g  which
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c o n c e n t r a t i o n  increments  have a d im in ish in g  e f f e c t .  A curve  connec t ing  

t h e  exper imenta l  p o i n t s  sugges ts  a h y p e rb o l i c  s a t u r a t i o n  curve.  This  

This  r e s u l t  becomes u n d e r s t an d a b le  i f  we assume t h a t  t h e r e  a r e  a f i n i t e  

number o f  ^-NQO t a r g e t s  in  t h e  c e l l  which de term ine  th e  c y to to x ic  

e f f e c t ;  when a l l  t h e  "receptor s i t e s "  a r e  occupied s a t u r a t i o n  i s  reached 

and no f u r t h e r  c y to to x ic  e f f e c t  i s  e l i c i t e d  r e g a r d l e s s  o f  th e  number 

o f  new 4-NQ.O molecules  added. The re c e p to r  concept as advanced by 

Eh r l ich  and l a t e r  Krebs,  i s  d i s c u s s e d  in  d e t a i l  by A lb e r t  (1965) and 

Korolkovas (1970) .

The micrographs  shown in  F ig s .  3# 5 ,  6 , 7» 9 r e p r e s e n t  th e  f i r s t  

unambiguous dem ons t ra t ion  o f  n u c l e o l a r  s eg r e g a t io n  induced by a 

chemical in  a p ro tozoan .  The absence o f  e f f e c t s  on t h e  k i n e t o p l a s t  

were s u r p r i s i n g  but th e  i n d u c t io n  o f  n u c le o l a r  a l t e r a t i o n s  was n o t .

S in ce  t h e  o r i g i n a l  r e p o r t  by Endo e t  a l .  (1959) o f  th e  in d u c t io n  

by 4-NQ.O and i t s  c a rc in o g e n ic  d e r i v a t i v e s  o f  morphologica l  a l t e r a t i o n s  

i n  t h e  nu c le i  of  c u l t u r e d  mammalian c e l l s ,  seven papers  have appeared  

i n  th e  l i t e r a t u r e  d e a l i n g  with  d i f f e r e n t  a s p e c t s  of  t h i s  phenomena 

(Endo e t  a l . ,  196la^ Harada e t  a l . ,  1968; Hayashi & Hasegawa, 1970; 

Lazarus e t  a l . ,  1 9 6 6 ; Mita e t  a l . ,  1965; Paul e t  a l . ,  1971b; Reynolds
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e t  a l . ,  1963) .

Endo e t  a 1 . (1959) observed  by l i g h t  m ic roscopy  and h i s to c h e m ic a l  

t e c h n iq u e s  t h a t  mouse k idney  or  Chang l i v e r  c e l l s  exposed t o  10“^ M 

k - U Q f l  e x h i b i t e d  n u c l e a r  i n c l u s i o n  b o d ie s  c h a r a c t e r i z e d  by Feu lgen  and 

PAS-negative  and p y r o n i n e - p o s i t i v e  r e a c t i o n s .  Endo e t  a l .  (1961) l a t e r  

showed t h e s e  i n c l u s i o n  b o d ie s  t o  be  RNP i n  n a t u r e .  Nuclear  i n c l u s i o n s  

were induced  on ly  by c a r c in o g e n ic  d e r i v a t i v e s  o f  ^-NQp i n d i c a t i n g  t h a t  

t h e s e  c y t o l o g i c a l  changes  were r e l a t e d  i n  some way to  t h e  c a r c i n o g e n i c i t y  

o f  4-N&0.

With t h e  ad v en t  o f  t h e  e l e c t r o n  microscope  more p r e c i s e  ex am ina t ion  

o f  t h e  c y t o l o g i c a l  e f f e c t s  o f  4-NQO became p o s s i b l e .  Reynolds e t  a t .  

( 1 9 6 3 ) was t h e  f i r s t  t o  d e s c r i b e  t h e  f i n e  s t r u c t u r a l  changes  induced  

by U-NQ.0. Using t i m e - l a p s e  c inematography and e l e c t r o n  microscopy 

t h e  fo l lo w in g  changes  in  Chang l i v e r  c e l l s  exposed t o  10“^ M 4-NQ.O 

f o r  10 min were observed :

(a )  a p r o g r e s s i v e  d e c r e a s e  i n  n u c l e o l a r  s i z e j

(b) r e d i s t r i b u t i o n  o f  n u c l e o l a r  components i n t o  l i g h t  and dark  

" n u c l e o l a r  c ap s " ;
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(c) appearance  o f  n u c le a r  i n c l u s i o n  b o d ie s .

S im i l a r  o b s e r v a t io n s  were l a t e r  made in c u l t u r e d  r a t  nephroblastoma 

c e l l s ,  Chang l i v e r  and HeLa c e l l s  (Lazarus  e t  a l . ,  1966} and in  TTC-13 

c e l l s  d e r iv ed  from mouse a s c i t e s  (Harada e t  a l . ,  1968).  In  th e  l a t t e r  

m u l t i  v e s i c u l a r  bod ies  appeared in  t h e  cytoplasm along wi th  n u c le o l a r  

changes.

R ecen t ly ,  Paul e t  a l .  (1971b.) have shown t h a t  weakly c a r c in o g e n ic  

d e r i v a t i v e s  of  f̂-NCiO induced c o r re spond ing ly  f e e b l e  n u c l e o l a r  changes,  

sugges t ing  t h a t  t h e  i n t e n s i t y  o f  c a r c i n o g e n i c i t y  was q u a n t i t a t i v e l y  

r e l a t e d  t o  t h e  degree o f  n u c l e o l a r  a l t e r a t i o n s  observed .  ^-NQO 

induced n u c l e o l a r  a l t e r a t i o n s  have a l s o  been demonst ra ted  in  v ivo by 

Hayashi & Hashigawa-(1970) i n  r a t  lung t i s s u e .  T h e i r  f i n d i n g  i s  o f  

p a r t i c u l a r  i n t e r e s t  in  t h a t  4-NQ.O i s  a p o t e n t  in d u c e r  of  pulmonary 

tumors in r a t s ;  again su g g es t in g  t h a t  i n d u c t io n  o f  n u c l e o l a r  changes 

i s  c a u s a l ly  r e l a t e d  t o  m a l ignan t  t r a n s f o r m a t io n .

The only  r e p o r t e d  s tudy o f  th e  e f f e c t  o f  lt-NQ.0 on nuc lea r  

s t r u c t u r e s  in  p ro tozoa  were on th e  c i l i a t e  Tetrahymena p y r i f o r m i s . 

Synchronously  grown Tetrahymena exposed t o  20 Jig/m1 ^-NQ,0 e x h i b i t e d



t h e  fo l low ing  changes  (Mita e t  a l . ,  1965):

(a )  d i s t o r t e d  k a r y o k i n e s i s ;

(b j  uneven d i s t r i b u t i o n  o f  DNA t o  d a u g h te r  c e l l s ;

(c )  i r r e g u l a r i t i e s  in  d a u g h te r  c e l l  s i z e .

U 1 t r a s t r u c t u r a l  changes  in c lu d e d  n u c l e o l a r  a l t e r a t i o n s  ana logous  to  

t h o s e  d e s c r ib e d  i n  C r i t h i d i a  b u t  t h e  small s i z e  o f  t h e  i n t e r p h a s e  

n u c l e o l i  o f  Tetrahymena p re c lu d ed  a conv inc ing  d e s c r i p t i o n  (Endo e t  

a l . *  1971).  Again,  a s  i n  p re v io u s  r e p o r t s ,  t h e s e  changes  were induced 

on ly  by c a r c in o g e n ic  d e r i v a t i v e s  o f  4-NQ.O.

To summarize:  our r e s u l t s  a r e  in  c l o s e  agreement w i th  t h o s e  o f

p r e v i o u s  w orkers .  N u c leo la r  a l t e r a t i o n s  were induced a t  s i m i l a r  

d osages ,  and a f t e r  s i m i l a r  p e r i o d s  o f  exposu re .  A lso ,  i n c l u s i o n  

b o d i e s ,  p robab ly  s i m i l a r  t o  t h o s e  o r i g i n a l l y  d e s c r ib e d  by Endo e t  a l .  

(1959)  were found a s s o c i a t e d  w i th  n u c l e o l a r  changes .  In  a d d i t i o n ,  

t h e s e  changes were induced on ly  by c a r c in o g e n ic  d e r i v a t i v e s  o f  ^-NQ,0 .

At t h e  t im e  o f  R ey n o ld ' s  r e p o r t  t h e  SH s u b s t i t u t i o n  r e a c t i o n  was 

c o n s id e re d  by some t o  be t h e  key t o  t h e  c a r c i n o g e n i c i t y  o f  4-NQ.O.

(F or  a rev iew o f  t h e  r o l e  o f  SH groups  i n  c a r c i n o g e n e s i s  s e e  Har ington
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(19 6 1 ) . )  Reynolds based  h i s  e x p l a n a t i o n  o f  " n u c l e o l a r  c a p s "  on th e  f i n d i n g  o f

Fukuoka e t  a ! . 5 (1959) t h a t  4-NQ.O i n h i b i t e d  g l y c o l y s i s  i n  E h r l i c h

a s c i t e s  c e l l s  presumably by i n a c t i v a t i n g  t h e  S H -co n ta in in g  enzyme,

g l y c e ra ld e h y d e -3 -p h o s p h a te  dehydrogenase ,  A r e c o n s t r u c t i o n  o f  th e

proposed sequence  o f  e v e n t s  i s  a s  f o l l o w s :  exposu re  to  ^-NQO r e s u l t e d

i n  th e  i n h i b i t i o n  of  g l y c o l y s i s  which i n  t u r n  r e s u l t e d  i n  a d e c rea se

in  c e l l u l a r  NADH. T h i s  d e p re s sed  ATP l e v e l s  and  u l t i m a t e l y  i n h i b i t e d

p r o t e i n  and n u c l e i c  a c i d  s y n t h e s i s .  In  r e s p o n se  to  th e  d e p r e s s i o n  in

p r o t e i n  s y n t h e s i s  t h e  c e l l  was en v isaged  t o  d i s c h a r g e  p re - fo rm ed  RNP

from th e  n u c l e u s  t o  t h e  cy toplasm in  an a t t e m p t  t o  r e s t o r e  normal

r a t e s  o f  p r o t e i n  s y n t h e s i s .

Reynolds adm irab ly  i n c lu d e d  most o f  t h e  known f a c t s  a v a i l a b l e  a t  

t h e  t ime conce rn ing  t h e  b iochem ica l  e f f e c t s  o f  k-NQ,0. However he 

f a i l e d  t o  t a k e  i n t o  accoun t  Tomaru e t  a l . ' s  (1961) f i n d i n g  t h a t  

a l th o u g h  If-NQ.0 had a s t r o n g e r  a f f i n i t y  f o r  SH groups than  t h e  r e l a t e d  

compound, ^ f - n i t r o q u i n a l d i n e  j i - o x id e ,  t h e  l a t t e r  had a more marked 

e f f e c t  on g l y c o l y s i s  th a n  t h e  former .  Hence t h e  co n nec t ion  between 

SH s u b s t i t u t i o n  and i n h i b i t i o n  of  g l y c o l y s i s  upon which Reynolds
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based h i s  h y p o th e s i s  was l a r g e l y  u n s u b s t a n t i a t e d .

L a t e r ,  Lazarus  e t  a l . (1966) m od i f ied  Reyno lds '  h y p o th e s i s  on t h e  

b a s i s  o f  t h e  f i n d i n g  t h a t  Act D induced n u c l e o l a r  s e g r e g a t i o n  in  

mammalian c e l l s .  They s p e c u l a t e d  on t h e  r o l e  o f  4-NQO in  b lo ck in g  

RNA s y n t h e s i s  in  t h e  n u c leu s ,  b u t  could no t  fo r m u la t e  an h y p o th e s i s  

b ecau se  b ind ing  t o  DNA by A-NQ.0 was y e t  t o  be  dem o n s t ra t ed .

On t h e  b a s i s  o f  c u r r e n t  knowledge o f  t h e  n u c le o lu s  and a g en t s  

which a f f e c t  i t s  morphology, i t  i s  now c l e a r  t h a t  A-NQ.0 a c t s  by 

p h y s i c a l l y  b ind in g  t o  nuDNA (Busch & Smetana, 1970)* The n u c le o lu s  

i s  p r e s e n t l y  t h e  re c o g n ize d  s i t e  o f  s y n t h e s i s  and p r o c e s s in g  o f  rRNA 

(Brown & Gurdon, 196A; D a r n e l l ,  1968; P e r r y ,  1969) and c o n t a i n s  in  i t s  

a s s o c i a t e d  DNA c i s t r o n s  coding  f o r  rRNA ( R i t o s s a  & Speigelman, 1965).

In a d d i t i o n ,  t h e  metabol ism o f  rRNA i n  t h e  n u c l e o l u s  has been  c l a r i f i e d  

a f t e r  s e v e r a l  yea r s  o f  i n t e n s i v e  s tudy  ( D a r n e l l ,  1968): t h e  f i r s t

rRNA p ro d u c t  t r a n s c r i b e d  i s  a long p o l y n u c l e o t i d e  chain  which 

s ed im en ts  in  suc rose  g r a d i e n t s  as  a 80-1105 RNP p a r t i c l e  and co n ta in s  

A5S RNA. Th is  long polymer i s  th e n  c l ea v e d  in  a n o n - c o n s e r v a t i v e  

p r o c e s s  (Willems e t  a ! . ,  1968) i n t o  28S and 18S ribosomal s u b - u n i t s



which a r e  a l s o  found in  t h e  n u c l e o l u s .  In  C r i t h i d i a  t h e  sequence  i s  

s i m i l a r  e x ce p t  t h a t  a l a r g e  35S RNA i s  i n i t i a l l y  s y n t h e s i z e d  and 

su b se q u e n t ly  c leaved  i n t o  18S and 28s RNA ( G o t t l i e b  & Z aha lsky ,  1968),

The p r o c e s s in g  sequence  i s  c o r r e l a t e d  w i th  morphologica l  e lem en ts  

i n  t h e  n u c leo lu s  in  th e  fo l l o w in g  manner:

DNA [ F i b r i l l a r  [ G r a n u la r  (&) Cytoplasm
component] ( 3 ) component]

[Adapted from Simard (1970)1 

Evidence i n  su p p o r t  of  t h i s  sequence has  been rev iewed  (Busch & Smetana, 

1970; Simard,  1970) and p a r t i c u l a r l y  conv inc ing  e l e c t r o n  m ic rog raphs  

( M i l l e r  e t  a l . ,  1971) and combined a u t o r a d i o g r a p h i c  and biochemica l 

ev id en ce  has been p r e s e n te d  by Das e t  a l .  (1970) j Granboulan & Granboulan 

(1965) ;  Jacob (1967)} Liau & P e r r y  (19 6 9 )5 Samashima e t  a l . (1970) and 

Unuma e t  a l ,  (19 6 8 ) .  I t  i s  general ly_ ag reed  t h e r e f o r e  t h a t  induc ing  

a g e n t s ,  l i k e  4-NQ.O, a c t  by b lo c k in g  r e a c t i o n  1: t h e  t r a n s c r i p t i o n  o f

ribosomal DNA c i s t r o n s  i n t o  U5S  RNA (Busch & Smetana, 1970; Simard,  1970) 

A cco rd in g ly ,  t h e  m o le c u la r  e v e n t s  which c o r re spond  to  our morphologica l  

o b s e r v a t i o n s  a r e  r e c o n s t r u c t e d  a s  f o l l o w s :

Upon exposu re  t o  4-NQO, n u c l e o l a r  DNA i s  a l t e r e d  in  such a manner
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t h a t  r e a c t i o n  1 i s  b lo ck ed ,  and s y n t h e s i s  of  45S RNA shut  down 

(C har t  5 ) .  S in ce  no new 45S RNA i s  s y n t h e s i z e d ,  on ly  t h a t  p r e - e x i s t i n g  

rem a ins ;  a s  a r e s u l t  i t  i s  s low ly  d e p l e t e d  by combined r e a c t i o n s  2, 3* 

and 4 which s e r v e  to  c o n v e r t  45S i n t o  ribosomal  s u b - u n i t s  and t r a n s p o r t  

them t o  t h e  cy toplasm d e s p i t e  t h e  r e v e r s e  e f f e c t  o f  r e a c t i o n  3 ( F ig s .  5» 

6,  7, 9 ) .  T h is  i s  seen  a s  a g radua l  d e p l e t i o n  o f  t h e  g r a n u l a r  

e lem en ts  u n t i l  only a small f ragment — a f i b r i l l a r  remnant — remains 

o f  t h e  o r i g i n a l  n u c l e o l a r  mass (F ig .  9 ) .

Exp lan a t io n  o f  t h e  t o p o l o g i c a l  changes  which r e s u l t  i n  t h e  

s e g r e g a t i o n  of  g r a n u l a r  and f i b r i l l a r  e lem en ts  i s  based  l a r g e l y  on 

a n a l o g i e s  w i th  lampbrush chromosomes and chromosome p u f f s  (Busch & 

Smetana,  1970) .  The loops and p u f f s  c o n s i s t  p r i m a r i l y  o f  d i s p e r s e d ,  

a c t i v e l y  s y n t h e s i z i n g  DNA in  c o n t r a s t  t o  t h e  r e s t  o f  t h e  chromosomal 

DNA which e x i s t s  in  a c o n t r a c t e d  i n a c t i v e  fo rm; when exposed t o  Act D 

t h e  loops  and p u f f s  immedia te ly  r e t r a c t  and RNA s y n t h e s i s  s to p s  ( E b s t e i n ,  

1969; Snow & C a l l a n ,  1969; S te v e n s ,  1964).  A s i m i l a r  d i s p e r s e d  DNA i s  

though t  by some (B arr  & P l a u t ,  I 9 6 6 ; Ununa e t  a l . ,  1968) t o  s e r v e  a s  

t h e  s t r u c t u r a l  framework o f  t h e  n u c l e o l u s .  Consequent ly ,  i n t e r a c t i o n
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between an in duc ing  agent  and t h e  d i s p e r s e d  DNA i s  env isaged  to  r e s u l t  

in  t h e  c o l l a p s e  o f  n u c le o l a r  a r c h i t e c t u r e  i . e .  n u c l e o l a r  s e g r e g a t io n .  

V a r i a t i o n s  on t h i s  theme have been p re sen te d  by G o ld b la t t  & S u l l i v a n

(1970) and Recher e t  a l .  (1971)-

The i n h i b i t o r y  e f f e c t s  o f  4-NQ.O on RNA b i o s y n t h e s i s  r e p o r t e d  here  

a r e  i n  agreement with  t h e  e a r l i e r  f i n d i n g s  o f  Paul in  i s o l a t e d  Chang 

l i v e r  nuc le i  (1967)* i n t a c t  Chang l i v e r  c e l l s  (1966) and HeLa c e l l s  

{1969)j which in  t u r n  a r e  in  agreement with Simards '  (1970) 

g e n e r a l i z a t i o n  t h a t  a l l  agen ts  which induce n u c l e o l a r  s e g r e g a t io n  

s im u l tan eo u s ly  block  RNA t r a n s c r i p t i o n .  Paul e t  a 1 . ( I 9 6 9 ) found, 

as  we d id ,  t h a t  l a b e l e d  u r i d i n e  ( u r a c i l )  was in c o r p o r a t e d  l i n e a r l y  

over a p e r io d  o f  1 h r ,  and t h a t  upon exposure  t o  **-NQ0 up take  was 

immediately b locked.  He a l s o  made th e  a d d i t i o n a l  o b s e r v a t io n  t h a t  t h e  

d e c r e a s e  i n  macromolecular  RNA s y n t h e s i s  was a s s o c i a t e d  w i th  a p a r a l l e l  

i n c r e a s e  in  a c id  s o l u b l e  RNA. S im i la r  f i n d i n g s  were r e p o r t e d  by 

Amsterdam e t  a l .  (19 6 7 ) us ing PCA e x t r a c t i o n  te ch n iq u es

The r e l a t i o n  between t h e  dec rea se  in  TCA-inso1uble and i n c r e a s e

in  TCA-soluble  RNA was c l a r i f i e d  by Tada e t  a l .  (1970) by measuring



changes  in  t h e  t e m p la t e  a b i l i t y  o f  l i v e r  c e l l  DNA i s o l a t e d  from HAQ.0- 

t r e a t e d  r a t s  i n  an E. c o t i  RNA polymerase  system. The t e c h n i q u e  used 

a l lowed f o r  s im u l tan eo u s  d e t e r m in a t io n  o f  t h e  number o f  ch a in  i n i t i a t i o n  

p o i n t s  and t h e  l e n g th  o f  t h e  RNA's s y n t h e s i z e d .  I t  was found t h a t  DNA 

a l t e r e d  by HAQO s y n t h e s i z e d  numerous s h o r t  RNA's by i n c r e a s i n g  t h e  

number o f  ch a in  i n i t i a t i o n  p o i n t s .  Thus t h e  b lo ck  in  RNA s y n t h e s i s  

i s  now seen as  t h e  n e t  e f f e c t  o f  c o n v e r t i n g  t h e  t r a n s c r i p t i o n  p ro ce ss  

from one s y n t h e s i z i n g  smal l  numbers o f  long c h a in s  to  one s y n t h e s i z i n g  

l a r g e  numbers o f  small  c h a in s  (Diagram k ) .

The major o b j e c t i o n  t o  t h i s  e x p e r im en t  i s  t h a t  an E. c o l i  RNA 

s y n t h e s i z i n g  sys tem  was used r a t h e r  th a n  a e u k a r y o t i c  sys tem; t h e r e f o r e  

one cannot r e a d i l y  e x t r a p o l a t e  T a d a ' s  r e s u l t s  t o  e u k a r y o t e s .  Recent  

r e p o r t s  conce rn ing  t h e  i s o l a t i o n  of  m u l t i p l e  RNA polym erases  from 

e u k a r y o t i c  c e l l s  may p ro v id e  a means t o  overcome t h i s  o b j e c t i o n  

(Horgan & G r i f f i n ,  1971; Roeder & R u t t e r ,  1970; T o c c h i n i - V a l e n t i n i  & 

C r ip p a ,  1970)- I s o l a t i o n  o f  RNA polym erases  which t r a n s c r i b e  d i f f e r e n t  

c l a s s e s  of  RNA in  v i t r o  c o u ld  p ro v id e  an o p p o r tu n i ty  t o  t e s t  t r a n s c r i p t i o n  

o f  i;HA(10 (4-NQO)-a l te red  DNA i n  a com ple te  e u k a r y o t i c  system.
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LEGEND DIAGRAM k

Schemat ic  diagram of  t h e  e f f e c t  o f  4-NQ.O on RNA s y n t h e s i s ,  i l l u s t r a t i n g  

t h e  i n d u c t io n  o f  i n c r e a s e d  cha in  i n i t i a t i o n  p o i n t s  d u r ing  RNA 

t r a n s c r i p t i o n .  Note t h a t  each newly t r a n s c r i b e d  chain  has on ly  one 

■y-phosphate  a t  i t s  i n i t i a t i o n  p o i n t .
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F u r t h e r  i n s i g h t  i n t o  t h e  e f f e c t  o f  if-NQ.0 on RNA s y n t h e s i s  was 

ga ined by F loyd e t  a l .  (1968) .  They compared changes  in  ^ P - 1 a b e l e d  

w h o le -c e l l  RNA a f t e r  exposure  to  ^-NQO, a f l a t o x i n  B, and Act D; 

exposure  t o  e i t h e r  c a rc inogen  d id  no t  a l t e r  whole c e l l  RNA n u c l e o t i d e  

com pos i t ion .  In c o n t r a s t ,  Act D p r e f e r e n t i a l l y  b locked  s y n t h e s i s  of  

GC-r ich  k 5 $  p r e c u r s o r ,  th u s  making RNA s y n th e s i z e d  i n  t h e  p re sen c e  of  

Act D h ig h e r  i n  AMP and UMP than  i n  u n t r e a t e d  c e l l s .  These f i n d i n g s  

sugges t  t h a t  t h e  c a r c in o g e n s ,  a f l a t o x i n ,  and ^~NQ0, u n l i k e  Act D, a c t  

randomly along t h e  t e m p la t e  r a t h e r  than  by s p e c i f i c a l l y  b lo ck in g  

c i s t r o n s  coding f o r  RNA.

The i n h i b i t i o n  o f  r e s p i r a t i o n  by ^-NQ,0 r e p o r t e d  he re  i s  in  

agreement w i th  t h e  r e s u l t s  o f  Hutner e t  a l . (1967) f o r  Euglena g r a c i l i s . 

In  Char t  8 i t  can be  seen  t h a t ,  i n  comparison w i th  a z i d e ,  lt-NQ,0 slows 

b u t  does  n o t  s h a r p ly  i n h i b i t ,  t h e  r e s p i r a t o r y  r a t e  o f  C r i t h i d i a  which 

s u g g e s t s  t h a t  It-NQ.0 a c t s  a t  a d i s t a n c e  from th e  t e rm in a l  o x i d a s e .  We 

i n v e s t i g a t e d  t h i s  p o s s i b i l i t y  by i n s p e c t i n g  d i f f e r e n c e  s p e c t r a  i n  t h e  

p re s e n c e  and absence  o f  4 -NQ.Oj 4-NQO-treated p r e p a r a t i o n s  were 

i n d i s t i n g u i s h a b l e  f rom >un trea ted  p r e p a r a t i o n s .  Such a r e s u l t  s u g g e s t s ,



9 9

b u t  does no t  p ro v e ,  t h a t  4-NQ.O a c t s  a t  a s i t e  o t h e r  than  t h e  cytochrome 

sys tem.  These  f i n d i n g s  may s e r v e  t o  d i s t i n g u i s h  ^f-NQp from th e  r e l a t e d  

compound 2-ri-hepty1 -4 -hydroxyquino l  ine  Nl-oxide which a c t s  a s  an 

uncoup l ing  ag en t  a t  th e  a n t i m y c i n - s e n s i t i v e  s i t e  in  m i tochondr ia  

(Lightbown & Jackson ,  1956) and c h l o r o p l a s t s  (Izawa e t  a l . ,  1 9 6 6 ) .  There  

a r e  no r e p o r t s  on morpholog ica l  changes induced by 2-ri-hepty1 -^ -h y d ro x y -  

q u i n o l i n e  j^ -oxide  i n  n u c le i  o r  o t h e r  c e l l  s t r u c t u r e s .

The l a t e n c y  o f  t h e  i n h i b i t o r y  curve (C h a r t  8) and t h e  p a r t i a l  

n a tu r e  o f  t h e  r e s p i r a t o r y  b lo ck s  induced by *f-NQ,0 (Tab le  10) may be 

e x p la i n e d  on t h e  b a s i s  o f  t h e  dhemi-osmot ic  h y p o th e s i s  ( M i t c h e l l ,  1966).  

Accord ing t o  M i t h c e l l ,  t h e  l i p i d  c o a t  of  t h e  m i to ch o n d r ia  s e r v e s  t o  

i n s u l a t e  t h e  r e s p i r a t o r y  cha in  from t h e  aqueous phase .  S ince  4-NQ.O i s  

s o l u b l e  in  b o th  aqueous and o r g a n i c  s o l v e n t s ,  i t  might a l t e r  th e  

a r c h i t e c t u r e  o f  t h e  l i p i d  c o a t ,  th e re b y  in d u c in g  an e l e c t r o n  l e a k .  As 

a r e s u l t :  (a)  though dehydrogena t ion  may proceed  a t  a normal r a t e

a t  t h e  s u b s t r a t e  end o f  t h e  r e s p i r a t o r y  c h a in ,  a f r a c t i o n  o f  t h e  e l e c t r o n s  

would no t  reach  t h e  t e rm ina l  e l e c t r o n  a c c e p t o r ,  oxygen. Then, (b) th e  

r e s p i r a t o r y  r a t e  would (1) g r a d u a l l y  d im in i s h  (2) be i n h i b i t e d  on ly  

p a r t l y  (Char t  8 and Chart  10).
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L a s t l y ,  one canno t  exc lude  t h e  p o s s i b i l i t y  t h a t  i n h i b i t i o n  of 

r e s p i r a t i o n  i s  due t o  g r o s s  damage t o  nDNA or  t o  s u b - t h r e s h o l d  damage 

t o  kDNA. S in c e  t h e  s t r u c t u r e  and con t inued  f u n c t i o n i n g  of  t h e  

m i to ch o n d r io n  (and c h l o r o p l a s t  as  w e l l )  i s  c o n t r o l l e d  by a dual 

r e g u l a t o r y  system i n v o l v i n g  i n t e r a c t i o n s  between n u c l e a r  DNA and 

o r g a n e l l a r  DNA, l e s i o n s  i n  e i t h e r  c l a s s  o f  macromolecule  cou ld  be 

r e s p o n s i b l e  f o r  t h e  l a t e n c y  and imcomple tness  o f  t h e  r e s p i r a t o r y  

i n h i b i t i o n  ( A t t a r d i  & A t t a r d i ,  1970; Kroon, 1969; P r e e r ,  1971, among 

o t h e r s } .  S i m i l a r  r e a s o n in g  can be a p p l i e d  t o  e x p l a i n  t h e  a r r e s t  i n  

c h l o r o p l a s t  development  r e p o r t e d  by Hutner e t  a l ,  (1967) fo l l o w in g  

exposure  o f  Euglena g r a c i l i s  t o  4-NQ.0,': The d e f i n i t i v e  exper im en t  t o  

d e te rm in e  t h e  r o l e  o f  kDNA in  t h e  *t~NQ,0 e f f e c t  depends on t h e  i s o l a t i o n  

o f  i n t a c t  m i to c h o n d r ia  showing c o u p l in g  and r e s p i r a t o r y  c o n t r o l  from 

C r i t h i d i a ; a t e c h n i c a l  problem which has  not y e t  been s o lv ed  ( H i l l  & 

Anderson, 1970).

The c lo n in g  r e s u l t s  g e n e r a l l y  re semble  t h o s e  o b ta in e d  i n  mammalian 

c e l l s  (Horikawa., e t  a t  „, 1969),  b a c t e r i a  (Bond e t  a l , ,  1970; Okabayashi 

e t  a l , ,  1965),  y e a s t  (Nagai ,  1969),  and p h y t o f l a g e l l a t e s  (Hutner ,  e t
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a l , ,  1967 ) ,  t h e  main d i f f e r e n c e  be ing  t h e  ex t rem e  r a p i d i t y  w i th  which 

i n h i b i t i o n  t a k e s  p l a c e  i n  C r i t h i d i a  (C har t  7 ) .

S in c e  c lone  fo r m a t io n  i s  t h e  end r e s u l t  o f  a ch a in  o f  even ts  which 

i n c l u d e s  DNA r e p l i c a t i o n  and d i s t r i b u t i o n ^ c y t o k i n e s i s  and membrane- 

s u b s t r a t e  i n t e r a c t i o n s ,  damage a t  any one o f  t h e s e  p r o c e s s e s  could  

im pa i r  c lo n e  fo r m a t io n .  In  C r i t h i d i a  exposed t o  4-NQO, an o c c a s i o n a l l y  

l a r g e  c e l l  a p p ea r s  having two f l a g e l l a ,  two k i n e t o p l a s t s ,  and a s i n g l e  

e n l a r g e d  n u c leu s .  A p p a ren t ly  n u c le a r  and k i n e t o p l a s t  genomes had 

r e p l i c a t e d  bu t  c y t o k i n e s i s  was a r r e s t e d .  A s i m i l a r  p o s t - r e p 1 i c a t i v e  

e f f e c t  has  been r e p o r t e d  i n  Tetrahymena; by Mita e t  a l .  (1969) and 

Kuroki e t  a l .  (1970) i n  d i v i d i n g  mammalian c e l l s  exposed t o  k -N Q .0 ,

Impairment of  c lo n e  fo rm a t io n  cou ld  a l s o  be  due t o  i n a c t i v a t i o n  by 

t h e  SH s u b s t i t u t i o n  r e a c t i o n  o f  SH -con ta in ing  p r o t e i n s  e s s e n t i a l  fo r  

normal m i t o s i s  a s  shown in  Sea Urchin  eggs  by Kamahora & Kakunaga (1968) .

I t  i s  u n l i k e l y  on k i n e t i c  grounds t h a t  i n h i b i t i o n  o f  t h e  

e n e r g y - g e n e r a t i n g  system e x p la i n s  t h e  c lo n in g  r e s u l t s .  Comparison of  

C h a r t s  7 and 8 shows c l e a r l y  t h a t  a major  r e d u c t i o n  i n  c1one-forming 

a b i l i t y  occu rs  b e f o r e  s i g n i f i c a n t  d e c r e a s e  i n  r e s p i r a t o r y  r a t e .
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Morphological  and b iochem ica l  a l t e r a t i o n s  induced  by AF and 1+-NQ.0 

a r e  compared i n  T a b le  10.  C l e a r l y  t h e  b iochem ica l  changes induced by 

t h e s e  a g e n t s  r e f l e c t  s e l e c t i v e  damage t o  t h e  k i n e t o p l a s t  and nuc leus  

r e s p e c t i v e l y .  What phys ico -chem ica l  d i f f e r e n c e s  between nDNA and kDNA 

might d e te r m in e  such s e l e c t i v i t y ?

F i r s t :  kDNA and nDNA a re  t o p o l o g i c a l l y  d i s t i n c t  m o le c u le s .  kDNA,

l i k e  v i r a l ,  b a c t e r i a l ,  and mDNA c o n s i s t s  l a r g e l y  o f  c o v a l e n t l y  c lo sed  

c i r c u l a r  m o lecu le s  (B o r s t  & Kroon, 1969; H e l in s k i  & C lewel t ,  1971)* 

whereas nDNA i s  l i n e a r .  kDNA d i f f e r s  from o t h e r  c i r c u l a r  DNA's by 

v i r t u e  o f  i t s  small s i z e ;  t h e  a v e r a g e  con tou r  l e n g t h  of  kDNA i s  0.1+5 M* 

whereas t h a t  o f  mDNA i s  5 .0  n (L au ren t  & S t e i n e r t ,  1970; Renger &

Wolstenholme, 1971; Riou & D e la in ,  1969; Riou & P a u t r i z e l ,  1969;

Simpson, 1972; Simpson & DaSilva,  1971) .  S e l e c t i v e  b ind ing  may 

t h e r e f o r e  be d e te rm ined  by th e  d i f f e r e n t  g e o m e t r i c  p r o p e r t i e s  o f  kDNA 

and nDNA. Suppor t ing  t h i s  no t ion  i s  t h a t  AF i n t e r a c t s  s e l e c t i v e l y  w i th  

o th e r  c l o s e d  c i r c u l a r  c y to p la sm ic  DNA's such as  t h e  R f a c t o r  in  

E n t e r b a c t e r i a c e a e  (Anderson, 1968) and th e  t r a n s m i s s i b l e  F f a c t o r  in  

E. Co3i (V a le n t in e  e t  a l . ,  1969).  Fu tu re  d e t e r m i n a t i o n  o f  t h e  r o l e  

p layed by c i r c u l a r i t y / l i n e a r i t y ,  by app ly ing  jin v i t r o  b in d in g  t e c h n i q u e s ,
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may s e r v e  t o  c l a r i f y  t h i s  p o i n t .

Second: n u c l e a r  and k i n e t o p l a s t i c  DNA's d i f f e r  i n  t h a t  chromosomes

e x i s t  a s  n u c l e o p r o t e i n  complexes  i n  sharp  c o n t r a s t  t o  p r o k a r y o t i c  DNA, 

mDNA, and kDNA (Bors t  & Kroon, 1 9 6 9 ;  Delange & Smith ,  1 9 7 1 ;  Nass ,  1 9 6 9 ;  

S t e i n e r t ,  1 9 6 5 j  S te l lw agon  & Cole,  1 9 6 9 ;  Swif t  & Wolstenholme) which 

e x i s t  as  naked DNA m o le c u le s .  Conce ivably ,  masking of  n e g a t i v e l y  

charged  s u r f a c e s  by a s s o c i a t e d  p r o t e i n s  may s e r v e  a s  a s e l e c t i v e  

b a r r i e r  t o  t h e  p o s i t i v e l y  charged AF m o lecu le .  S in c e  AF i s  a l s o  l a r g e r  

th a n  U-NQ.0, s t e r i c  i n t e r a c t i o n s  may s e r v e  t o  h in d e r  a c c e s s  t o  DNA.

T h i rd :  in  a d d i t i o n  t o  t h e  absence  o f  a s s o c i a t e d  p r o t e i n s ,  kDNA

d i f f e r s  from nDNA by v i r t u e  o f  a h ig h e r  AT/GC base  r a t i o  (Renger &

Wo1stenholme, 1970; Riou & P a u t r i z e l ,  1969).  The r e l a t i v e l y  h ig h e r  

GC c o n t e n t  o f  nDNA co u ld  b ia s  s e n s i t i v i t y  towards  ^-NQ.0 s i n c e  t h e  4-NQO 

molecu le  presumably b in d s  p r e f e r e n t i a l l y  t o  deoxyguanoside  r e s i d u e s  

(Okaho & Uekama, 1967; Paul e t  a l . ,  1971) whereas  AF i n t e r c a l a t e s  

between b a se  p a i r s  (Waring, 1968).
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Drug

4-N&0
-6 

10 M

Acri f l a v i n

io"6m

TABLE 10

U l t r a s t r u c t u r a !  Biochemical
S i t e  o f  Action Changes Changes

Nucleus

(Nucleolus)

95% n u c leo l a r  
s eg reg a t io n  a f t e r  

1 .25 hr

(1) rap id  s e l e c t i v e  i n h i b i t i o n  of  
o f  RNA polymerase;  100% by 5 min0

(2) decrease  in  45S RNA p re c u rso r ;  
i n c re a s e  i n  IOS RNA (Lazarus e t  
a l . ,  1966; Paul e t  a l . ,  1969;
Tada e t  a l , ,  1970).

Cytoplasm (1J 90% d y s k in e to -  (1) r ap id  s e l e c t i v e  i n h i b i t i o n  of  
p l a s t y  a f t e r  3 days kDNA s y n th es i s  50% by 20 hr 

(K ine top la s t )  (Simpson, 196%; (H i l l  & Anderson, 1969).
S t e i n e r t  e t  a10, 1969).

(2) (a) s a t e l l i t e  band o f  kDNA
(2) 80% a f t e r  24 hr  in  d i s ap p e a rs  (Simpson, 1968a; 
C r i t h i d i a  (Hi 11 & S t e i n e r t  & van Asse l ,  1967)0 
Anderson, 1969).  (b) c i r c u l a r  molecules

d isappea r  (Renger & Wolstenholm, 
1971).

(3) cytochromes aj  a^ c ^  and b

decreased  (Hi 11 & Anderson, 1970) 
a l s o  SDH, L-GPDH.

(4) g l y c o l y t i c  enzymes inc reased  
e sp .  G-6-P-D (Bacchi & H i l l ,  1972).

Phys io log ica l
Changes

(1) c e l l s  from al 1 s t ag e s  eq u a l ly  
s u s c e p t i b l e .

(2) r e s p i r a t i o n  impaired 50% a t  
1.25 h r .

(1) r e s t i n g  c e l l s  from s t a t i o n a r y  
phase more r e s i s t a n t  t o  t h e  drug 
than a c t i v e l y  d iv id in g  c e l l s  
(Simpson, 1968a).

(2) r e s p i r a t i o n  impaired (a) i n  L. 
t a r e n d o la e  10% i n  20 h r ,  90% in  
70 h r  (Simpson, 1968a}.

(b) i n  C. f a s c .  50% (H i l l  &. 
Anderson, 1969; Bacchi & H i l l ,  1972).

(3) c lon ing  impaired 100% by 4 .5  

d i v i s i o n s  (Simpson, 1968a).
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F i n a l l y ,  d i f f e r e n c e s  in  io n ic  m i l i e u  and membrane p e r m e a b i l i t i e s  

may a l s o  i n f l u e n c e  b i n d i n g  s e l e c t i v i t y ,  AF, because o f  i t s  l a r g e r  

s i z e  and p o s i t i v e  c h a r g e  (A lber t ,  1965) may not be a b l e  t o  p e n e t r a t e  

t h e  n u c l e a r  membrane; on t h e  o ther  hand, i t  may e a s i l y  p e n e t r a t e  t h e  

n u c leu s  bu t  be n e u t r a l i z e d  by n e g a t i v e  i o n s  p re sen t  i n  t h e  nuc lea r  

s a p .  In  e i t h e r  c a s e  b in d in g  to  nDNA would  be  p r e v e n te d .

A pparen t ly  a p r i o r i t y  governs b i n d i n g  o f  U-NQ.0: u n d e r  our 

ex p e r im en ta l  c o n d i t i o n s  nDNA i s  s e l e c t i v e l y  a l t e r e d  and  kDNA i s  n o t .  

However, a s  noted i n  T a b le  10 d y s k i n e t o p l a s t y  i s  u s u a l l y  observed a f t e r  

2-3 days  exposure  t o  AF whereas n u c l e o l a r  s e g r e g a t io n  was induced in  

C r i t h i d i a  by ex p o su re  t o  *f-NQ,0 f o r  o n ly  1 . 2 5  h r ;  e x p o su r e  t o  4-NQ0 f o r  

longe r  p e r io d s  may s e r v e  t o  a s c e r t a i n  what long-term k i n e t o p l a s t i c  

e f f e c t s ,  i f  any, may o c c u r .

In  a d d i t i o n ,  ou r  obse rv a t io n s  do n o t  r u l e  out b i n d i n g  t o  c e l l u l a r  

DNA's p r e s e n t  in  q u a n t i t i e s  below t h e  t h r e s h o l d  of  v i s u a l i z a t i o n .  One 

such s p e c i e s  may be t h e  r e c e n t ly  i s o l a t e d  c losed  c i r c u l a r  DNA p r e s u m a b l y  

from y e a s t  peroxisomes  (Clark-Walker ,  1 9 7 2 ) ,

G e n e t i c  a n a l y s i s  o f  yeas t  p e t i t e s  induced  by h-NQ.0 s t r o n g ly
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s u g g e s t s  s u b - t h r e s h o l d  b i n d in g  t o  mDNA; y e a s t  p e t i t e s  induced by t̂-NQO 

a r e  l a r g e l y  c y to p la sm ic ,  i . e . ,  do not e x h i b i t  Mendelian p a t t e r n s  of  

i n h e r i t a n c e ,  not k a r y o t i c ^ a s  might be  ex p ec ted  from our r e s u l t s  (Nagai,  

1969a) .  T h i s  was d e t e c t e d  by t h e  use  o f  a d i p l o i d  y e a s t  s t r a i n  which 

w i l l  not s p o r u l a t e  i f  a doub le  r e c e s s i v e  n u c l e a r  gene m u ta t io n  o c c u r s .  

S ince  RD m u ta t i o n s  a r e  a lw ays  r e c e s s i v e  i f  most c e l l s  i n  t h e  f i n a l  

p o p u la t i o n  o f  a t r e a t e d  d i p l o i d  a r e  v i a b l e ,  and a f r a c t i o n  o f  t h e s e  a r e  

RD, they  a r e  c o n s id e re d  t o  be cy top la sm ic  i n  o r i g i n .  However, d e f i n i t i v e  

p r o o f  r e q u i r e s  c r o s s e s  between h ap lo id  s t r a i n s  fo l low ed  by t e t r a d  

a n a l y s i s  and t h e s e  have no t  been r e p o r t e d  a t  p r e s e n t .  F u r t h e r  

i n v e s t i g a t i o n  has r e v e a l e d  t h a t  a wide  spectrum o f  mutan ts  rang ing  from 

c y to p la sm ic  t o  p a r t i a l  k a r y o t i c  t o  f u l l  k a r y o t i c  p e t i t e s  can be induced 

by 4-NQ.O (Mori ta  S -M ifu ch i ,  1965; Nagai ,  1969,b; 1969c) .  The m u ta t ion  

induced by 4-NQ.O was unusual  in  t h a t  i n t e r m e d i a t e  mutants  were observed 

i n  a d d i t i o n  t o  t h e  t y p i c a l  RD mutant ;  when t h e  TTC o v e r la y in g  method 

was used f o r  t h e  d e t e c t i o n  o f  RD c o l o n i e s  o f  y e a s t  t r e a t e d  w i th  AF 

o n ly  red (normal) and w h i t e  (RD) were found ,  w h i le  t h o s e  t r e a t e d  w i th  

1*-NQ0 produced a wide range  of  c o lo n ie s  ranging  from p in k ,  s e c t o r e d ,
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and deep red  ( r e s p i r a t o r y  u l t r a - s u f f i c i e n t )  t o  normal RD. This  

v a r i e t y  o f  c o lo n ie s  resembled ve ry  c l o s e l y  t h o s e  o f  UV i r r a d i a t e d  y e a s t s  

and u n d e r s c o r e s  t h e  r a d io m im e t ic  a c t i v i t y  o f  U-NQ.0. The h ig h e r  s e n s i t i v i t y  

o f  g e n e t i c  a n a l y s i s  i n d i c a t e s  t h a t  o v e r t  n u c l e a r  changes such a s  we have 

found i n  C r i t h i d i a  may be to o  c ru d e  an in dex  o f  s e l e c t i v e  b in d in g  by 

4-NQ.0.

L a s t l y ,  we do not know th e  e f f e c t  o f  changes  i n  n u t r i t i o n a l  

c o n d i t i o n s .  In  our  ex p e r im en t s  C r i t h i d i a  was grown i n  two b a s i c a l l y  

d i f f e r e n t  media ,  d e f in e d  and crude;  pe rhaps  i f  a r a d i c a l l y  d i f f e r e n t  

medium was used  C r i t h i d i a  would respond  in  an a l t o g e t h e r  d i f f e r e n t  

manner t o  lf-NQ.0.

The e a r l y  e v e n t s  fo l lo w in g  exposure  t o  4~NQ,0 have been d e s c r i b e d ;  

t h e i r  r e l a t i o n  t o  e a r l i e r  exper im en ts  d i s c u s s e d ;  and some i n f e r e n c e s  

drawn conce rn ing  t h e  s e l e c t i v i t y  o f  4-NQO b i n d i n g .  We may now c o n s id e r  

what r e l a t i o n ,  i f  any, t h e s e  changes have t o  m a l ignan t  t r a n s f o r m a t i o n .

Three  p o s s i b i l i t i e s  can be c o n s id e r e d .  The e a r l y  changes could be 

e i t h e r  ( a )  n e c e s s a r y  and s u f f i c i e n t ;  (b) n e c e s s a r y  bu t  not s u f f i c i e n t ;  

o f  (c )  n e i t h e r  n e c e s s a r y  nor s u f f i c i e n t  f o r  m a l ig n a n t  t r a n s fo r m a t io n *
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Arguments f o r  each  o f  t h e s e  p o s s i b i l i t i e s  f o l l o w .

I f  we c o n s i d e r  t h e  e a r l y  changes induced by 4-NQ.O t o  be a s p e c t s  o f  

a g enera l  r e v e r s i b l e  c y t o t o x i c  e f f e c t  t h e n  c o n d i t i o n  (c )  might p r e v a i l .  

R e v e r s i b i l i t y  o f  c y t o t o x i c i t y  i m p l i c i t  i n  t h e  r e c o v e ry  from m i t o t i c  

d e l a y  shown i n  Char t  2 .

The c y t o t o x i c  e f f e c t  o f  c a rc in o g en s  has  long been known and was 

f o r m a l ly  l in k e d  t o  tumor fo rm a t io n  by Haddow (1938a) .  However, r e c e n t  

e v id e n c e  (D iPao lo ,  1971) s u g g e s t s ,  t o  t h e  c o n t r a r y ,  t h a t  t r a n s f o r m a t i o n  

can  t a k e  p l a c e  i n d e p e n d e n t ly  o f  c y t o t o x i c  e f f e c t s .  I f  D iP a o lo ' s  work 

i s  c o r r o b o r a t e d  i n  o t h e r  sys tems ,  then  t h e  e a r l y  changes we have r e p o r t e d  

may prove  t o  have  no b e a r in g  whatsoever on l a t e r  m a l ig n a n t  changes .

The argument i n  f a v o r  o f  a n e c e s sa ry  b u t  no t  s u f f i c i e n t  c o n d i t i o n  

i s  s im ple :  over  30  chem ica l ,  p h y s ica l  and i n f e c t i o u s  a g e n t s ,

c a r c i n o g e n i c  and n o n -c a rc in o g e n ic ,  a r e  c u r r e n t l y  known t o  induce  

n u c l e o l a r  s e g r e g a t i o n  in  mammalian c e l l s  in  c u l t u r e  and p l a n t  ro o t  t i p s  

(Busch & Smetana, 1970).  These i n c l u d e  a f l a t o x i n  Bj (Bernhard  e t  a t . ,  

1965; Edwards e t  a l , ,  1971; Pong & Wogan, 1970),  Act D (Reynolds e t  a l . ,  

1964; S c h o e f l ,  1964),  mi tomycin (L ap is  & Bernhard ,  1965),  cordycepth  i
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( S t o c k e r t  e t  a l , ,  1970),  UV i r r a d i a t i o n  {Montgomery & Reynolds,  1965) 

and h e rp e s  simplex v i r u s  ( S i r t o r i  & B a s s i s i o - B e s t e t t i ,  1967)* R ecen t ly  

S t o c k e r t  (1971) has  shown t h a t  c o l d ,  2.4-DNP and anox ia  a l s o  induce  

n u c l e o l a r  a l t e r a t i o n s .  S ince  such a d i v e r s i t y  o f  compounds e l i c i t  t h e  

same morpholog ica l  e f f e c t ,  n u c l e o l a r  s e g r e g a t i o n  cannot  p o s s i b l e  s e r v e  

a s  a n e c e s sa ry  and s u f f i c i e n t  c o n d i t i o n  f o r  c a r c i n o g e n e s i s .  On t h e  

o t h e r  hand,  s i n c e  A(J0 and o t h e r  n o n - c a r c i n o g e n ic  d e r i v a t i e s  o f  4-NQ.0 

f a i l  t o  induce  such changes one may be fo rce d  t o  conc lude  t h a t  n u c l e o l a r  

s e g r e g a t i o n  i s  a n e c e s s a r y  but i n s u f f i c i e n t  c o n d i t i o n  f o r  m a l ignan t  

t  ra  ns fo  rmat i on ,

Evidence  i n  s u p p o r t  o f  a n e c e s s a r y  and s u f f i c i e n t  argument c e n t e r  

around t h e  work o f  Duryee (1969) and H a r r i s  (1 9 7 0 ) .  Duryee found 

i n  amphibian adenosarcoma,  induced by lead  a c e t a t e ,  t h a t  n u c l e o l a r  

r ea r ran g em en ts  i n v a r i a b l y  preceded t r a n s f o r m a t i o n .  He the reu p o n  

h y p o th e s i ze d  t h a t  t h e  n u c le o lu s  p la y ed  a "pacemaker11 r o l e  i n  t h e  normal 

c e l l  — one p r i m a r i l y  concerned w i th  r e g u l a t i n g  t h e  r a t e  o f  c e l l  

d i v i s i o n .  According t o  h i s  h y p o t h e s i s ,  i n t e r a c t i o n  between a chemical 

c a rc in o g en  and t h e  n u c l e o l a r  "pacemaker” r e s u l t e d  in  a r e - s e t t i n g  o f



1 1 0

t h e  c o n t r o l s  f o r  c e l l  d i v i s i o n ,  i . e . ,  t r a n s f o r m a t i o n .  H a r r i s  a r r i v e d  

a t  a s i m i l a r  "pacemaker"  f u n c t i o n  f o r  t h e  n u c l e o l u s  from a d i f f e r e n t  

exp e r im en ta l  v i e w p o in t .  By t h e  u se  o f  h e te r o k a r y o n s  H a r r i s  found t h a t  

t r a n s f e r  o f  i n fo r m a t io n a l  RNA t o  t h e  cy toplasm was o b l i g a t o r i l y  coup led  

t o  normal n u c l e o l a r  f u n c t i o n .  I n a c t i v a t i o n  o f  t h e  n u c l e o l u s  i n v a r i a b l y  

r e s u l t e d  i n  c e s s a t i o n  o f  t h e  flow o f  a l l  s p e c i e s  o f  RNA from nuc leus  

t o  cy top lasm ;  hence t h e  c o n c lu s io n  t h a t  t h e  n u c l e o l u s  se rv ed  a r e g u l a t o r y  

f u n c t i o n  by c o n t r o l l i n g  t h e  f low o f  in fo r m a t io n  from n u c leu s  t o  cy top la sm .  

Although H a r r i s '  views have been s h a r p l y  c r i t i c i z e d  e s p e c i a l l y  by 

Gurdon & Ford (1966) and  Pe r ry  e t  a l .  (1970) ,  t h e y  have s e rved  t o  

s t i m u l a t e  r e s e a r c h  i n t o  n u c l e o l a r  f u n c t i o n .

N u c le o l a r  changes p reced ing  c a n c e r i z a t i o n  s i m i l a r  t o  t h o s e  d e s c r ib e d  

by Duryee have  been r e p o r t e d  by Yoshida e t  a l .  (1970) and I s a k a  (1970) 

i n  mammalian c e l l s  exposed t o  4-NQ.O i n  v i t r o  and by Hayashi & Hasegawa 

(1970) i n  r a t  a l v e o l a r  c e l l s  t r e a t e d  in  v ivo  w i th  4-NQ.O. These 

c o n s i d e r a t i o n s  lead  t o  t h e  idea  t h a t  t h e  n u c leo lu s  may s e r v e  a f u n c t i o n  

o t h e r  t h a n  t h e  two u s u a l l y  a s c r i b e d  t o  i t ,  i . e . ,  ( 1 J s i t e  o f  t h e  NQR 

(McKlintock, 193*0 and (2) s i t e  o r  rRNA s y n t h e s i s  and p r o c e s s in g



( D a r n e l l ,  1969);  a t h i r d  s i t e  (3) i s  conce ived  t o  s e r v e  a r e g u l a t o r y

f u n c t i o n  and t o  be  s u s c e p t i b l e  t o  chemical c a r c in o g e n s .

The use  of  new te c h n i q u e s  such as  t h e  a rgon  l a s e r  (Berns e t  a l , ,

1971) t o  be s e l e c t i v e l y  i n a c t i v a t e  minute  r e g io n s  o f  t h e  n u c l e o l u s

should  p ro v id e  more in fo r m a t io n  on t h e  n a t u r e  o f  t h e  h y p o t h e t i c a l

n u c l e o l a r  ' ‘pacemaker11#

It-NQO ind u ces  s i n g l e  and double  s t r a n d  s c i s s i o n s  in  DNA i n  v i t r o

(Sugimura,  1968) and in  v iv o  (Andoh & Xde, 1972i Horikawa e t  a 1 a,  1970^ 1972

Tada e t  a l . ,  1970) and t h e  l a t t e r  s c i s s i o n s  a r e  r e s t i t u t e d  by "unschedu led"

DNA s y n t h e s i s  i n  t h e  d a rk .  Moreover,  UV- and NQ,0-damaged DNA i s  r e p a i r e d

by t h e  same p h o t o r e a c t i v a t i o n  mechanism i n  b a c t e r i a  (Kondo & Kato,

1968) .  These  phenomena com prise  what are  known as  t h e  " rad io m im e t ic "

p r o p e r t i e s  o f  lf-NQ,0. A lexander  (1969) has  d i s c u s s e d  t h e  v a r i o u s ,  o f t e n

m i s l e a d i n g ,  c o n n o ta t io n s  o f  t h e  term " ra d io m im e t ic " .

The s t e p s  i n  t h e  da rk  r e p a i r  p r o c e s s  have been c l a r i f i e d  r e c e n t l y

in  b a c t e r i a  and e u k a r y o t i c  c e l l s  (Dalrymple e t  a l . ,  1970; DuPraw, 1970;

Se t  low & C ar r ie i ; )#  In o u t l i n e ,  dark  r e p a i r  c o n s i s t s  o f  fo u r  s t e p s :
196^

(1)  damaged b a s e s  a r e  r e c o g n ize d  and s i n g l e - s t r a n d  s c i s s i o n s  make in
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t h e  DNA h e l i x  by a s p e c i f i c  e n d o n u c le a s e ;  (2) an exonuc lease  e x c i s e s  a 

number o f  b a s e s  along t h e  s t r a n d ;  (3 )  t h e  e x c i s e d  reg ion  i s  r e s t o r e d  

by unschedu led  DNA s y n t h e s i s ;  and (4) th e  p h y s i c a l  c o n t i n u i t y  o f  th e  

s t r a n d  i s  r e s t o r e d  by a DNA l i g a s e .

Horikawa e t  a l . ,  Tada e t  a l . ,  and Andoh & I d e  t h e r e f o r e  have 

i n d i r e c t l y  dem ons t ra ted  s t ep  1 and s t e p  3 o f  t h e  p r o c e s s .  P ro o f  f o r  

s t e p  2 i s  s t i l l  wanting and r e q u i r e s  d e m o n s t ra t io n  o f  t h e  e l i m i n a t i o n  o f

Q,0-modified b a s e s  i n t o  t h e  mediitn in  a way s i m i l a r  t o  t h a t  d e s c r i b e d

35by R ober ts  e t  a 1 .  {19 6 8 ) f o r  j ? S - c o n ta in in g  s u l f u r  m u s ta rd s .  The 

l i g a s e  r e a c t i o n  i s  assumed t o  o c c u r  during  if-NQ.0 r e p a i r  but i t  t o o  has 

not been d e f i n i t i v e l y  shown.

In a l l  l i k e l i h o o d  It-NQ,0 does  n o t  cause d i r e c t  i n  vivo s c i s s i o n s  in  

t h e  DNA h e l i x ;  in s t e a d  i t  p r o b a b ly  b in d s  t o  and  d i s t o r t s  b a se s  o r  t h e  

r i b o s e - p h o s p h a t e  backbone in  such  f a s h i o n  as t o  i n d u c e  d a r k - r e p a i r  

mechanisms (Dalrymple e t  a l . ,  1 9 7 0 ) .  Hence, i n  v i v o  s c i s s i o n s  induced 

by 1*-NQ0 a r e  o f  an e n t i r e l y  d i f f e r e n t  n a tu re  t h a n  t h o s e  induced  i n  v i t r o .

Dark r e p a i r  p rocess  may be  r e s p o n s i b l e  f o r  t h e  de lay  in  and 

subsequent  re sum ption  of  growth  d e p i c t e d  in  C h ar t  2 .  A s i m i l a r  d e l a y
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and resumption  was r e p o r t e d  by Andoh & Ide  (1972) du r in g  r e p a i r  s y n t h e s i s  

i n  mammalian c e l l s  exposed t o  1*-NQ,0.

S ince  t h e  r e p a i r  p ro c e ss  presumably e v o lv ed  a s  a d e v ice  t o  m a i n t a i n  

t h e  i n t e g r i t y  o f  t h e  g e n e t i c  m a t e r i a l  i t  i s  a p r i o r i  a prime t a r g e t  

f o r  c a r c in o g e n s  which induce  d e f e c t s  i n  DNA* In a d d i t i o n ,  d e f e c t i v e  

r e p p i r  may pe rm i t  permanent changes  i n  DNA which lead  u l t i m a t e l y  t o  

c a n c e r .

The on ly  r e p o r t  e x t a n t  showing a d i r e c t  c ausa l  r e l a t i o n s h i p  between 

d e f e c t i v e  r e p a i r  p r o c e s s e s  and cance r  i s  t h a t  by C leaver  (1968) on s k in  

c e l l s  from p a t i e n t s  w i th  t h e  r a r e  m a l ignan t  d i s e a s e  Xeroderm pigmentosum. 

I n d i v i d u a l s  w i th  XP a r e  h i g h l y  p rone  t o  deve lop  s k i n  cance rs  from 

exposure  t o  s u n l i g h t .  C le av e r  found t h a t  f i b r o b l a s t s  from XP p a t i e n t s  

cou ld  not r e p a i r  UV-induced l e s i o n s  i n  t h e i r  DNA, As shown l a t e r ,  XP 

c e l l s  lacked  t h e  en d onuc lease  (Set low  e t  a l , ,  1969)J and more r e c e n t l y  

S t i c h  & San ( 1 9 7 0  have shown t h a t  XP c e l l s  were unab le  t o  r e p a i r  If-NQO- 

induced dam age , to  DNA.

Although no o t h e r  r e p o r t s  o f  a s i m i l a r  n a t u r e  have been fo r thcom ing ,  

C l e a v e r ' s  work has s e rv ed  t o  s t i m u l a t e  f u r t h e r  i n t e r e s t  i n  r e p a i r
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p r o c e s s e s  and c a n c e r .  E p s te in  e t  a l .  (1971) has rev iewed some r e c e n t  

developments  in  t h i s  a r e a .

Repa ir  p r o c e s s e s  may u n d e r l i e  s ev e ra l  h i t h e r t o  unexp la ined  

phenomena in v o lv in g  4-NQ0, such  a s  p r o d u c t io n  o f  chromosomal a b n o r m a l i t i e s ,  

i . e . ,  b reaks  and b r i d g e s ,  i n  mammalian c e l l s  (Kihlman, 1971J S t i c h  & San,

1970j Yoshida,  1970) and i n d u c t io n  o f  phage by 4-NQO (C a len d a r ,  1970;

Endo e t  a l . ,  1963a.). Moreover,  c e l l  l i n e s  w i th  r e p a i r  systems 

c h a r a c t e r i z e d  by d i f f e r e n t  s p e c i f i c i t i e s  could  accoun t  f o r  t h e  v a r i a b l e  

s e n s i t i v i t y  o f  d i f f e r e n t  c e l l  l i n e s  t o  U-NQ.0 (Amsterdam e t  a l . ,  1967; 

Horfkawa e t  a l . ,  1969).  R epa i r  mechanisms may a l s o  be  i m p l i c a t e d  in  

t h e  h e r e t o f o r e  u n e x p la i n a b le  drop in  NAD c o n c e n t r a t i o n  f o l l o w i n g  

exposu re  t o  4-NQ.O r e p o r t e d  by Ono e t  a l .  (1959)* I t  has  r e c e n t l y  been 

shown t h a t  AMP d e r iv e d  from NAD s e r v e s  as  an o b l i g a t o r y  c o f a c t o r  i n  th e  

l i g a s e  r e a c t i o n  (DuPraw, 1970; Gumport & Lehman, 1971).  In  t h i s  

r e a c t i o n  DNA-ligase combines w i th  NAD y i e l d i n g  an enzym e-adeny la te  

complex and f r e e  n ic o t in a m id e ;  t h e  1i g a s e - a d e n y l a t e  complex th e n  j o i n s  

s i n g l e - s t r a n d  b r e a k s  and a d e n y l i c  a c i d  i s  r e l e a s e d .  Hence t h e  drop in  

NAD a f t e r  exposu re  t o  **-NQ.O may be e x p la in e d  by assuming t h e  i n d u c t io n
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o f  r e p a i r  enzymes which i n  t u r n  cause  t h e  breakdown o f  NAD t o  a l lo w  t h e  

con t inued  f u n c t i o n i n g  o f  t h e  l i g a s e  r e a c t i o n .  T h is  does n o t  exc lude  

t h e  p o s s i b i l i t y  t h a t  t h e  NAD d e c r e a s e  i s  caused by d e s t r u c t i o n  o f  NAD 

s y n t h e t a s e  which i s  l o c a t e d  in  t h e  n u c le o lu s  (Busch & Smetana,  1970) 

fo l lowed  by e x h a u s t io n  o f  t h e  p re - fo rm ed  NAD p o o l .

Repa ir  p r o c e s s e s  may a l s o  s e r v e  t o  e x p l a i n  t h e  t h r e e  hypo theses  

d i s c u s s e d  e a r l i e r .  For example,  i f  n u c l e o l a r  changes  a r e  i r r e l e v a n t  t o  

t r a n s f o r m a t i o n  one can p o s t u l a t e  damage t o  e x t r a - n u c l e o l a r  DNA fo llowed 

by m i s - r e p a i r  and r e s u l t i n g  i n  m a l ig n a n t  t r a n s f o r m a t i o n  whether  by 

oncogene, m u ta t io n ,  o r  a c t i v a t i o n  o f  a l a t e n t  v i r u s .  On t h e  o t h e r  hand, 

i f  n u c l e o l a r  changes  a r e  a n e c e s sa ry  bu t  no t  s u f f i c i e n t  c o n d i t i o n ,  

m i s - r e p a i r  could  occu r  i n  b o th  n u c l e o l a r  o r  non -n u c1 eo la r  r e g io n s  

i n v o lv in g  t h e  ’’pacemaker11 r e g io n  and nonrnucleb.lar DNA. In  t h e  l a s t  case ,  

abnormal r e p a i r  p r o c e s s e s  induced by 4-NQ.O i n  t h e  n u c le o lu s  a l o n e  could 

r e s u l t  i n  permanent  a l t e r a t i o n  o f  a h y p o t h e t i c a l  n u c l e o l a r  "pacemaker” . 

Obv ious ly ,  d e t a i l e d  u n d e rs tan d in g  o f  t h e  r e p a i r  mechanism i s  

r e q u i r e d  b e f o r e  t h e s e  hypo theses  can be pu t  t o  d e c i s i v e  t e s t .

As mentioned in  t h e  " I n t r o d u c t i o n ” ,  i t  i s  g e n e r a l l y  b e l i e v e d  t h a t



4-NQ.O i s  c o n v er ted  e n z y m a t i c a l ly  t o  *iHAQ,0 and then  t o  a v a r i e t y  o f  

i n t e r m e d i a t e s  in c lu d in g  t h e  d i a c e t y l  d e r i v a t i v e  (Enomoto e t  a l . ,  1968) 

and a f r e e - r a d i c a l  i n t e r m e d i a t e  (Nagata e t  a l . ,  1966^; Nobuko e t  a l , ,

1968j Okano & Mekama, 1968; Okano e t  a l . ,  1970) .  In  t h i s  s ense  -̂MQ.0 

d i f f e r s  from t y p i c a l  a l k y l a t i n g  a g en ts  such as  s u l f u r  m us ta rds  which 

s p o n tan e o u s ly  form a h i g h l y  r e a c t i v e  c a t i o n i c  i n t e r m e d i a t e  which b inds  i n  a 

o n e - s t e p  p ro ce ss  t o  DNA ( M i l l e r  & M i l l e r ,  1969);  and has much i n  common w i th

t h e  a r o m a t ic  amines t y p i f i e d  by a c e ty l  am inof luorene  { M i l l e r ,  1970) which a r e

c h a r a c t e r i z e d  by a tw o - s te p  r e a c t i o n  in v o lv in g  an h y d ro x y la te d  i n t e r m e d i a t e .

One argument f o r  NQO being c o n v e r ted  i n t o  an e l e c t r o p h i 1i c  

( e l e c t r o n - d e f i c i e n t )  r e a c t a n t  i s  t h a t  t o x i c i t y  i s  opposed by c y s t e i n e ,  

t y r o s i n e ,  t r y p to p h a n  which as M i l l e r  & M i l l e r  (1969) p o in te d  o u t  a r e  

l i k e l y  t a r g e t s  o f  e l e c t r o p h i l s .  The most convincing  ev idence  t h a t  HAQ.0 

i s  t h e  p ro x im a te  ca rc in o g e n  and ^-NQ,0 t h e  p re - c a r c in o g e n  i s  t h a t  *t-NQ,0

i s  b i o l o g i c a l  1y i n e r t  i n  systems devoid  o f  enzyme reducing  t h e  n i t r o

group .  Thus ,  i n a c t i v a t i o n  o f  phage ( I sh izaw a  & Endo, 1967;

Yamamoto e t  a l , ,  1970) and B. s u b t i l  i s  t r a n s fo rm in g  DNA (Tada e t

a l . ,  1967) o ccu rs  on ly  a f t e r  exposure  t o  ltHAQ.0 and not ^-NQO, Moreover,
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itHAQ.O, but not 4-NQp in d u c e s  s i n g l e - s t r a n d  s c i s s i o n s  i n  i s o l a t e d  DNA 

(Sugimura e t  a l . ,  1968).

However, s ev e ra l  o b s e r v a t i o n s  remain t o  be  accoun ted  f o r  b e f o r e  t h i s  

h y p o th e s i s  can be  a c c e p te d .  For example,  in  r e p a i r  e x p e r im e n t s ,  h ig h e r  

c o n c e n t r a t i o n s  o f  If-HAQP than  of  4-NQ.O were r e q u i r e d  t o  cause  s i n g l e - s t r a n d  

s c i s s i o n s  in  v ivo  (Hohikawa, 1970)* Moreover,  Endo succeeded in  

induc ing  m u tan ts  in  t o b a cc o  mosaic v i r u s  by exposu re  t o  4-NQO in  v i t r o  

(Endo e t  a l . ,  1961) — a system t o t a l l y  t ack ing  i n  reduc ing  enzymes.

In  Tetrahymena, ltHAQ.0 was found t o  be 1 /S th  as e f f e c t i v e  a s  4-NQ.O i n  

c au s in g  a b e r r a n t  c e l l  d i v i s i o n  (Mita e t  a l . ,  1969)* And l a s t l y ,

Huckel m o le c u la r  o r b i t a l  computa t ions  r e v e a le d  t h a t  a t  l e a s t  t h e o r e t i c a l l y  

e i t h e r  f̂-NQO o r  ^HAGO cou ld  i n t e r a c t  w i th  deoxyguanosine  r e s id u e s  

(Paul e t  a l . ,  1971)»

Our r e s u l t s  h i g h l i g h t  some k i n e t i c  a sp e c t s  o f  t h i s  problem;  t h e  

ex t rem e  r a p i d i t y  o f  4-NQ.O a c t i o n  im p l i e s  e i t h e r  t h a t  m e ta b o l i c  

r e d u c t i o n  does  n o t  t a k e  p l a c e ,  or  t h a t  m e ta b o l i c  r e d u c t i o n s  must occur  

n e a r l y  i n s t a n t a n e o u s l y .  F u r t h e r  s tu d y  o f  t h e  k i n e t i c s  o f  t h e s e  r e a c t i o n s  

would be h e l p f u l  in  a c c o u n t in g  fo r  t h e  r e s u l t s  p r e s e n t e d  h e r e .
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RESULTS 

P a r t  I I

a j  S e l e c t i o n  Procedure

When C r i t h i d i a  was cloned  on an a g a r  c o n t a i n in g  4-NQ.O a t  

c o n c e n t r a t i o n  o f  0 , 2 - 0 . 3  pg /m l ,  a few smal l  c o lo n ie s  cou ld  be seen 

a r ranged  l i k e  a s t r a n d  o f  beads  o f  g r a d u a l l y  d im in i sh in g  d iam e te r s  a t  

t h e  p e r im e te r s  of  t h e  p l a t e .  C o n c e n t r a t io n s  above 0 .5  Jig/ml com ple te ly  

i n h i b i t e d  c lo n e  fo rm a t io n  (T ab le  11:). S in c e  we sought c lo n es  which were 

m e ta b o l i c a l1 y  a l t e r e d  b u t ,  o f  course  not a l l  k i l l e d ,  p l a t e s  c o n ta in in g  

0 .2 5  pg/ml 4-NQ.O were used t o  s e l e c t  c l o n e s  w i th  d e f i c i e n t  r e s p i r a t o r y  

metaboli sm a s  ev idenced  by i n a b i l i t y  t o  red u ce  t e t r a z o l i u m .

S e l e c t i o n  proceeded a s  fo l lo w s :  a g a r  p l a t e s  c o n t a i n i n g  *f-NQ,0 were

in o c u l a t e d  w i th  v a r io u s  c o n c e n t r a t i o n s  o f  C r i t h i d i a  c e l l s  and incuba ted  

a t  27 C f o r  9-12 d a y s .  A f t e r  c o lo n ie s  had developed ,  t h e  p l a t e s  were 

o v e r l a i d  w i th  TTC a g a r ;  2-3 days e l a p s e d  b e f o r e  examining p l a t e s  f o r  

whi te  c o l o n i e s .  The l a t t e r  were p icked  and in o c u l a t e d  i n t o  l i q u id  

medium; when t h e  inoculum had grown t o  a s u f f i c i e n t  d e n s i t y  t h e  sequence  

o f  s t e p s  were  r e p e a t e d .  The p rocess  was r e p e a t e d  f o r  9 co n secu t iv e  s e l e c t i o n s .
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TABLE 11

Colony fo rmat ion  by C r i t h i d i a  on a g a r  c o n t a i n i n g  4-NQP. The s tock  

s o l u t i o n  o f  4-NQO was 100 in  d i s t i l l e d  w a te r .  I t  was d i l u t e d

w i th  w a te r  as needed. A p p ro p r ia te  amounts o f  s o l u t i o n  were then  

i n j e c t e d  through a M i l l i p o r e  f i l t e r  s t e r i l i z e r  u n i t  a t t a c h e d  t o  a 

f iv e -m i  sy r in g e  i n t o  t h e  l i q u i d  a g a r  s o l u t i o n  and mixed th o ro u g h ly  

b e f o r e  pou r ing .  E x a c t l y  0.1 ml o f  a l a t e  log c u l t u r e  o f  C r i t h i d i a  was 

t h e n  in o c u la t e d  d i r e c t l y  on to  n ine  p l a t e s  and spread  w i th  a g l a s s  rod.  

T h i s  p rocedure  was r e p e a t e d  fo r  each  c o n c e n t r a t i o n  u s e d .  The undef ined  

medium con ta in ing  15 pg /m l  hemin was used  in  t h e s e  e x p e r im e n t s .  A f t e r  

9-12  d a y s ,  colony c o u n t s  were made.

C o n c e n t r a t i o n  4̂-NQ.O (pg/ml)

0 0.1 0.2 0.3 0 .̂  0.5

Number o f  c o l o n i e s / p l a t e  300 200 50-80 10-50 5-10 1-5



Although t h e  r a t i o  o f  wh i te  t o  r e d  c o lo n ie s  s t e a d i l y  i n c r e a s e d  

a f t e r  t h e  5 t h  s e l e c t i o n ,  t h e r e  were no changes i n  r a t e  o f  Og u p ta k e  of  

t h o s e  c e l l s  when measured p o l a r o g r a p h i c a l l y .  By t h e  9 th  s e l e c t i o n ,  

p r a c t i c a l l y  a l l  t h e  c o l o n i e s  were w h i t e  and appeared  s m a l l e r  th a n  t h e  

c o n t r o l s .  One co lony was s e r i a l l y  s u b c u l t u r e d  over  s ev e ra l  months .

A f t e r  r e p l a t i n g ,  i t  r e t a i n e d  both  i d e n t i f y i n g  c h a r a c t e r s :  smal l  s i z e

and an i n a b i l i t y  t o  reduce  t e t r a z o l i u m .  The progeny o f  t h i s  c lo n e  was 

used in  t h e  s t u d i e s  which fo l lo w .

At t h e  o u t s e t  i t  was im p o r tan t  t o  de te rm ine  w h e th e r  th e  TTC-negative  

s t r a i n  was induced  or  s e l e c t e d .  Three  t e ch n iq u es  a r e  commonly a p p l i e d  

t o  d i s t i n g u i s h  between t h e s e  two a l t e r n a t i v e :  (1) exposu re  on media

i n h i b i t i n g  growth  o f  r e s p i r a t o r y - d e f i c i e n t  c lones  such as  l a c t a t e  

medium; (2 )  a p p l i c a t i o n  o f  t h e  D e lb ruck -L ur ia  f l u c t u a t i o n  a n a l y s i s ;  

and (3) t e s t i n g  f o r  t h e  a c q u i s i t i o n  o f  r e s i s t a n c e  t o  t h e  induc ing  

a g e n t .  For t e c h n i c a l  r e a so n s  we chose (3)  and found t h a t  t h e  TTC-negative  

s t r a i n  was as  s e n s i t i v e  t o  4-NQO as t h e  c o n t r o l s ,  im ply ing  but not 

p ro v in g  t h a t  i n d u c t i o n  r a t h e r  th a n  s e l e c t i o n  had o c c u r r e d ,

b) Growth Rate D i f f e r e n t i a l s



During t h e  s e l e c t i o n  p ro c e d u re  t h e  w h i te  c lo n es  reached p l a t e a u  

p h a se  l a t e r  th a n  c o n t r o l s .  T h e r e f o r e ,  a f t e r  t h e  9 th  s u b c u l t u r e  on NQO 

a g a r  from a w h i t e  co lony t h e  growth r a t e s  o f  t h e  TTC-negative  s t r a i n  

and c o n t r o l s  were  compared by t u r b i d i m e t r y ,  c e l l  co u n ts ,  and p r o t e i n  

c o n t e n t  {Charts  9* 10* 1 1 ) .  For c l a r i t y  some s a l i e n t  f e a t u r e s  o f  t h e  

c u rv es  a r e  l i s t e d  i n  T ab le  12.

Computation o f  t h e  growth r a t e  c o n s ta n t  K (Packer ,  1967)* d e f in e d  

by t h e  e x p r e s s io n :

K = 2 .3  (Log N-Log N0 )
T ^

showed t h a t  on t h e  b a s i s  o f  p r o t e i n  and t u r b i d i t y  measured between 20-30 

h r  d i f f e r e n c e s  i n  K o f  an o rd e r  o f  magnitude were found between TTC-negative  

and c o n t r o l  s t r a i n s .  However, i f  c e l l  number was measured d u r in g  t h e  same 

t im e  i n t e r v a l  K showed i n s i g n i f i c a n t  d i f f e r e n c e s .  P o s s i b l e  r e a so n s  f o r  

t h i s  d i s c r e p a n c y  w i l l  be  d i s c u s s e d  l a t e r .  As shown on C h ar t s  9,  10,  

and 11 and T ab le  12 t h e  mutant p o p u la t io n  e v e n t u a l l y  reached  t h e  same 

l e v e l s  a s  c o n t r o l s  a l t h o u g h  t h e s e  l e v e l s  were  reached a p p ro x im a te ly  30 

h r  l a t e r .  When c e l l s  were grown in  t h e  low-hemin d e f in e d  medium i t  was 

no ted  t h a t  under t h e s e  r e s t r i c t i v e  c o n d i t i o n s  n o t  on ly  was growth slowed



but  t h e  mutant  p o p u la t i o n  was unab le  t o  reach  t h e  end p o i n t  v a lu e s  

a t t a i n e d  by t h e  c o n t r o l s #  Th is  i s  shown g r a p h i c a l l y  i n  C h ar t s  12, 13 

and in  t a b u l a r  form on T a b le  13* Under t h e s e  c o n d i t i o n s  comparison o f  

m id - p o in t  and K v a lu es  r e v e a l s  s i m i l a r  d i f f e r e n t i a l s  a s  t h o s e  in  

undef ined  medium (15 | ig/m1).

c )  Colony S i z e  D i f f e r e n t i a l s

When r e p l a t e d  a f t e r  6 months o f  con t inuous  s u b c u l t u r e  i n  

d e f i n e d  medium, 98% o f  t h e  c o lo n ie s  appea red  smal l  and w h i t e  under TTC 

a g a r  o v e r l a y .  Measurement o f  colony d ia m e te r s  a t  t h i s  t ime  showed t h a t  

t h e  mutant c o lo n ie s  were s m a l l e r  than  c o n t ro l  c o lo n i e s  (T ab le  I ^ J ,  in  

te rms o f  c o l o n i a l  growth ( i n c r e a s i n g  c o n c e n t r i c  c i r c l e s )  p a r a l l e l i n g  th e  

d i f f e r e n t i a l s  i n  l i q u i d  media .  The d i f f e r e n c e  between t h e  two means of  

co lony  d i a m e t e r s  was n o t  s t a t i s t i c a l l y  s i g n i f i c a n t ,  m a in ly  because  o f  

t h e  v a r i a b i l i t y  o f  bo th  p o p u l a t i o n s .  More measurements  would be 

n e ce s sa ry  t o  compensate f o r  t h i s  v a r i a b i l i t y .
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LEGEND CHARTS $ ,  10,'  11 

Two f l a s k s  c o n ta i n in g  100 ml undef ined  medium (15 Mg/ml hemin) were 

i n o c u l a t e d  w i th  c o n t r o l  and mutant c e l l s  r e s p e c t i v e l y ;  one m l / a l i q u o t s  

were t a k e n  f o r  p r o t e i n ,  c e l l  coun t ,  and t u r b i d i t y  measurements  a t  8,  

26, 30,  50,  58,  7 9̂ a nd B k  h r .  A l iq u o t s  were in  d u p l i c a t e .  S i m i l a r  

r e s u l t s  were o b t a i n e d  u s in g  d e f i n e d  medium (15 (xg/ml hemin).
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TABLE 12

Growth C h a r a c t e r i s t i c s  o f  TTC-Negative S t r a i n  in  Undefined Medium. 

K was c a l c u l a t e d  between 20-30 h r  under  each c o n d i t i o n ;  m id - p o in t  

and e n d - p o i n t  o f  c o n t r o l  was s e l e c t e d  f o r  compar ison w i th  m utan t .

K {20-30 hr)  Mid-Poin t o f  Control  {20 hr) End 

Mutant Control  Mutant C on t ro l  Mutant

Absorbance 

Ce1 Is /ml 

P r o t e i n  |ig/ml

0 .0025 0 .040  0 .028  0 .110 0 .700

0 .114  0 .1 5 5  7 X 105 7 X 106 68 X 106

0 .0145  0.740 58  95 350

Poi n t  

Control

0.700  

68 X 106 

360
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LEGEND CHARTS 12, 13 

Mutant and c o n t ro l  c u l t u r e s  were grown in  d u p l i c a t e  a t  27 C, in  d e f in e d  

medium c o n ta i n in g  2 [ig/ml hemin in  100 ml ’’n e p h e ta "  c u l t u r e  f l a s k s .  

A l iq u o t s  f o r  c e l l  count were t a k e n  and t u r b i d i t y  measured a t  0,  16, 25, 

39,  i»8, 66,  90 h r .  Each 1 ml a l i q u o t  was i n  d u p l i c a t e .
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CHART 13
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TABLE 13

Growth C h a r a c t e r i s t i c s  o f  TTC-ft&tative S t r a i n  i n  low-hemin d e f in e d  medium. 

C e l l s  were grown in  d e f i n e d  mediun c o n ta i n in g  2 ng/ml hemin and 

measurements taken  as  d e s c r i b e d  in  T ab le  12.

K (30-40 h r j  Mid-Poin t  o f  Contro l  {**0 h r )  End-Poin t  

Mutant Control  Mutant Control  Mutant Contro l

Absorbance .0046 0 .0295

Cel l  number/m1 0.0943 0.1150

0.052  0.220 0.56  0.75  

1 .8  X 106 11 X I O 6 3 .5  X 107 6 .8  X 107
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TABLE 14

Comparison o f  Colony D ia m e te r s ? '  TTC-negative  vs c o n t r o l .

C e l l s  were p l a t e d  on d e f i n e d  media c o n t a i n i n g  1.25% a g a r  and on day 7 

TTC o v e r l a y  was perform ed.  Colony d i a m e t e r s  were measured under  a 

l i g h t  m ic ro sco p e  equipped w i th  a Bausch and Lomb s t a g e  m ic rom ete r .

Comparison o f  Colony D iam eters :  Mutant vs Control

Mutant Contro l  ( i n  s t a g e  mic rometer  u n i t s )

Mean 2 .2 0  3 .12

V a r ia n ce  .599  .592

SD .7 7  .77

n 2 6  26

t  0 .64

p 0.75 (n o t  s i g n i f i c a n t )



d) A n a ly s i s  o f  R e s p i r a t o r y  Pigments

Although th e  a b i l i t y  t o  red u ce  TTC was im pa i red ,  an a s s o c i a t e d  

d e c r e a s e  in  r e s p i r a t i o n  was, s u r p r i s i n g l y ,  not dem ons t rab le  by O2 

u p ta k e .  Uptake r a t e s  v a r i e d  w ide ly  from sample t o  sample and were 

never  lower than  80% o f  c o n t r o l s j  r e s p i r a t i o n  was s e n s i t i v e  t o  a z id e  

and c y an id e ,  i n d i c a t i n g  t h a t  t h e  te rm ina l  o x id a s e  was i n t a c t ,  nor d id  

s p e c t r o p h o to m e t r i c  a n a l y s i s  o f  r e s p i r a t o r y  pigments  reveal  d i f f e r e n c e s .

D i f f e r e n c e  s p e c t r a  o f  mutant  and c o n t ro l  m i to c h o n d r ia l  p r e p a r a t i o n s  

were used i n s t e a d  o f  a b s o l u t e  s p e c t r a  t o  d e te rm ine  a l t e r a t i o n s  in  

r e s p i r a t o r y  pigments  f o r  t h e  fo l lo w in g  rea so n s :

a )  d i f f e r e n c e  s p e c t r a  a r e  based on t h e  f a c t  t h a t  t h e  and p bands 

o f  f e r ro - c y to c h ro m e s  a r e  d e t e c t a b l e  in  th e  reduced  but no t  in  t h e  

o x i d i z e d  s t a t e  (Chance,  1 9 Thi s  e l i m i n a t e s  i n t e r f e r e n c e  from o t h e r  

h em e-con ta in ing  p r o t e i n s  such a s  c a t a l a s e  and cytochrome _b  ̂ which cannot  

be r e a d i l y  o x id iz e d  or  reduced.

b) fu r th e r m o r e ,  s i n c e  d i f f e r e n c e  s p e c t r a  a r e  performed on , 

m i to c h o n d r ia l  f r a c t i o n s  p repa red  from whole c e l l s ,  unwanted c e l l u l a r  

con tam inan ts  can be  washed out dur ing  t h e  p r e p a r a t i v e  p rocedu re .



1 3 ^

c) d i f f e r e n c e  s p e c t r a  a r e  h ig h ly  r e p r o d u c ib l e  and p rov ide  sh a rp ly  

d e f in e d  a b s o r p t io n  maxima.

An e l e c t r o n  micrograph of  th e  c rude  m i tochondr ia l  f r a c t i o n  prepared  

a s  d e sc r ib e d  in  J,Methods" i s  shown i n  F i g .  17. The p e l l e t  c o n s i s t  of 

numerous f l a g e l l a ,  membranous components,  d e b r i s ,  and swol len ,  p a r t i a l l y  

broken m i tochondr ia l  f r agm ents .  I n t a c t  k i n e t o p l a s t s  were sometimes 

seen . At no t im e  were i n t a c t  m ic robod ies  seen.

As shown in  Char t  1^, in agreement with H i l l  & Anderson (1970),  

t h e  fo l lowing  cytochromes were p r e s e n t  in  C r i t h i d i a i cytochrome Js 

( maximum a t  560 ran) and p and S o r e t  bands r e s p e c t i v e l y  a t  527 and 

430 nm. Cytochromes with a c h a r a c t e r i s t i c  band a t  605 ran; a

S o r e t  band seen as  a hump, a t  k b k  nm i s  a l s o  p r e s e n t .  Cytochrome £  with  

an £  maximum a t  553 nm i s  not a p p a ren t  in our s p e c t r a .  T h i s ,  however, 

does not imply t h a t  cytochrome jc i s  a b se n t .  H i l l  & Anderson (1970) 

showed t h a t  cytochrome j: i s  dem onst rab le  a t  -190 C; we d id  not ca r ry  

ou t  low -tem pera tu re  o b s e r v a t i o n s ,  hence we assume from H i l l  & Anderson 's  

r e s u l t s  t h a t  cytochrome _c i s  p r e s e n t  bu t  u n d e te c t a b l e  by our methods.  

Incuba t ion  o f  th e  m i tochondr ia l  p r e p a r a t i o n  w i th  d i t h i o n i t e  fo r  more than  

30 min d i d  no t  reduce cytochromes any f u r t h e r .
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LEGEND FIG. 17

E l e c t r o n  Micrograph o f  Crude M itochondr ia l  P r e p a r a t i o n . The c rude  

m i to c h o n d r ia l  p e l l e t  was sedim ented  a t  16,318 and f i x e d  o v e r n ig h t  in  

3% g l u t a r a l d e h y d e .  I t  was t h e n  washed tw ic e  in  cacodyl a t e  b u f f e r ,  

s t a i n e d  in  2% u rany l  a c e t a t e ,  dehydra ted  i n  an a c e to n e  s e r i e s ,  

i n f i l t r a t e d  w i th  1:1 Epon: a c e t o n e  f o r  5 min,  then  pure  Epon ( t w i c e ) .

The p e l l e t  was th e n  embedded i n  f r e s h  Epon f o r  2 k  h r  a t  60 C. The 

remain ing  s t e p s  a r e  d e s c r ib e d  in  ‘'Methods". Note f l a g e l l a  ( f l )  in  

t r a n s v e r s e  and l o n g i t u d i n a l  s e c t i o n  and swol len  m i to c h o n d r ia l  f ragm ents  

(Mf) i n s i d e  o f  which c r i s t a e  ( c r )  can be  seen .  X 28,200
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LEGEND CHART 1*1

D i f f e r e n c e  S p e c t r a ;  TTC-Negative S t r a i n  vs C o n t r o l s . The 1in e s  

r e p r e s e n t  t h e  d i f f e r e n c e  i n  a b s o r p t i o n  between a c rude  m i to c h o n d r ia l  

f r a c t i o n  in  which r e s p i r a t o r y  p igments  were reduced  by a d d i t i o n  of 

sodium d i t h i o n i t e  t o  a p o r t i o n  of  t h e  p r e p a r a t i o n  in  which t h e  r e s p i r a t o r y  

pigments  were o x i d i z e d  by a e r a t i o n  f o r  15-30 min.  The m i to ch o n d r ia  

were suspended i n  s u c r o se  b u f f e r  a t  c o n c e n t r a t i o n s  o f  1 .66 and 3*0 mg 

p r o t e in /m l  r e s p e c t i v e l y  f o r  mutant and c o n t r o l s ?  t e m p e ra t u re  25 C; 

l i g h t  p a t h  o f  t h e  c u v e t t e s  10 mm.



A
B

SO
R

B
A

N
C

E
 

IN
C

R
E

M
E

N
T

0.7

—  C o n t r o l

—  M u t a n t
0.6

0 .0 1  ABSORgArtcE iNCREMEKT CM ' 1

0.5

0.4

0 .3

\  -

0.2

0.1

4 0 0  4 2 0  4 4 0  4 6 0  4 8 0  5 0 0  5 2 0  5 4 0  5 6 0  5 8 0  6 0 0  6 2 0  6 4 0  6 6 0  6 8 0
(X) WAVENGTH IN nm



139

The d i f f e r e n c e  s p e c t r a  (C h a r t  14) i n d i c a t e d  no s i g n i f i c a n t  

d i f f e r e n c e s  i n  r e s p i r a t o r y  p igments  between mutant  and c o n t r o l s ;  th e  

bands which a r e  d i a g n o s t i c  f o r  cytochromes showed c l o s e  s i m i l a r i t i e s .

We conclude  t h e r e f o r e  t h a t  t h e  mutant s t r a i n  i s  not g r o s s l y  d e f i c i e n t  

in  cytochromes and t h a t  0^ consumption i s  n o t  s i g n i f i c a n t l y  impaired  

d e s p i t e  t h e  s t r a i n  being  TTC-negat ive .

e) U l t r a s t r u c t u r a l  Changes

I n s p e c t i o n  of e l e c t r o n  micrographs  o f  mutant c e l l s  r e v e a le d  no 

a l t e r a t i o n s  in  t h e  nucleus  o r  n u c le o lu s ;  however t h e  c y to p la sm ic  

m ic robod ie s  appeared  t o  have in c re a s e d  in  s i z e  and number.  To de te rm ine  

in  a q u a n t i t a t i v e  f a s h io n  w he ther  t h e  r e l a t i v e  volume r a t i o  o f  t h e  

m ic robodies  t o  t h e  whole c e l l  had indeed i n c r e a s e d  in  t h e  m u tan t ,  the  

t e c h n iq u e  o f  morphometr ic  a n a l y s i s  was used .  The p r i n c i p l e s  on which 

the  a p p l i c a t i o n  o f  t h i s  t e c h n i q u e  t o  b i o l o g i c a l  m a t e r i a l s  i s  based a re  

d i s c u s s e d  in  d e t a i l  by Baudhuin (1968) .  B r i e f l y ,  t h i s  t e c h n i q u e  i s  

based on t h e  assumption  t h a t  q u a n t i t a t i v e  in fo r m a t io n  can be ob ta ined  

about c e l l  components in  t h r e e  dimensional te rms from two dimensional  

r e p r e s e n t a t i o n s  such a s  an e l e c t r o n  micrograph .  A c c o r d i n g : /  t o  t h e
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p r i n c i p l e  o f  Weibel (19$9) ,  which i s  e x p re s s ed  sy m b o l i c a l ly  a s :

V = A = L 
Vi Ai Li

t h e  f r a c t i o n a l  volume occupied  by a s t r u c t u r e  i s  equal t o  i t s  f r a c t i o n a l  

area  in  a random c r o s s - s e c t i o n  or  t h e  f r a c t i o n a l  l e n g th  o f  a t r a n s e c t i n g  

random l i n e .  Thus t h e  volume of  an o r g a n e l l e  which a p p ea rs  a s  an a rea  

in  c ro ss  s e c t i o n  can be  measured by l i n e s  t r a v e r s i n g  th e  c r o s s - s e c t i o n a l  

s u r f a c e .  The a r e a s  a r e  measured i n  p r a c t i c e  by super imposing  an a r r a y  

o f  sampling l i n e s  over t h e  mic rograph  and measuring t h e  l e n g t h s  o f  th e  

l i n e s  t r a n s e c t i n g  t h e  o r g a n e l l e  (F ig .  16 ) .  A sample da ta  s h e e t  i s  shown 

in  Table  15* Note t h a t  some l i n e s  t r a v e r s e  n e i t h e r  o f  t h e  cy to p la sm ic  

o r g a n e l l e s  some bo th  and some on ly  one o r g a n e l l e .  T h i s  i s  v i s u a l i z e d  in  

F ig .  16. The r e s u l t s  o f  q u a n t i t a t i v e  morphometry a r e  shown i n  Tab le  16. 

C le a r ly ,  an i n c r e a s e  i n  t h e  average,  volume o f  t h e  m ic robod ie s  was 

ev iden t  i n  t h e  mutant p o p u la t i o n  i n  compar ison t o  c o n t r o l s ,  whereas no 

s u b s t a n t i a l  change i s  found in  m i to c h o n d r ia l  volumes or  i n  whole c e l l  

volumes.  The l a t t e r  has  been c o r r o b o r a t e d  by C o u l t e r  c o u n te r  measurements 

(Chart 15 ) .



LEGEND F I G .  16

E l e c t r o n  Micrograph o f  C r i t h i d i a  a s  i t  Appears  i n  t h e  Measuring Frame 

For Morphometry.  A g r i d  o f  17 v e r t i c a l  l i n e s  i s  super imposed ove r  t h e  

m ic rog raph .  Reproduced a t  1 / 2 . 5  a c tu a l  s i z e .  H / ^ S 5 .
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TABLE 15

Sample Data Sheet f o r  Q u a n t i t a t i v e  Measurement of C e l l1 S t r u c t u r e s . Sample 

da ta  s h e e t  of an i n d iv id u a l  cel  1 s u b j e c t e d  t o  morphometric a n a l y s i s .

Values a long h o r i z o n ta l  rows r e p re s e n t  measurements of  o r g a n e l l e s  

t r a n s e c t e d  by v e r t i c a l  sampling l i n e s  in  nm.

Sub jec t  ; C r i t h i d i a  f a s c i c u l a t a

P l a t e  No. : Z 1519

P r i n t  M a g n i f i c a t io n :  1 9 ,500X

Column Whole Cel l  (mm) Mitochondria  (mm) Dense Bodies (mm)

1 22 13

2 36 10

3 47 7

4 57 10

5 65 12

6 73

7 80

8 82 8 12

9 90 3

10 70

11 90

12 90 20

13 85 8

14 78 10

15 70 4

16 58 9

17 40
1,223 59 67



144

TABLE 16

S t a t i s t i c a l  A n a ly s i s  o f  Morphometric Data . Mean ( x ) ,  s t a n d a r d  d e v i a t i o n  

(SD) and s t a n d a r d  e r r o r  (SE) computed by a v e rag in g  morphometr ic  d a t a

o b ta in e d  from N c e l l s .

Contro l

Whole Ce11

M itochondrion

Mi crobody number/ce11

Microbody volume

Whole Cel l

Mi toch o n d r io n

Mi crobody number/cel  1

Microbody volume

839.8

5 0 .6

1.6

20

955

48.8

2.6

22

SD

+317

+ 30.2

+ 1 .3

+ 16.5

Mutant

+312

+25*9

+1.9

+22

SE

46

4 .5

0 .1 8 4

2 .47

61

5.2  

0 .375

4 .3

N

45

45

45

45

27

27

27

27
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LEGEND CHART 15

Frequency Histogram:  Cell  Number/Volume R a t io s  o f  TTC-Neqative and

Contro l  S t r a i n s . C o u l t e r - c o u n t e r  measurements were performed on l a t e  

log c u l t u r e s  o f  both  p o p u la t io n s  grown in  u n def ined  medium c o n ta i n in g  

2 pg/ml hemin.
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In  con t ro l  c e l l s  t h e  per cent o f  t o t a l  c e l l  volume occupied  by th e  

mic tochondrion  was c a l c u l a t e d  t o  be  6% while t h a t  occupied by th e  

microbodies  was 2.35%. In c o n t r a s t ,  mutant c e l l s  showed a microbody/whole 

c e l l  r a t i o  of  4.83%# more than tw ic e  t h a t  of c o n t r o l s .  The r e l a t i v e  

m i tochondr ia l  volume was 5.05% o f  t h e  whole c e l l  volume.

On th e  b a s i s  o f  t h e  s tuden t  t  t e s t  t h e  d i f f e r e n c e  between t h e  two 

means was i n s i g n i f i c a n t  meaning t h a t  such v a r i a t i o n  could have occu r red  

by chance a lone  (Tab le  17).  However, when th e  d a ta  was t r e a t e d  accord ing  

t o  t h e  method o f  l e a s t  squares ,  r e g r e s s i o n  l i n e s  w i th  s i g n i f i c a n t l y  

d i f f e r e n t  s lo p es  were computed (Char t  16 ) .  By comparing th e  va lues  

fo r  t h e  means in  C har t  16 with t h o s e  in  Tab le  16 t h e  c o r r e c t n e s s  o f  t h e  

r e g r e s s i o n  l i n e s  was confirmed.  I t  can be seen t h a t  X, Y c a l c u l a t e d  

by t h e  l e a s t  s q u a re s  method ag rees  with X, Y computed from pooled d a t a ,

f )  C a t a l a s e  Assay and L o c a l i z a t io n

Assay o f  c a t a l a s e  by th e  method of Baudhuin (1968J revea led  t h a t  

C r i t h i d i a  p o sse sse s  l a r g e  amounts o f  t h i s  enzyme; moreover,  in  comparison 

to  o th e r  t i s s u e s  and organisms C r i t h i d i a  has t h e  h ig h e s t  s p e c i f i c  a c t i v i t y  

o f  any cel 1 type  y e t  s t u d i e d .  The c a t a l a s e  a c t i v i t y  of v a r io u s  p ro tozoa  

can be seen in  T ab le  18.
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TABLE 17

t  T e s t  f o r  S i g n i f i c a n c e  of  Means, t  and p v a lu e s  computed from d a ta  

t a b u l a t e d  in  T ab le  16.

t  p

Whole Cell  0 .448  0 .9

Mitochondrion  0.51 1*0

Microbody Number 0 .435  0 .75

Microbody Volume .882 0 .10
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LEGEND CHART 16

S c a t t e r  Diagram w ith  R eg re s s io n  Lines  Superimposed I l l u s t r a t i n g  Least  

Squares  F i t . S c a t t e r  d iagram r e l a t i n g  whole c e l l  (X) t o  peroxisome 

c o n t e n t  (Y) computed from samples of  mutant and c o n t r o l  p o p u l a t i o n s .  

R eg res s io n  l i n e s  o f  Y (peroxisome) on X (whole d e l l )  f i t t e d  by t h e  

l e a s t  s q u a r e s  method a r e  super imposed on t h e  s c a t t e r  d iagram.
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S in c e  c a t a l a s e  i s  t h e  s i n g l e  c o n s t a n t  component o f  t h e  c l a s s  of  

m ic ro b o d ie s  termed peroxisomes ( M u l l e r ,  1969) we h y p o th e s i z e d  t h a t  

C r i t h i d i a  c a t a l a s e  was confined w i t h i n  t h e  b o u n d a r i e s  o f  t h e  microbody. 

L o c a l i z a t i o n  o f  c a t a l a s e ,  or any enzyme, in  a s p e c i f i c  o r g a n e l l e  can be 

dem ons t ra ted  in  two complementary ways (a) by c e l l  f r a c t i o n a t i o n  

t e c h n i q u e s  combined w i th  enzyme a s s a y s  f o r  p a r t i c l e - b o u n d  c a t a l a s e  o r ,  

(b) by u 1 t r a s t r u c t u r a l  c y to c h e m is t ry ,  a t e c h n i q u e  in  which a chemical 

r e a c t s  w i th  hydrogen perox ide  in  t h e  p re sence  o f  c a t a l a s e  produc ing  an 

e l e c t r o n  opaque p ro d u c t  l o c a l i z e d  w i t h i n  t h e  microbody (Seligman e t  a l , ,  

1968).

We were u n a b le  t o  dem ons t ra te  p a r t i c l e - b o u n d  c a t a l a s e  by c e l l  

f r a c t i o n a t i o n  t e c h n i q u e s .  Methods based  on sh e a r  f o r c e s ,  n i t r o g e n  

c a v i t a t i o n  (Hunter  & Commerford, 1961) enzymatic  d i g e s t i o n  o r  s w e l l i n g  

in  hypoton ic  s o l u t i o n  (Simpson, 1968]i) were e q u a l l y  u n s u c c e s s f u l .  In  

each  c a se  c a t a l a s e  a c t i v i t y  was found in  t h e  s u p e r n a t a n t  i n d i c a t i n g  

e i t h e r  ( O  t h a t  c a t a l a s e  was s o l u b l e  in  t h e  cy top lasm  o r ,  (ja) t h a t  

t h e  microbody wall  was broken d u r i n g  t h e  f r a c t i o n a t i o n  p ro c e d u re  and 

c a t a l a s e  leaked  o u t .  Other t e c h n i q u e s  such as s o n i c  o s c i l l a t i o n s  and
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t h e  French p r e s s u r e  c e l l  were no t  a t t e m p te d .  S in ce  we were u n a b le  t o  

dem ons t ra te  s ed im en ta b le  c a t a l a s e  in  C r i t h i d i a , we tu r n e d  t o  u l t r a s t r u c t u r a l  

c y to c h e m is t ry  ("Methods")*

A photomicrograph o f  C r i t h i d i a  a f t e r  r e a c t i o n  was DAB o x i d a t i o n  

medium taken  under  phase  c o n t r a s t  i s  shown i n  F ig .  10.  In c lu d e d  f o r  

compar ison i s  a G iem sa -s ta in ed  p r e p a r a t i o n  o f  C r i t h i d i a  t a k en  a t  t h e  

same m a g n i f i c a t i o n  (F ig .  1 1 ) ,  The Giemsa s t a i n ,  which i s  s t r o n g l y  

a c i d o p h i l i c ,  i s  t aken  up p r i m a r i l y  in  t h e  k i n e t o p l a s t  r e g io n  (K) and 

t h e  n u c leu s  (N).  In c o n t r a s t ,  t h e  DAB o x i d a t i o n  p ro d u c t  i s  l o c a l i z e d  

in  d i s c r e t e  c y to p la sm ic  r e g i o n s  in  a random f a s h io n  very  r e m i n i s c e n t  of 

microbody d i s t r i b u t i o n  (m i ) .

The r e s u l t s  o f  l i g h t  m ic roscopy  were s u b s t a n t i a t e d  by e l e c t r o n  

microscopy ( F i g s .  12, 13, 1^,  15 ) .  The dense  a g g r e g a t io n s  of  DAB 

o x i d a t i o n  p r o d u c t  a r e  u n m is takab ly  l o c a l i z e d  in  t h e  m ic ro b o d ie s  (m i) .

DAB i s  a l s o  ta k en  up by t h e  m i to c h o n d r ia l  c r i s t a e  ( c r ) ,  though  t o  a 

l e s s e r  e x t e n t ,  due t o  i n t e r a c t i o n  with t h e  hem e-conta in ing  cytochromes .

The e v id en c e  p re sen te d  s t r o n g l y  s u g g e s t s  t h a t  t h e  c y to p la sm ic  

o r g a n e l l e s  p r e v i o u s l y  known a s  "dense  b o d i e s "  (H i l l  e t  a l . ,  1968) a c t u a l l y  

belong t o  a biochemical s u b - c l a s s  of  m ic ro b o d ie s  known a s  pe rox isom es .
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TABLE 18

Comparison o f  C a t a l a s e  A c t i v i t y  i n  a V a r i e t y  o f  P r o t o z o a ,

Organism S p e c i f i c  A c t i v i t y  (mUnits)

Rhizopoda

Amoeba p r o t e u s

Chaos chaos 0 .2

Acanthamoeba 79

F l a g e l 1 a t e s

Ochromonas malhamensis 1 .7

C r i t h i d i a  f a s c i c u l a t a  516

Ci 1i a t a

Tetrahymena p y r i f o r m is  33

[Adapted from M. M ul le r  ( I 9 6 9 . ]
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Fig .  10.  Photomicrograph o f  C r i t h i d i a  f i x e d  in  ca lc ium  formol s o l u t i o n  

and s t a i n e d  w i th  DAB o x i d a t i o n  medium pH 9 a t  37 C f o r  1 h r ,  taken w i th  

a p h a s e - c o n t r a s t  m ic ro sco p e .  Note t h e  d a r k ly  s t a i n e d  a r e a s  l o c a t ed  i n  

t h e  c y to p la sm  showing c h a r a c t e r i s t i c  form and d i s t r i b u t i o n  o f  m ic robod ies  

(m i) .  X 4 ,550

F ig .  11.  Photomicrograph o f  C r i t h i d i a  f i x e d  a s  i n  F i g .  10 and s t a i n e d  

wi th  Giemsa, taken  w i th  a p h a s e - c o n t r a s t  m ic ro sco p e .  Note t h e  u n s t a i n e d  

f l a g e l l e r  pocket ( fp )  a d j a c e n t  t o  which can be  seen t h e  d a r k l y  s t a i n i n g  

k i n e t o p l a s t  (K). The n u c leu s  i s  seen  as  a d a r k l y  s t a i n e d  somewhat 

i r r e g u l a r  body s e v e r a l  t im es  l a r g e r  than  t h e  k i n e t o p l a s t  (N).  X 4 ,550
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F i g .  12. T r an s v e r se  s e c t i o n  a n t e r i o r  t o  nuc leus  o f  C r i t h i d i a  f ix e d  

w i th  g lu t a r a ld e h y d e  and incuba ted  in  DAB o x id a t io n  medium minus DAB fo r  

1 hr  a t  37 C. Note th e  u n s ta in e d  microbodies  (mi) w i th  d i f f u s e  m a t r ix  

in  t h e  cy toplasm. S u b - p e l l i c u l a r  m ic ro tu b u le  l a y e r  can be seen along 

l e f t  margin o f  c e l l .  F l a g e l l a r  pocke t  ( fp)  and m itochondr ia l  s e c t i o n s  

(M) can a l s o  be seen .  X 16,250

F i g s .  13, 14, 15. E l e c t r o n  micrographs o f  DAB-stained C r i t h i d i a .

F i g .  13. Sem i-ob l ique  s e c t i o n  through C r i t h i d i a  f i x e d  with g lu t a r a ld e h y d e  

and s t a in e d  w i th  DAB mediun pH 9,  f o r  1 h r  a t  37 C. Note d e n se ly  

s t a i n e d  mic robodies  (mi) a long c e l l  p e r i p h e r y .  Not all mic robodies  

a r e  s t a i n e d .  X 36,000

F i g .  14. T r a n s v e r se  s e c t i o n  th rough  p o s t e r i o r  end o f  C r i t h i d i a . Note 

t h e  numerous mic robodies  (mi) w i th  c h a r a c t e r i s t i c  oval con tour .  

C rescen t - shaped  s t r u c t u r e  i s  a m i tochondr ia l  s e c t i o n .  X 22,000 

F i g .  15. Longi tud ina l  s e c t i o n  th rough  C r i t h i d i a  showing numerous s t a i n e d  

microbodies  (mi) j  up tak e  o f  s t a i n  i s  a l s o  seen in  t h e  mitochondr ia  (M).

X 22, 600
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S in c e  t h e  average  volume o f  t h e  peroxisomes  had a p p a r e n t l y  i n c r e a s e d  

i n  t h e  TTC-negative  s t r a i n ,  c a t a l a s e  a s s a y s  were c a r r i e d  ou t  t o  d e te rm in e  

whether a p a r a l l e l  i n c r e a s e  in  enzyme a c t i v i t y  had a l s o  o c c u r r e d .  The 

r e s u l t s ,  r eco rded  in  T a b le  19* show t h a t  c a t a l a s e  was s u b s t a n t i a l l y  

h ig h e r  i n  t h e  TTC-negat ive  s t r a i n  (1 .29X ) .  Moreover, i t  can be seen 

t h a t  t h e  a b s o l u t e  amount o f  c a t a l a s e  i s  s t r o n g l y  i n f l u e n c e d  by t h e  

c o n c e n t r a t i o n  o f  hemin i n  t h e  medium. Growth in  2 pg/ml hemin y i e l d e d  

d i s t i n c t l y  lower c a t a l a s e  a c t i v i t i e s  th a n  growth in  15 pg/m! hemin 

(Table  18,  Tab le  19 ) .

g) C h a r a c t e r i z a t i o n  o f  Peroxisomes

We f u r t h e r  c h a r a c t e r i z e d  C r i t h i d i a  pe roxisomes  by s tu d y in g  t h e  

e f f e c t  o f  2 , 4 - a m i n o t r i a z o l e  (AT) a p o t e n t  i n h i b i t o r  o r  r e n a l  and h e p a t i c  

c a t a l a s e ,  on th e  C r i t h i d i a  enzyme. As seen in  T a b le  20,  c a t a l a s e  

i s o l a t e d  from A T - t r e a t e d  c e l l s  showed lower a c t i v i t i e s  th a n  u n t r e a t e d  

c o n t r o l s .  However, i f  AT was added t o  mid- log phase  c u l t u r e s  no 

i n h i b i t i o n  o f  growth o c c u r r e d .

S in c e  c a t a l a s e  i s  u s u a l l y  found a s s o c i a t e d  w i th  one o r  more 

o x id a se s  i n  t h e  peroxisome (de Duve, 19&9) we a p p l i e d  t h e  ^ C - f o r m a t e



method d e s c r i b e d  by de  Duve (1966) t o  d e te rm ine  which o x id a se s  were 

p r e s e n t  in  C r i t h i d i a  peroxisomes .  The fo l lo w in g  s u b s t r a t e s  were t e s t e d  

i n  c e l l - f r e e  s u sp e n s io n s  and i n t a c t  c e l l s :  D-a1a n in e ,  u r a t e ,  g lyco l  a t e ,

L - a l a n i n e ,  l a c t a t e ,  hypoxan th ine ,  and - g ly c e r o p h o s p h a te .  Under t h e  

c o n d i t i o n s  used ,  we were unab le  t o  dem o n s t ra te  any o f  t h e  usual o x id a s e s  

found a s s o c i a t e d  w i th  c a t a l a s e  i n  o t h e r  o rgan ism s .  Hence, a t  p r e s e n t ,  

on ly  a s i n g l e  enzyme, c a t a l a s e ,  has been d em ons t ra ted  in  C r i t h i d i a  

peroxisomes and t h i s  by cytochemical methods o n ly .
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TABLE 19

C a t a l a s e  A c t i v i t y  o f  TTC-Negative S t r a i n .  Assay c a r r i e d  out on t h e  

same popu la t ion  used  f o r  morphometric a n a l y s i s .  C e l l s  were grown in 

d e f in e d  medium c o n ta in in g  2 [ig/ml heminj a t  48 and 92 hr r e s p e c t i v e l y  

c o n t r o l  and mutant  c e l l s  were p repared  a s  d e s c r i b e d  in ' ’Methods" fo r  

c a t a l a s e  a s s a y .  Each a ssay  was done in  d u p l i c a t e .

Mutant Contro l

P ro te in  p,g/m1 420 495

C a ta la se  a c t i v i t y  (mUnits) 420 326
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TABLE 20

The in  v ivo  E f f e c t  o f  Amino T r i a z o l e  on C a t a l a s e  A c t i v i t y  i n  C r i t h i d i a .

A f t e r  28-hr  growth  t h r e e  c u l t u r e s  o f  C r i t h i d i a  were exposed t o  0,

-31 X 10 and 5 X 10 3 M AT in cu b a ted  a t  27 C and h a r v e s t e d  a t  Wj  h r .  

The f r a c t i o n a t i o n  p ro c e d u re  and c a t a l a s e  a s s a y  were c a r r i e d  o u t  as 

d e s c r i b e d  in  "Methods".

C o n d i t io n  C a t a l a s e  A c t i v i t y  (mUnits)

Contro l

AT 5 X ID" 3 M

AT 1 X 10~3 M

550

m

5 60
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DISCUSSION

Several  p r o p e r t i e s  e x h i b i t e d  by t h e  TTC-negative  s t r a i n  a r e  shared 

w i th  conventional RD m utan ts ,  i . e . ,  i n a b i l i t y  to  reduce t e t r a z o l i u m  

and slow growth; however, t h e  p re sence  o f  t h e  usual cytochrome s p e c t r a  

and r a t e s  o f  O2 consumption sugges t  s t r o n g l y  t h a t  t h i s  i s  not a 

conventional RD mutant (Ngai e t  a l . ,  1961).  T h e re fo re  we have namedit  

TTC-negat ive  t o  s e t  i t  o f f  from y e a s t  p e t i t e s ,  and pro tozoan  RD mutants  

(Gause, 196 6 ) .  The TTC-negative  t r a i t  a p p a r e n t l y  has a g e n e t i c  o r i g i n ;  

t h e  term " g e n e t i c "  be ing  used l o o s e l y  h e re  because convent ional  

Mendelian c r o s s e s  cannot be c a r r i e d  o u t  with C r i t h i d i a ; i t  i s  g e n e t i c  

on ly  in t h e  sen se  t h a t  in fo rm a t io n  f o r  "slow growth" i s  passed  from 

p a re n t  t o  dau g h te r  c e l l  a t  each m i t o s i s .

I t  appears  pa radox ica l  a t  f i r s t  t h a t  a TTC-negative s t r a i n  should 

consume O2 a t  t h e  same r a t e  as  t h e  p a r e n t  s t r a i n  e s p e c i a l l y  s i n c e  

t e t r a z o l i u m  r e d u c t io n  i s  t h e  prime s e l e c t i v e  c r i t e r i o n  f o r  RD mutants  

in  y e a s t .  However, t h i s  paradox r e s o lv e s  on r e a l i z a t i o n  t h a t  t h e  

c o r r e l a t i o n  between t e t r a z o l i u m  r e d u c t io n  and impaired  r e s p i r a t i o n  i s  

based on em pir ica l  o b s e r v a t io n s  in  only  a few s p e c i e s  of  y e a s t  (Ogur
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e t  a l . ,  1957).  Hence one should  not assume t h a t  a TTC-negat ive  co lony 

i s  o f  n e c e s s i t y  r e s p i r a t o r y  d e f i c i e n t .  Our r e s u l t s  become u n d e r s t a n d a b le  

i f  we assume t h a t  t h e  TTC r e a c t i o n  i s  s p a t i a l l y  s e p a r a t e  from th e  s i t e  

r e s p o n s i b l e  f o r  r e s p i r a t o r y  d e f i c i e n c y .  In  t h e  d iagram below each 

c i r c l e  d e n o tes  an enzyme or  multienzyme complex.

TTC

A l e s i o n  a t  e i t h e r  s i t e  would r e s u l t  in  e i t h e r  a TTC-negat ive  c lone  o r  

a r e s p i r a t o r y - d e f i c i e n t  one .  A l e s i o n  i n  t h e  ha tched  a r e a ,  on t h e  o t h e r  

hand, would r e s u l t  in  a s i n g l e  c lo n e  e x h i b i t i n g  bo th  p r o p e r t i e s .  Yeas ts  

p e t i t e s  r e p r e s e n t  t h e  l a t t e r ,  w h i le  t h e  C r i t h i d i a  TTC-negative  s t r a i n  

exempl i fy  t h e  fo rm er .  L o c a l i z a t i o n  o f  t h e  TTC r e a c t i o n  a t  l ipoy!  

dehydrogenase  r a t h e r  th a n  a t  t h e  cytochrome ch a in  s u p p o r t s  t h i s  

i n t e r p r e t a t i o n  o f  our r e s u l t s  ( H i l l  & Anderson, 1970).

The TTC -nega t ive  s t r a i n  e x h i b i t s  s e v e r a l  p r o p e r t i e s  s i m i l a r  t o  

mammalian c e l l s  t r a n s fo rm e d  by **-N(£0, e . g . ,  Sa to  e t  a l .  (1970) r e p o r t e d  

t h a t  r e s p i r a t i o n  in  U-NQ.0 t r a n s fo rm e d  c e l l s  was s i m i l a r  t o  c o n t r o l s  with 

g l u c o s e  as  t h e  s o l e  carbon s o u r c e  and h ig h e r  than  c o n t r o l s  when py ru v a te
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se rv ed  as  s o l e  energy  s o u rc e .  They a l s o  showed t h a t  t r a n s fo rm e d  c e l l s

had a c o n s i s t e n t l y  h ig h e r  r a t e  o f  a e r o b i c  g l y c o l y s i s ;  and t h e  CO^ r a t i o

o f  C , /C ,  — a u s e f u l  marker f o r  e v a l u a t i n g  th e  r e l a t i v e  p a r t i c i p a t i o n  
6 1

o f  t h e  TCA c y c l e  and p e n to se  shun t  — showed no changes j  in  many tumors 

t h i s  r a t i o  d e c r e a s e s .  These f i n d i n g s  su g g e s t  t h a t  t h e  TTC-negative  

s t r a i n  may s e r v e  as  a c o u n t e r p a r t  o f  c an c e r  in  C r i t h i d i a . F u r th e r  

biochemica l a n a l y s i s  a long t h e  l i n e s  o f  S a t o ' s  work might  p ro v id e  

b e t t e r  ev id en c e  f o r  t h i s  s t a t e m e n t .

Another p a r a l l e l  between t h e  TTC-negative  s t r a i n  and t r a n s fo rm e d  

mammalian c e l l s  i s  t h e  h igh  s e n s i t i v i t y  shown by t h e  c e l l s  toward  the  

induc ing  a g e n t  (Kakunaga & Kamahora, 1968; Kuroki e t  a l . ,  1967; Kuroki 

e t  a l . ,  1968; Namba & S a to ,  1970).  C e l l s  t r a n s fo rm e d  by c a r c in o g e n ic  

hydroca rbons ,  in  c o n t r a s t ,  a r e  h ig h ly  r e s i s t a n t  t o  t h e  induc ing  agent  

(Haddow, 1938b) .  One must  t h e r e f o r e  e n t e r t a i n  t h e  idea  t h a t  im por tan t  

d i f f e r e n c e s  u n d e r l i e  t h e  a c t i o n  o f  t h e s e  two c l a s s e s  o f  c a r c in o g e n .

In  T ab le  12, 13 t h e  growth r a t e  c o n s t a n t  K, d i f f e r s  depending on 

method of  measurement,  r e f l e c t i n g  t h e  t e c h n i c a l  l i m i t a t i o n s  i n h e r e n t  in  

each method. For example,  i f  a ce l !  i s  ex t rem ely  m ass iv e  a t  a g iv en



s t a g e ,  i . e . ,  a h ig h  masssvolume r a t i o ,  i t  wi 11 t e n d  t o  show a h ig h  

p r o t e i n : c e l l  number r a t i o .  Should t h e  m:v r a t i o  f l u c t u a t e  d u r in g  t h e  

growth c y c le ,  c o r r e l a t i o n  between c e l l  number and p r o t e i n  v a lu es  w i l l  

be p o o r .  Fur the rm ore ,  t u r b i d i m e t r i c  measurements  a r e  flawed by t h e  

f a c t  t h a t  th e y  a r e  based p r i m a r i l y  on l i g h t  s c a t t e r i n g  e f f e c t s  which in  

t u r n  a r e  based on t h e  assumption  t h a t  s o l u t e  p a r t i c l e s  a r e  in a d i l u t e ,  

i d e a l  s o l u t i o n  and behave a s  independent  s c a t t e r e r s  a s  do p a r t i c l e s  o f  

an id e a l  gas  — an assumption  which can h a r d ly  ap p ly  t o  su spens ion  o f  

C r i t h i d i a  (Born,  1970).  I n t e r f e r e n c e  between s c a t t e r i n g  c e n t e r s  i n  an 

i n d i v i d u a l  c e l l  and th e  e f f e c t  o f  h igh  d e n s i t i e s  a r e  among t h e  many 

unknown f a c t o r s  i n f l u e n c i n g  t u r b i d i t y  measurements .  N one the le ss ,  we 

can draw t w o  g en e ra l  c o n c lu s io n s  from our d a ta s  ( 1 ) t h a t  e n t r y  i n t o  

log phase  from la g  phase  i s  slowed and, ( 2 ) t h a t  t h e  log phase  increment  

p e r  u n i t  t im e  i s  d im in ished  in  th e  m u ta n t .  The d i s c r ep a n c y  between K 

c a l c u l a t e d  f o r  c e l l  number, p r o t e i n  and t u r b i d i t y  could  be e x p l a i n e d  i f  

one assumes t h a t  du r ing  la g  phase  m i t o s i s  c o n t in u e s  w h i le  th e  t o t a l  

mass of  t h e  c e l l  p o p u la t i o n  remains unchanges .  T h i s  would r e q u i r e  t h a t  

t u r b i d i t y  measurement was dependent  on t o t a l  c e l l  mass and was 

independent  o f  c e l l  number — an assum ption  t h a t  remains t o  be p roven .
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The slowed growth observed  c o n t r a d i c t s  t h e  well-worn id ea  t h a t

cancer  i n v o lv e s  " u n r e s t r a i n e d *1 growth ( i f  one a c c e p t s  the  p re c e d in g

argument t h a t  t h e  C r i t h i d i a  mutan t  co r re sponds  t o  a cancer  c e l l ) .  How 

l e g i t i m a t e ,  t h e r e f o r e ,  i s  i t  t o  rega rd  t h e  TTC-negative  s t r a i n . a s  

r e p r e s e n t i n g  a p ro tozoan  c o u n t e r p a r t  of a c an c e r  c e l l ?  A s i d e l i g h t  was 

p rov ided  by Baserga & K e i s i e l e s k i  (1962) who showed t h a t  tumor c e l l s  do 

not n e c e s s a r i l y  p r o l i f e r a t e  f a s t e r  th a n  normal c e l l s .  Cancer c e l l s  a r e

now b e l i e v e d  t o  have t h e i r  c o n t r o l s  fo r  c e l l  d i v i s i o n  s e t  a t  d i f f e r e n t

l e v e l s  th a n  normal c e l l s ,  r a t h e r  than  being " o u t  o f  c o n t r o l "  (Baserga,  

1971) .  Hence t h e  TTC-negat ive  s t r a i n  may be r e g a rd ed  as  a s t r a i n  whose 

con t ro l  system i s  s e t  f o r  a lower r a t e  o f  c e l l  d i v i s i o n  t h a t  i t s  pa ren t  

s t r a i  n.

A damping e f f e c t ,  d e f in e d  h e r e  as r e d u c t i o n  in  f in a l  c e l l  number, 

i s  shown by t h e  TTC-negat ive  s t r a i n  grown in  low-hemin bu t  no t  high-hemin 

def ined  medium (Table 13)-  Such a response  s u g g e s t s  t h a t  t h e  new 

m e ta b o l ic  system of TTC-negat ive  s t r a i n  has somehow a c q u i r e d  a h igher  

s e n s i t i v i t y  t o  t h e  c o n c e n t r a t i o n  o f  exogenous hemin than t h e  p a re n t  

p o p u l a t i o n .  P r e c i s e l y  how r e g u l a t i o n  o f  heme metabolism i s  involved
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in  t h e  mutan t  phenotype  i s  unknown a t  p r e s e n t .

We were unab le  t o  f r a c t i o n a t e  C r i t h i d i a  fo r  m ic ro b o d ie s  w i thout  

b reak in g  t h e  microbody membrane, no-doubt owing to  t h e  u n u su a l ly  tough 

o u t e r  c e l l  wall  which i s  r e i n f o r c e d  by a s u b - p e l l i c u l a r  l a y e r  of  

m ic ro tu b u le s  (Ange lopoulas ,  1970).  With T. equiperdum however, Bayne 

e t  a l .  ( 1 9 6 9 ) d id  make a c rude  p r e p a r a t i o n  of m ic ro b o d ie s ;  t h e s e  b od ies ,  

presumably c o n ta i n in g  t h e  c y a n i d e - i n s e n s i t i v e  GPO, were ob ta ined  a f t e r  

b reakage  i n  t h e  French  p r e s s u r e  c e l l .  Microbodies  were not demonst ra ted  

cytochemically nor have th e y  been c h a r a c t e r i z e d  w i th  r e s p e c t  t o  o th e r  

o x i d a t i v e  enzymes, e . g . ,  c a t a l a s e ,  D-amino a c id  o x i d a s e ,  e t c .

The s t a t i s t i c a l  problems i n h e r e n t  i n  morphometr ic  s t u d i e s  o f  c e l l  

s t r u c t u r e s  a r e  d e t a i l e d  by Weibel (1 9 6 9 ) .  Foremost among t h e s e  problems 

i s  sampl ing  and v a r i a b i l i t y .  High v a r i a b i l i t y  r e s u l t s  from th e  f a c t  

t h a t  one measures a sub-sam ple  of  a sample:  (a) each  s e c t i o n  i s  a

random s l i c e  th ro u g h  t h e  c e l l  and, (b)  each s e c t i o n  i s  s e l e c t e d  a t  

random on t h e  EM g r i d .  Hence u n le s s  l a r g e  p o p u la t i o n s  a r e  sampled 

l a r g e  s t a n d a r d  d e v i a t i o n s  and s t a n d a r d  e r r o r s  commonly r e s u l t  (Tab le  16) .  

The t  t e s t  was u n s u i t a b l e  f o r  such an a n a l y s i s .  As an a l t e r n a t i v e  t h e
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method o f  l e a s t  sq u a r e s  — a d e v ice  t o  c l a r i f y i n g  v a r i a b i l i t y  — was 

a p p l i e d .  A f t e r  computing t h e  e q u a t i o n s ,  t h e  s lo p e  o f  t h e  r e g r e s s i o n  

l i n e  o f  X and Y o f  t h e  TTC-nega t ive  s t r a i n  proved t o  be s t a t i s t i c a l l y  

s i g n i f i c a n t  based  on a n u l l  h y p o t h e s i s .  Char t  16 r e v e a l s ,  however,  

t h a t  t h e  r e s u l t s  a r e  open t o  two p o s s i b l e  i n t e r p r e t a t i o n s :  ( 1 ) l a r g e

numbers o f  peroxisomes may have s h i f t e d  t o  t h e  c e n t e r  o f  t h e  c e l l  and 

away from t h e  p e r i p h e r i e s  o r ,  ( 2 ) t h e  r e l a t i v e  volume of  t h e  peroxisomes  

has  i n c r e a s e d .  Our a n a l y s i s  r u l e s  ou t  n e i t h e r  p o s s i b i l i t y ,  though t h e  

p o s s i b i l i t y  o f  ( 1 ) seems remote .

L i t t l e  i n f o r m a t io n  i s  a v a i l a b l e  conce rn ing  a l t e r a t i o n s  in  m ic robod ies  

under  t h e  i n f l u e n c e  o f  ch em ica l s  o r  in  c e l l s  t r a n s fo rm e d  by chemical 

c a r c in o g e n s .  The h y p o l ip id e m ic  agent,  e t h y l  chlo rophenoxy i s o b u t y r a t e ,  

i n d u c es  p r o l i f e r a t i o n  o f  h e p a t i c  m ic ro b o d ie s  b u t  l i t t l e  i s  known about 

t h e  mechanism (Svoboda & A zarn o f f ,  1966) .  F u r th e rm o re ,  i h  c o n t r a s t  t o  

our  f i n d i n g s ,  t h e  e f f e c t  d i s a p p e a r s  upon withdrawal o f  t h e  a g e n t .  Our 

r e s u l t s  w i th  C r i t h i d i a  show a s t r i k i n g  p a r a l l e l  t o  t h o s e  o f  Dalton  (1964) 

and more r e c e n t l y  Mochizuki e t  a l .  ( 1 9 7 1 ) on peroxisomal a l t e r a t i o n s  

i n  hepatomas;  a l l  r e p o r t e d  t h a t  t h e  s i z e  and com plex i ty  o f  peroxisomes
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i n  a s e r i e s  o f  c h em ica l ly  induced hepatomas was i n v e r s e l y  p r o p o r t i o n a l  

t o  growth r a t e .  In s low-growing hepatomas,  peroxisomes were  l a r g e r  

and c o n ta in ed  complex c r y s t a l l o i d s  in  th e  i n t e r i o r  in  compar ison to  

f a s t  growing s t r a i n s .  Moreover, Mochizuki e t  a l .  (1971) observed  t h a t  

s e v e ra l  peroxisomal  enzymes such a s  c a t a l a s e ,  u r a t e  o x id a se  and D-amino 

a c id  o x id a se s  showed h i g h e r  a c t i v i t i e s  in  s lo w er  growing s t r a i n s  than  

in  t h e  p a r e n t  s t r a i n .

S ince  t h e  i n c r e a s e  i n  peroxisome volume r e p o r t e d  h e re  c o r r e l a t e d  

w i th  e l e v a t e d  c a t a l a s e  l e v e l s ,  presumably t h e  c e l l  s y n t h e s i z e d  e x t r a  

c a t a l a s e  in  r e sp o n se  t o  some i n t r a c e l l u l a r  demand. Such an i n c r e a s e  

might  be a r e a c t i o n ,  e x p re s s e d  as  a s u b c e l l u l a r  compensatory h yper t rophy ,  

t o  an environmenta l  i n s u l t .  I f  i n c r e a s e d  c a t a l a s e  i s  a p r o t e c t i v e  

r e a c t i o n  t o  4-NQ.O, e x a c t l y  how i s  i t  p r o t e c t i v e ?

I n t e r a c t i o n  between c a t a l a s e  and 4-NQ.O in  v ivo may s e r v e  to  e x p l a i n  

t h e  i n c r e a s e  in  peroxisome volume which we have  r e p o r t e d .  h-NQ,0 has been 

r e p o r t e d  to  d ep ress  c e l l u l a r  c a t a l a s e  presumably by b in d in g  to  SH groups 

i n  t h e  enzyme (Endo e t  a l . ,  1970).  Moreover,  we have found t h a t  c e l l s  

grown on 4-NQ.O-containing a g a r  were more s e n s i t i v e  t o  4-NQ.O in  low-hemin 

media than  high-hemin  s u g g e s t in g  t h a t  some m olecu les  a r e  4-NQO were



s e q u e s t e r e d ,  i n a c t i v a t e d ,  o r  m od i f ied  i n  such a manner t h a t  fewer

m olecu les  o f  *t-NQ0 would be  a v a i l a b l e  t o  i n t e r a c t  with  c e l l u l a r  DNA in

t h e  4-ew-hemin medium. I f  we assume, t h e r e f o r e ,  t h a t  such an 

i n t e r a c t i o n  o c cu r s  and r e s u l t s  in  t h e  mutual in& ctivat-i© h:‘t>f vv 

c a t a l a s e  and 4-NQ0f then ,  by a p ro c e s s  o f  p o s i t i v e  feedback^ s t i m u l a t i  on 

o f  c a t a l a s e  s y n t h e s i s  would r e s u l t  t o  r e s t o r e  normal c a t a l a s e  l e v e l s .  

A f t e r  p e r s i s t a n t  e x p o su re  t o  4-NQ.O an o v e r - r e s p o n s e  to  t h e  s t im u lu s

might occur  c h a r a c t e r i z e d  by a permanent r e - s e t t i n g  o f  t h e  mechanism

which r e g u l a t e s  peroxisome volume t o  a h i g h e r  l e v e l .  I t  can be seen 

t h a t  t h i s  h y p o t h e t i c a l  s e r i e s  o f  even ts  i s  open to  ex p e r im en ta l  t e s t s .

The c h i e f  gap i n  o u r  u n d e r s tan d in g  o f  t h e  i n c r e a s e  i n  peroxisome 

volume and c a t a l a s e  l i e s  in  t h e  c u r r e n t  comple te  igno rance  of  t h e  

r o l e  o f  c a t a l a s e  in t h e  economy o f  C r i t h i d i a . Dr. L. M argu l ies  {p e r s .  

commun.J has  su g g es ted  t h a t  c a t a l a s e  may se rve  t o  produce O2 f o r  

consumption by t h e  m i tochondr ion  w h i le  C r i t h i d i a  r e s i d e s  i n  t h e  

r e l a t i v e l y  a n a e r o b ic  i n s e c t  g u t .  Moreover,  s i n c e  kDNA i s  h ig h ly  

redundan t  (Simpson, 1972) and m ay ccn s i s t  o f  o n ly  one o r  two genes,  t h e  

p o s s i b i l i t y  has been r a i s e d  t h a t  t h e  l a r g e  q u a n t i t i e s  o f  c a t a l a s e
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found in  C r i t h i d i a  may be coded f o r  by a redundant  kDNA gene.  I f  

t h i s  h y p o th e s i s  proves  t r u e  then,  in  c u l t u r e s  o f  C r i t h i d i a  grown in  

s y n t h e t i c  m ed ium ^ca ta lase  would s e rv e  no f u n c t i o n  w h a tso ev e r .  At 

p r e s e n t  t h e r e  a r e  many loopho le s  in  t h i s  h y p o t h e s i s .  For one, a l t h o u g h  

i t  i s  t r u e  t h a t  C r i t h i d i a  behaves  l i k e  an o b l i g a t e  a e r o b e  in  c u l t u r e ,  

t h e r e  has  been no conv inc ing  e v id en c e  t h a t  t h e  p a r t i a l  p r e s s u r e  o f  Og 

i s  so low in  t h e  gut o f  i n s e c t s  t h a t  C r i t h i d i a  would r e q u i r e  a supplemental 

s o u rc e  of  oxygen. Secondly ,  t h e r e  i s  no e v id e n c e  y e t  t h a t  kDNA codes 

f o r  c a t a l a s e  p r o t e i n  in  C r i t h i d i a ;  and l a s t l y ,  t h e  so u rc e  o f  hydrogen 

p e ro x id e ,  t h e  s u b s t r a t e  f o r  c a t a l a s e ,  must be accoun ted  f o r  as  well as 

t h e  p o in t  o f  oxygen i n p u t  r e q u i r e d  f o r  t h e  p r o d u c t i o n  of  hydrogen p e r o x id e .

A second gap i s  t h a t  on ly  one p o i n t  in  t h e  growth c y c le  ( l a t e  log) 

was chosen in  m easur ing  changes  in  c a t a l a s e .  White (1962) showed in  

t h e  h e m e- re q u i r in g  bac te r ium  Hemophilus and Eeckout (1972) i n  C r i t h i d i a  

1u c i 1 i a e  t h a t  c a t a l a s e  l e v e l s  may f l u c t u a t e  markedly  d u r ing  t h e  growth 

c y c l e .  This  may hold  f o r  C r i t h i d i a  f a s c i c u l a t a  a s  well  s u g g e s t in g  t h a t  

measurement a t  two o t h e r  p o i n t s  in  t h e  growth c y c l e  might have been 

i 11umi n a t i n g .



The newly d i s c o v e re d  pe rox isom es  in  C r i t h i d i a  cou ld  p rov ide  c lues  

t o  t h e  e v o l u t i o n a r y  development o f  t h e  Trypanosom at idae  — one o f  th e  

most e x t e n s i v e  a p o m ic t i c  ( a s e x u a l )  e v o l u t i o n a r y  developments  i n  t h e  

animal kingdom (Ross ,  1962).  Cri t h i d i a  i s  c o n s id e re d  a r a t h e r  p r i m i t i v e  

member o f  t h i s  f a m i ly  on t h e  b a s i s  o f  ( a )  s i m p l i c i t y  o f  l i f e  c y c le  and 

s t r u c t u r e  (Baker ,  1955; Hoare,  1967; Woo, 1970),  (b) a n a l y s i s  of 

f e r m e n ta t io n  p r o d u c t s  (Schwar tz ,  1961) and, (c) h igh  c a t a l a s e  c o n te n t  

( W e r t l i e b  & Guttman, 1963).  Moreover, W er t l i eb  & Guttman have proposed 

t h a t  because  monogenetic trypanosomes  such a s  C r i t h i d i a  possess  c a t a l a s e  

w h i l e  t h e  more advanced d i g e n e t i c  forms such as T. b r u c e i  do n o t ,  

c a t a l a s e  may s e r v e  as  a u s e f u l  p h y l o g e n e t i c  marker t o  t r a c e  i n t e r m e d i a t e  

s t a g e s  in  t h e  e x t e n s i v e  e v o l u t i o n a r y  r a d i a t i o n  of  t h e  fam i ly  

T rypanosomati  d a e .

I n  h ig h e r  d i g e n e t i c  trypanosomes o r g a n e l l e s  c l o s e l y  resembling 

C r i t h i d i a  m ic robod ies  have been observed  (Vickerman, 1969£, j>). These  

s t r u c t u r e s  presumably  c o n ta in  t h e  c y a n i d e - i n s e n s i t i v e  K -g ly c e ro p h o sp h a te  

o x id a s e  (GPO) system which has been c h a r a c t e r i z e d  b io c h e m ic a l ly  by 

Grant & Sa rgen t  ( i 9 6 0 ,  1961), G ran t  e t  a l .  (1961) and cytochemical 1 y by
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Ryley (1966) .  Though some a u th o r s  have  confused GPO bodies  w i th  

lysosomes (Malloy & Ormerod, 1971)# on th e  b a s i s  o f  e v o l u t i o n a r y  

c o n se rv a t i s m ,  we c o n s id e r  C r i t h i d i a  m ic robod ies  and GPO bod ies  t o  be 

homologous o r g a n e l l e s ;  s ee  de Duve (1969) and T o l b e r t  (1971) f o r  

d i s c u s s i o n  o f  t h e  e v o l u t i o n a r y  r e l a t i o n s h i p s  o f  m ic robod ies  in  p l a n t s ,  

m u l t i  c e l l u l a r  an im a ls  and p r o to z o a .  Bacchi & H i l l  (1972) r e p o r t e d  

s u b s t a n t i a l  amounts o f  s o l u b l e  NAD-1 inked  g ly c e ro p h o sp h a te  dehydrogenase 

a c t i v i t y  in  C r i t h i d i a  bu t  d id  not r e p o r t  any NAD-independent a c t i v i t y  

whicl^ acco rd ing  t o  Grant & S argen t  (1961) ,  p lay s  a key r o l e  i n  t h e  

GPO sys tem.  When homogenates o f  C r i t h i d i a  were a ssay ed  f o r  NAD-independent 

^ - g ly c e ro p h o s p h a te  dehydrogenase ,  u s in g  T. b ruce i  homogenates as  p o s i t i v e  

c o n t r o l s ,  no a c t i v i t y  was found.  In  sharp  c o n t r a s t  T.  b ruce i  homogenates,  

from e i t h e r  c u l t u r e  or  b loods t ream  forms showed no c a t a l a s e  a c t i v i t y  

( p e r s .  commun. Dr.  A. B a l b e r ) .  A p p a ren t ly  t h e n ,  t h e  enzymatic  

complement of  t h e  trypanosome peroxisome has changed d u r in g  t h e  c o u r se  

o f  e v o l u t i o n  from one dominated by c a t a l a s e  t o  one dominated by GPO.

The l o s s  of  c a t a l a s e  in  t h e  d i g e n e j i c  h e m o f l a g e l l a t e s  e x e m p l i f i e s  

L w o f f ' s  ( 1 9 5 1 ) p r e c e p t  t h a t  l o s s  o f  enzymes i n e v i t a b l e  accompanies
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a d a p t a t i o n  t o  a p a r a s i t i c  l i f e  s t y l e  and may be analogous t o  t h e  loss  

o f  f o l a t e  — and hemin — s y n t h e s i z i n g  a b i l i t y  (Newton, 1968) which 

presumably occu r red  during t h e  e a r l i e r  t r a n s i t i o n  from a f r e e - l i v i n g  

p re - C r i t h i d i a n t o  a p a r a s i t i c  l i f e  in  t h e  i n s e c t  g u t .

E l a b o r a t io n  of  a GPO system may r e f l e c t  a biochemical a d a p t a t i o n  

t o  l i f e  i n  a warmblooded hos t  and he lps  e x p la i n  t h e  t rend  to w ards  

d e d i f f e r e n t i o n  of  t h e  mitochondr ion  in  trypanosome e v o l u t i o n .  During 

t h i s  t r a n s i t i o n  t h e  GPO system a p p a r e n t l y  took  on th e  e s s e n t i a l  r o l e  

o f  an e x t r a -m i to c h o n d r i a l  o x id i z in g  system re o x id iz in g  reduced NAD 

genera ted  by g l y c o l y s i s  in  l i e u  o f  m i to c h o n d r ia l  r e s p i r a t i o n .  Under 

t h e se  new c o n d i t i o n s  oxygen would n e c e s s a r i l y  be suppl ied  by h o s t  

hemoglobin r a t h e r  than  by c a t a l a s e  a c t i o n  on ^ 2 ^ 2 *  I f  we a c c e p t  

Hoare’ s (1967) hypo the s i s  t h a t  t h e  trypanosomes evolved by s u c c e s s i v e  

s tag e s  i n t o  a form in  which t h e  e n t i r e  l i f e  h i s t o r y  occurs i n  t h e  hos t  

(T. equiperdum. t r a n s m i t t e d  from h o r s e  t o  h o r s e  mechanica l ly  by c o i t u s ,  

i s  permanent ly  d y s k i n e t o p l a s t i c ) ,  then  T. equiperdum may r e p r e s e n t  t h e  

end -po in t  o f  a t r a n s i t i o n  from an organism dependent  on oxygen produced 

by c a t a l a s e  f o r  consunption  by t h e  m i tochondr ion  t o  one dependent  on
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an e x t r a -m i to c h o n d r i a l  GPO system devoid  o f  c a t a l a s e  and d r iv en  by O2 

s u p p l i e d  by h o s t  hemoglobin.  According t o  H oare ' s  {19 6 7 ) e v o l u t i o n a r y  

sequence: C r i t h i d i a  -+ T. l e w i s i ,  congo lense , v ivax  •+ T. b r u c e i ,

one might p r e d i c t ,  t h e r e f o r e ,  t h a t  t h e  i n s e c t  and c u l t u r e  forms o f  

T.  l e w i s i . T. congolense ,  T .  v ivax  would e x h i b i t  i n t e r m e d ia t e  amounts 

o f  c a t a l a s e .  The in c re a s e d  prominance o f  t h e  peroxisomes  and th e  

d imin ished  r o t £  of  th e  mitochondrion  in  trypanosome e v o lu t io n  e v i d e n t l y  

i s  an i r r e v e r s i b l e  p a r a s i t i c  s p e c i a l i z a t i o n  which f o r b i d s  r e t u r n  t o  

l i f e  in  t h e  i n s e c t  vector*

Unders tanding o f  t h i s  f a s c i n a t i n g  rep lacement  — or  d isp lacem en t  — 

w i l l  only  come from s tudy  of  th e  comparat ive  b io c h em is t ry  o f  mic robodies  

i n  trypanosomes and l e i s h m an ia s .  A survey o f  t h e  peroxisomes  of 

Trypanosomatidae should h e lp  c l a r i f y  t h e i r  r o l e  not only  i n  trypanosomes 

bu t  in  o t h e r  p ro tozoan  p a r a s i t e s  which co n ta in  o r g a n e l l e s  housing 

p a ra -m i to ch o n d r ia l  r e s p i r a t o r y  systems such as in  t h e  Trichomonadinae 

(Muller,  1972).
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APPENDIX

B u ffe r s  & Reagents

1) Ribosomal Suspens ion  Medium (RSM b u f f e r )  pH 7-6

s u c r o s e  250 mM

T r i s  0 .3 5  mM

KC1 0 .25  mM

MgClg 0 .1 0  mM .

p -m ercap toe thano l  6 . 5  mM

g l y c e r o l  1% v/v

i n  d i s t i l l e d  w a te r .

2) Suc rose  B u f fe r  pH 7*6

s u c r o se  250 mM

e t h y l e n e d i a m i n e t e t r a a c e t i c  a c i d  (EDTA) 0.1 mM 

T r i s  1 .0  mM

in  d i s t i l l e d  w a t e r .

3) DAB (Diami n o b en z id in e )  O x ida t ion  Medium pH 3  

2 -am ino ,2 -m ethy1 ,  1,3 p ropaned io l  (Sigma) 0 .0 5  M 10 ml

hydrogen p e ro x id e  (Baker) 1% f r e s h l y  d i l u t e d  from

a 30% s o l u t i o n  0 .2  ml

3 , 3 ' d i a m in o b en z id in e  t e t r a h y d r o c h l o r i d e  

(DAB, Sigma) 20 mg

a d j u s t e d  t o  pH 3 .
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k )  DAB O x ida t ion  Medium pH 6

sodium a c e t a t e - a c e t i c  a c id  b u f f e r  0 ,0 5  M a t  pH 5 10 ,0  ml

hydrogen p e ro x id e  (Baker) 0,1% f r e s h l y  d i l u t e d

from a 30% s o l u t i o n 0.1 ml

DAB 20 mg

manganous c h l o r i d e 0 .0 5  M 0.1 ml

a d j u s t e d  t o  pH 6 ,

All  DAB media were m od i f ied  by t h e  a d d i t i o n  o f  0 ,2 5  M s u c r o s e  

c o n ta i n in g  1 mg BSA/ml f i n a l  c o n c e n t r a t i o n .

5) Calcium Formal F i x a t i v e

Anhydrous CaC12 1 gm

k 0 %  formaldehyde  10 ml

H20 t o  100 ml

a d j u s t e d  pH t o  7.0-+7-2 w i th  IN NaOH.
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C r i t h i d i a  Fasc .  Defined Medium3

Compound
Amt./100 ml 
f i n a l  medium Compound

Amt./100 m' 
f i n a l  medii

K _ c i t r a t e* H 20 0.1 g L-Threonine 0.01 g

C i t r i c  a c id  (anhydrous) 0 .045 g L-Tryptophan 0.01 g

L-ma1ic a c i d 0 .02  g L -T y ro s in e  e th y l  ester*HC1 0.01 g

S u c c in i c  a c i d 0.1 g L-Va1ine 0 .015 g

MgCO^ 0.1 g N ico t inam ide 0 .05 mg
L.

T r ac e  e lem en ts 0.01 g Ca p a n t h o t h e n a t e 0.03 mg

FetNH^) 2 (s 0if)2H20 1 .0  mg N aRibof lav in  P0. *2H 0 
4 2 0 .05 mg

CaSuccinate*H2 0 3 .0  -mg P y r i  doxami ne.2HC1 0 .0 0 6 mg

Adenosine 2 . 5  mg B io t i  n 0 .2

L-Arginine«HC1 0 .0 5  g Thiamine  HC1 0.03 mg

L-His tid ine«HCl 0.01 g F o l i c  a c i d 0 .03 mg

L - I s o l e u c i n e 0 .0 2  g Sorbi to1 1 .5 gj

L-Leucine 0 .0 3  g Na2DL-glycerophosphate*SH2 0

L-Lysine.HCl 0 .0 2  g (25% (* 75% p) 1 .0 9"

L-Methi oni ne 0 .015  g Heminc ( i n  50% TEAd) 1 .5 mg

L - P h e n y la l a n in e 0 .015  g

aModff ied from Bacchi e t  a l .  (1969)

^To y i e l d '  (mg/100 ml):

Fe ,  0 . 6 ;  Mn, 0 , 5 ;  Zn, 0 . 5 ;  Mo, 0 .2 ;  C|i, 0 .0 4 ;  V, 0 .0 2 ;  Co, 0 .0 1 ;  B, 0 ,01 ;  

Ni,  0 .0 1 ;  Cr,  0 .0 1 .

'Type  I I I  equ in e  (-98%), Sigma Chemical Co.

^TEA, T r i e t h a n o l  amine (S igma).
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Computa tions:  R eg res s io n  Equat ions  f o r  Leas t  Squares  F i t

( S j< ) (S .y ?  £ ( x) _ b ( s l v )
1) y = a + bx 2) b = S lxy  -  n  3) a = n n

^ 2  ( ^ x )2

Contro l  Mutant

2 1 *  = 38,633 S x  = 24 ,615

S '  y “ 902  £ y  = I# 191

2
51 x = 3 6 , 9 69 ,8 1 1  ^ x2 _ 34,907,341

S lx< >y=  855,312 X x * y  = 1 ,146 ,518

( e x  }2 = 1,492, '508 ,6 8 9  (X.x) 2 = 5-J2 .OOO.0 0 0

n = 46 n = 27

by s u b s t i t u t i o n ,

y = 1 7 .9  + . 002x y = 3.99 + .044x

b = 9 ,777 = .0 0 2  b 108, '651 = X»44
4 ,5 2 3 ,9 7 0  2 ,46^ ,6 6 9

a = 1 7 .9  a = 3 .99



Tes t  For S i g n i f i c a n c e  of. L e a s t  Squares  F i t

Control Mutant

R = + .428 +.340

S2
X

a 100,532 97,3*14

s x
- 317 312

S2y
= 256 497.2

sy
= 16 22

S2
y x

= 213 457.12

s
y x

- +14.9 +21 .3

s b
= . .000047 .0 0 0 1 8

Sb
a .00685 .0 1 3 4

b
Sb

= 0 .2 9 3 .279

b
s b

i s  s i g n i f i c a n t  a t  .05 l e v e l _2) i f  i t

i s g r e a t e r  than  2 on t h e  b a s i s of a nul 1

h y p o t h e s i s .
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